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ABSTRACT

Oxidovanadium(lV) complexes, namely those containing organic polydentate ligands, often
designated by VVO(carrier), compounds, have attracted a great interest due to their prospective
therapeutic effects, particularly in the treatment of diabetes, cancer and diseases caused by
parasites. Partly due to their more adequate lipophilicity characteristics, they are better
absorbed in the gastrointestinal tract which, in turn, allows the use of smaller doses of
vanadium-based drug to achieve the same therapeutic effect when compared with vanadium

inorganic salts.

Transport in blood is an essential step for any drug to reach the target tissues. Since serum
proteins play a significant role in the pharmacokinetics of the drugs in human body, it is of
primary importance to know if the drug binds under physiological conditions to human serum
proteins, namely human serum Transferrin (hTF) and human serum albumin (HSA), and if so,

to know the nature of binding and in which form it is bound and delivered to the cells.

In this work the binding of V'VO(oda)(H20),, V'VO(oda)(bipy), V'VO(oda)(phen) (H.0da =
oxodiacetic acid) and V'VO(acac), (acac = acetylacetone) to hTF and HSA are studied. The
three oda-containing complexes are synthesized, characterized and described in the work as
well. Aqueous solutions of VV'VO(oda)(H-0), at pH ~7.4 are reasonably stable at least for ~60
minutes, but after this period of time some hydrolysis of the complex occurs, as well as
oxidation of V'Y to VV. V'VO(oda)(bipy) and VV'VO(oda)(phen) are significantly more stable in

the same conditions.

The interaction of the complexes with hTF and HSA is studied by means of UV-Vis
absorption, circular dichroism (CD), Electron Paramagnetic Resonance (EPR) and
fluorescence spectroscopy. The results of CD and EPR analyses prove that all V'VO-
complexes studied bind to hTF maintaining at least one organic ligand in the coordination
sphere. The comparative EPR analysis of the hTF-V'VO(oda)(phen) system and related
systems suggest that VV'VO(oda)(phen) may lose the oda ligand when binding to hTF, but the
CD spectra do not confirm this and suggest that VV'¥O-oda-containing species are also present.

The CD study of hTF-V'VO(acac), system proved that VV'VO-acac species bind to hTF,
contradicting previous findings which stated that \V'VO(acac), does not bind to hTF. The CD
analysis of HSA-V'"VO(acac), system suggest and somewhat confirm also some previous
findings that V'VO(acac), does not bind to HSA. However, EPR and fluorescence data suggest
that V'VO(acac), binds to HSA, possibly with at least one ligand, but it is not confirmed that
this binding involves coordination of VY to donor atoms of HSA.




The results of the studies of the interaction of V/'VO(oda)(bipy) and V'VO(acac), complexes
with hTF, after passing the samples through size-exclusion gel-filtration chromatographic
columns, and analysis of vanadium in the eluates by ICP, further show that V'Y binds to hTF.
The more V' is added, the higher is the amount bound to hTF, but the total V:hTF ratio did
not exceed 3 (for V'VO(acac),) or 4 (for V'VO(oda)(bipy)). V'VO(oda)(bipy) and V'VO(acac),

bind close to tyrosine residues, but tryptophan residues are not much affected.

All complexes studied are able to partly quench the fluorescence of both hTF and HSA at
both excitement wavelength, 280 and 295 nm, but this quenching is not very effective. Thus,
the binding when therapeutically relevant amounts of complexes are added possibly does not
take place close to Trp residues of both proteins. The main trend of quenching for most of the
complex-protein systems supports the existence of more than one binding site on hTF and
HSA.

The extent of HSA fluorescence quenching by V'VO(oda)(bipy) is significant. In the HSA-
V'VO(oda)(bipy) system a remarkable red shift of the emission spectra towards longer
wavelength is observed meaning that tryptophan and/or tyrosine residues partly go out of the
HSA hydrophobic cavity and become surrounded with slightly more hydrophilic media during
the binding process, which may be associated to a more open HSA conformation.

Key words. Vanadium, oxidovanadium (IV) complexes, human serum Transferrin, human
serum albumin, circular dichroism, electron paramagnetic resonance, fluorescence

spectroscopy, anticancer activity.







Resumo

RESUMO

Complexos de oxidovanadio(lV), em particular os que contém ligandos organicos
polidentados, frequentemente designados por compostos VO(carrier),, tém atraido muito
interesse devido ao seu potencial como agentes terapéuticos, nomeadamente no tratamento de
diabetes, cancro e doencas causadas por parasitas. Em parte devido a melhores caracteristicas
de lipofilicidade, os VO(carrier), sdo melhor absorvidos no tracto gastro-intestinal o que,
quando comparados com 0s sais inorganicos de vanadio, permite a utilizacdo de menores

quantidades para atingir o mesmo efeito terapéutico.

O transporte de um agente terapéutico no sangue é um passo fundamental para atingir os
tecidos alvo. As proteinas do soro desempenham frequentemente um papel determinante na
farmacocinética de drogas no corpo humano, pelo que é importante determinar como é que,
em condicdes fisiologicas, 0 agente terapéutico se liga as proteinas do soro, nomeadamente a
transferrina (hTF) e albumina (HSA) humanas, bem como se essa ligacdo sera relevante na

entrega da droga aos tecidos alvo.

Neste trabalho estuda-se a ligacdo dos complexos V'VO(oda)(H.0),, V'VO(oda)(bipy),
V'VO(oda)(phen) (H,oda = 4cido oxodiacético) e V'VO(acac), (acac = acetilacetona) a hTF e
HSA. Os trés complexos contendo oda sdo também sintetizados e caracterizados. Verificou-
se que solucBes aquosas tamponizadas de V'VO(oda)(H,0), a pH ~7.4 sdo razoavelmente
estaveis durante pelo menos ~60 minutos. Comeca entéoa ser detectada alguma hidrolise, bem
como alguma oxidagdo de V' to VY. Os compostos V'VO(oda)(bipy) e V'VO(oda)(phen) s&o
bastante mais estaveis nas mesmas condicdes do que o V'VO(oda)(H.O),, bem como o
VVO(acac)s,.

A interaccdo dos complexos com hTF e HSA é estudada por espectroscopia de absorcao de
UV-Vis, dicroismo circular (CD), Espectroscopia de Ressonancia Paramagnética Electronica
(EPR) e de Fluorescéncia. Os resultados de CD e EPR comprovam que todos os complexos de
VvVO?* se ligam & hTF mantendo pelo menos um dos seus ligandos organicos na esfera de
coordenacdo. A comparacao dos espectros de EPR nos sistemas hTF-V'VO(oda)(phen) e hTF-
V'VO(oda)(bipy) d& alguma indicago de que estes podem perder o ligando oda na sua ligacio
a hTF, no entanto os espectros CD ndo confirmam isso, pelo contrario, sugerem que espécies

contendo V'VO-oda também est&o presentes.

X1V



Resumo

Os estudos por CD do sistema hTF-V'VO(acac), comprovam que complexos de V'VO?*
contendo acac™ se ligam a hTF, contradizendo trabalhos publicados anteriormente, que
afirmavam o contrério. Estudos com o sistema HSA-V'VO(acac), de certa forma confirmam
resultados publicados anteriormente, afirmando que o V'VO(acac), ndo se liga & albumina. Os
resultados aqui obtidos n&o confirmam uma ligacio envolvendo coordenagéo do V'V a 4tomos

doadores da HSA, mas d&o indicacGes que ha interac¢cdes do complexo com a albumina.

Os resultados de estudos de interacgdo do V'VO(oda)(bipy) e V'VO(acac), com hTF, depois de
fazer passar as solugdes através de colunas de exclusdo molecular que retém as moléculas
pequenas, ap6s analise do vanadio nos eluatos por ICP, comprovaram a ligacdo destes
complexos @ hTF. Quanto mais V'V é adicionado na soluc&o, maior quantidade se liga &
proteina, mas a relacdo V:hTF n&o excedeu 3 (no sistema V'YO(acac),) ou 4 (no sistema
VVO(oda)(bipy)). V'VO(oda)(bipy) e V'VO(acac), ligam-se provavelmente a residuos tirosina.

Os resultados de fluorescéncia sugerem que os residuos triptofano ndo sdo muito afectados.

Todos os complexos estudados provocam algum quench da fluorescéncia da hTF e da HSA,
quando se faz a excitacdo a 280 ou 295 nm, mas este quenching ndo € muito pronunciado.
Portanto, se estes compostos forem introduzidos no sangue em doses relevantes para efeitos
terapéuticos, a ligacao ndo se ird dar perto dos residuos Trp de ambas as proteinas, excepto no
caso abaixo mencionado. Por outro lado, as caracteristicas de quenching observadas para a
maior parte dos sistemas aqui estudados é compativel com a existéncia de mais do que um

mecanismo e/ou local de ligacdo em ambas as proteinas.

O efeito de quenching observado na ligacdo do V'VO(oda)(bipy) & HSA é significativo. No
sistema HSA-V'VO(oda)(bipy) observa-se também um desvio para o vermelho no méximo das
bandas de emisséo, isto provavelmente significando que os residuos tirosina e/ou triptofano se
deslocam da cavidade hidrofébica para zonas mais hidrofilicas durante o processo de ligacéo
ao complexo; a isso podera também estar associada uma conformacdo mais aberta da

albumina.

Palavras chave. Vanadio, complexos de oxidovanadio(lV), transferrina do soro humano,
albumina do soro humano, dicroismo circular, Ressonancia paramagnética electronica,

espectroscopia de fluorescéncia, actividade anticancerigena.
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1.0. INTRODUCTION

1.1.0. Vanadium in the Earth.

Vanadium, named after the Nordic goddess Vanadis, is a transition metal which has two
naturally occurring isotopic forms: >V (99.75%) and *°V (0.25%). In the Earth’s crust, its
abundance is 0.013% w/w (22"place). In sea water vanadium is mostly present as NaH,VO,
in concentration of ca. 30 nM." In drinking water vanadium concentration is within 10 nM
range. In vulcanic groundwater the concentration may reach 2.5 uM." Interesting is the fact
that in human blood plasma it is quite high - about 200 nM and in tissue about 6 UM which
emphasizes vanadium biological role. In living organisms vanadium is mostly accumulated in

bones, liver and kidneys.

1.2.0. Pharmacological properties and application of Vanadium and its complexes in
medicine.
In the literature vanadium has been reported to have positive medicinal effects in the

1258 diabetes mellitus (insulin-mimetic effect), herpes, amoebiasis’,

treatment of HIV
tuberculosis’™, influenza, parainfluenza, Dengue fever, Severe Acute Respiratory Syndrome
(SARS)!®™ and cancer.' 1t was also discovered that vanadium compounds possess anti-

parasiticlz, antibacterial™ and spermicidall4'16'17'18activities.

Since vanadium has demonstrated interesting biological and pharmacological properties, it
deserves a precise attention for its application in medicine and biomedical sciences. Some
vanadium complexes were reported to be much more efficient in this field than the simple
vanadium (V" and V) salts both in vitro and in vivo.* Therefore, the development of new
anticancer drugs containing vanadium derivatives with organic ligands is of great importance
as it may improve their bioavailability and diminish side effects.®*% Moreover, some
vanadium compounds are poorly absorbed in the gastrointestinal tract; normally organic
ligands increase the gastrointestinal absorption. Consequently, smaller dose of vanadium will

be needed for the patient to intake to reach the same therapeutic effect.’*?

Vanadium has potential to both prevent and treat the cancer. Vanadium was found to be

2327 .
, leukaemia,

effective against at least the following types of cancer: osteosarcoma
carcinomas of the breast, liver, testes, prostate, gastrointestinal tract, lung, ovaria, Ehrlich

. . . 1
ascites tumours, nasopharyngeal carcinoma and malignant myeloma cells.
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»282% of vanadium may

The chemo-preventive effect, or “carcinogen interception mechanism
be realized through activation of signal transduction pathways which lead to activation of
tumour suppressor genes or to tumour cells apoptosis. It can be reached by inhibition of
tyrosine phosphatase, so the phosphorylation of tyrosine residues in proteins increases and
activates the mentioned pathways. Additionally, vanadium compounds may generate or
interfere with reactive oxygen species (ROS), and detoxify the DNA alkylating agents.1 Both
oxovanadium(IV) and (V) exhibit an action of scavengers as well as generators of ROS
(peroxide, superoxide, hydroxylradicals, singlet oxygen). The reaction products are very

dependent on the booster ligands which temporarily bind to vanadium and shift the redox

potentials, and also on pH.*

Some studies report that vanadate can regulate cell differentiation, and that vanadium
derivatives behave like growth factors, as it was shown on osteoblast-like cells. Hence, they

are potential tools for the cell growth control.*

Vanadate (V), oxidovanadium (VO*), bis(maltolato)oxidovanadium (IV), (BMOV), and
bis(maltolato)dioxidovanadium (V), (BMV), were reported to be able to stimulate cell growth
in a small range of concentrations in MC3T3EI osteoblast-like cells and to inhibit their
growth at high concentrations. All these compounds induce the phosphorylation of tyrosine

residues in several proteins and inhibit phosphotyrosine phosphatases.32

Complex formed by oxidovanadium (IV) and flavonoid ligand hesperidin showed higher
antiproliferative action than the one of free ligands and caused morphological alterations
towards apoptosis in the cell lines in culture (human colon adenocarcinoma Caco-2 and rat
osteosarcoma UMR106). Vanadium complexes with such ligands as, for example, naturally
occurred flavonoids are also good scavengers and antioxidants which play a role of protectors
of biomolecules from the attack of free radicals which may appear in regular inter- and
intracellular metabolic processes and interact with the molecules, thus, causing pathologic

changes in cells, and, consequently, tumoral processes.33

Other complexes of oxidovanadium (IV) with glucose (GluVO) and with naproxen (NapVO)
have shown antineoplastic activity in osteosarcoma cell lines (cultured in Dulbeccos modified

Eagles medium (DMEM)).%

Same cell lines as in study®’ (but in culture and in zebrafish model) were tested by the

treatment with oxidovanadium (V) complexes with hydroxyl-amino ligand and amino acids:
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valine(val) and methionine(met). Both complexes, [VO(NH,0),(val)] and [VO(NH,0),(met)]

are reported to inhibit both cell lines proliferation, and also the viability of zebrafish eggS.38

vV0so, is reported to cause molecular oxygen dependent 2'-deoxyguanosine (dG,
nucleoside, one of DNA constituents) hydroxylation which results in formation of 8-
hydroxyl-2'-deoxyguanosine (8-OHdG) and also molecular oxygen-dependent DNA strand
breaks.*® Another study®® reports nicks in pUC18 DNA in the absence or in the presence of
H,0, and also lipid peroxidation in isolated rat hepatocytes caused by oxidovanadiumn (IV)

complexes.

1.2.1. Vanadium drug uptake, distribution, metabolism and elimination.
Absorption and distribution of any drug comprises a set of such physico-chemical processes
as diffusion, penetration through cell membranes, binding to blood proteins, transport to target
cells and partition between different tissues of organism. All these processes depend on the
particular way of drug administration. In pharmacology the disposition of the drug is divided
into four stages which for convenience are designated by the acronym 'ADME'. ADME stands
for:
e Absorption — passage of the drug from the site of administration to the plasma;
o Distribution between main body fluid compartments;
e Metabolism (anabolism and catabolism) — the build-up and breakdown of compounds
mediated by enzymes within the whole body;
e Excretion — elimination of the drug metabolites or the rest of drug which remained
chemically unchanged.*
The biological effect of vanadium is dependent on its oxidation state and the stability of its
compounds under physiological conditions.* Vanadium has three oxidation states relevant for
biological systems: +3, +4 and +5. In aerobic conditions V" is stable while in anaerobic, like

IVO2+

in the cytoplasm, it can be easily reduced from to V by such reducing agents as

ascorbate, glutathione and NADH". The reduction of VIYO?* to V* does not occur easily

o . . HI
under common conditions. For this reason V

is normally considered to be less important in
physiological action of vanadium compounds. V" and V'Vare not very stable at physiological
pH and in aerobic conditions, and V'V can be easily oxidized to V¥.* However, the stability of
V"' complexes is dependent on the type of ligand coordinated. For example, the V'VO-

transferrin complexes are quite stable.*?
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VY can form a wide variety of complexes ranging from tetrahedral and octahedral to trigonal-
and pentagonal-bipyramidal; V'V often forms square pyramidal structures or, in case the 6"

site is occupied, the distorted octahedral structure is formed.***’

The schematic ADME model of vanadium compounds in the body is presented in the Figure
1.

4 D
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Figure 1. Schematic ADME model of vanadium compounds in the human body. The uptake and the
transport routes of vanadium are indicated by arrows. Excretion ways are indicated by the large
arrows.“L” indicates a ligand in vanadium complex, “L"” indicates a ligand from body system, hTF —

human transferrin. Adapted from ref.*

After oral administration vanadium-containing drug meets saliva’s and small intestine’s weak
alkaline media, and then strong acidic (pH = 2) media of the stomach. Drug encapsulation can
help to avoid the immediate destruction of the drug in the stomach. Thus, the original drug
undergoes the speciation due to pH changes and interaction with available bio-ligands.
Besides, the redox interaction of the drug takes place in the oral cavity (oxidation) and in the
gastrointestinal tract (reduction). Different ligands of low and high molecular mass are present
in the food and in body fluids. Hence, original vanadium compound is distributed between

these ligands. VVO? may be converted to VO(OH), (precipitate, secreted with the feces);
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vanadates to HoVO, (pH = 7 + 0,7) and VVO** (pH = 2-3). Then, H,VO, is easily resorbed
in the small intestine and is distributed within the body. Inhalation of vanadium oxides from
dust particles is an another way of vanadium uptake. The major part of vanadium oxides

solubilizes in the lungs (is converted to vanadate) and thus enters the blood stream.

Complexes of general formula VOL,, where L is an organic ligand, are subjected to
speciation by pH too. Body ligands L” may cause coordination sphere reorganization and
form VOL",, or mixed L/L" species and thus change the level of resorption. Once vanadium
comes into the blood stream, the blood serum components define the formation of vanadium
species (which includes ligand exchange and/or redox reactions between V'V and VV and,
possibly, V'), the pathways to target cells and the final uptake of vanadium by the cells.*®
Some authors*® reported that vanadium level in blood plasma is regulated homeostatically.
Ligands which take part in the exchange are the low molecular mass and high molecular mass
ligands. Lactate and citrate belong to the first group, and transferrin (hTF), albumin and
immunoglobulin G are the most important ligands in the second group, where hTF plays a

predominant role.*®

Around 95% of the vanadium which is transported in the blood has the form of
oxidovanadium (V'YO?*) bound to hTF.*® Ascorbate, glutathione and NADH can cause the
reduction of VV to VIV, while NAD", O, 022' and O, can cause the reverse process of

oxidation of V'Y to V'V *

Once vanadium compounds are uptaken, they enter the blood stream and, apart from
speciation, they are subjected to redox interconversion between V" and V'V species. hTF is the
main transporter of anionic vanadate(V), V'VO** and V'VOL (neutral or charged) species in
blood.®

VY exists mainly in form of H,VO, and HVO,* (often referred as VO3 ) or as mono-
vanadate when present at very low concentrations, like in blood plasma.,and several potential
ligands being present, it is not expected that Divanadates (V>) or tetravanadates (c-V,4) usualy
do not form in blood plasma at pH 7.4 and low concentration of VV. In cells vanadate
concentrations also do not allow for the formation of oligovanadates. However, if
concentration enhancement or template-directed nucleation occurs locally, the

oligovanadate(s) formed can interact with pro-teins and DNA. ®
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VVO?* is probably totally bound to high and low molecular mass bio-ligands in blood serum.
Inside the cells many of bio-ligands form complexes with V'VO?* with quite high binding
constants so most of the V'VO*" is also bound. However, it cannot be ruled out that very small
amounts of V'YO(OH)s—(free or bound?) are present; and it has some relevance in
physiological media.®

Vanadium may accumulate in liver, kidney, thyroid, heart, brain, muscle, blood, spleen, lungs,

adipose, hair and bone at relatively high levels o153

and in cardiac fat and lungs at relatively
low levels.®® The highest concentrations were found in liver, kidney and bone. **** Most
human tissues contain less than 10 ng/gm of vanadium, and the total adult body pool size
is less than 1 mg.‘r’4 In the bone vanadium partially substitutes the phosphate, and its half-life

there is about 1 month.>® Bone is considered to be a long-term storage place for vanadium.”®

1.2.2. The toxicity of Vanadium.

. 154,4857,6
Some studies

report the toxicity of vanadium compounds in the environment and
nutrition, but this thesis mainly considers the vanadium-based anticancer drugs effect on
human body, and particularly, on nontransformed (normal) cells so general toxicity will be
described briefly. The cytotoxicity, genotoxicity and apoptotic features of oxidovanadium

(IV) complexes studied will be considered in Sections 1.4.0 - 1.4.8.

In human body vanadium possesses a broad range of toxic effects on the respiratory,
circulatory and central nervous systems, digestive organs, kidneys, and skin. In certain tissues
vanadium may be involved in pathogenesis of some neurological disorders and cardiovascular
diseases. Vanadium has spasmogenic activity in some smooth, cardiac and skeletal muscles.
For instance, exposure to V,0s may cause hand tremor, hypertension, wheeze, rale, rhonchi,
hepatomegaly, eye irritation, injected pharynx, green tongue. Vanadate, when administered
intravenously in cumulative doses, significantly increases arterial blood pressure. As vanadate
inhibits Ca-ATPase and reduces calcium efflux, it may act as vasoconstrictor. The distinct
effect of vanadate is to mobilize the intracellular calcium in many of smooth muscles.
Dimercaprol and ascorbic acid have been used in the treatment of vanadium poisoning in

57
humans.

It was reported that vanadium toxicity is the highest in intravenous administration, and is
lower in the oral one.”® The maximum allowable concentration of vanadium is 0.05 mg~m'3.

At one-time exposure the immediate danger to average human’s health is caused by limit of 7
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mg of vanadium(intravenously), and by 35 mg:m™ of V in the air being inhaled. In food, the

oral intake of maximum of 1 mg kg™ day™ will cause no effect.*®

1.3.0. Oxidovanadium (1V) - complexes.

The complexes investigated in this study are V'VO(oda), V'VO(oda)(bipy), V'VO(oda)(phen)
and V'VO(acac). As it was mentioned before, organic ligands are of particular interest in the
new anticancer drug development as they may increase its absorption in gastrointestinal tract
which, in turn, allows the smaller doses of vanadium drug to reach the same therapeutic
effect. Good examples of such ligand are oxodiacetate (oda), O(CH,COO ), where the donor
group is 000, and acetylacetone (acac) with the donor binding set is 000.?® The formulae of
these ligands are presented in Figures 2-3. The other 2 ligands, complexed with vVO* in
studied complexes, are 2,2'-bipyridine (bipy) and 1,10-phenantroline (phen), whose
coordination properties are similar. They are bidentate ligands with two nitrogen donor atoms.

Their formulae are presented in Figure 4.

O

Figure 2. Ctructural formula of the oxodiacetate (oda) ligand. From ref. 9

O O
)J\)J\

Keto Enol

Figure 3. Ctructural formula of acetylacetone (acac) ligand (keto- and enol forms). From ref. ®
Acetylacetone in solution exists in two tautomeric forms: keto and enol. In enol form hydrogen atom
equally belongs to both oxygen atoms, so this form has C,, symmetry.®* These two forms can be easily

distinguished by NMR spectroscopy, IR spectroscopy, and some other methods.**%

Figure 4.Structural formula of (a) 2,2-bipyridine (bipy) ligand® and (b) 1,10-phenanthroline (phen)
ligand. %
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1.3.1. Complex V"VO(oda)(H,0),.

The structural formula of the complex is presented in Figure 5.

Hy0 ﬁ OH,
o\\vé,o
0 | 0
0

Figure 5. Structural formula of V'VO(oda)(H,0),. Drawn in computer program ChemDraw.”

The molecule has approximate C,, symmetry. The complex has a distorted octahedral
geometry. Two water ligands are in mutual trans-position (O-V-O angle is 174.2°). The

oxydiacetate ligand is distributed meridionally.66

1.3.2. Complex VVO(oda)(bipy).
The structural formula is presented in Figure 6.

2
N
—

0]
/ (o)
O \o 5)§0

Figure 6. Structural formula of V'VO(oda)(bipy). From ref. %°
The complex is yellow-brown and has a distorted octahedral geometry. The equatorial base is
made up by two bipyridine N-atoms and two carboxylic O-atoms from the acetate groups. The

central O-atom of oda and the oxygen of the V=0 group make up the axis.®’

1.3.3. Complex V'VO(oda)(phen).

The structural formula of the complex is presented in Figure 7.

Figure 7. Structural formula of V'VO(oda)(phen). From ref. %
The complex is yellow-green and has a distorted octahedral geometry. The equatorial base is
made up by two o-phenanthroline N-atoms and two carboxylic O-atoms from the acetate

groups. The central O-atom of oda and the oxygen of the V=0 group make up the axis.®
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1.3.4. Complex V'VO(acac)s.
The structural formula of the complex is presented in Figure 8.
The complex is blue green and has a square-based pyramidal geometry; it is able to

accommodate one more monodentate ligand.*
CH, HaC
0
o] 0
=All/ \
A\
\ 0 O=x

CHj HaC

Figure 8. Structural formula of V'VO(acac),. Drawn in computer program ChemDraw.”

1.3.5. UV-Vis of oxidovanadium (IV) - complexes.

The diagram of molecule orbitals of [V'VO(H,0)s]** is presented in Figure 9.

The energy of the orbitals increases in the following order: dyy < dyz, dy; < dxo.y» << dz. Three

d-d transitions are observed in the visible absorption spectra. They are identified as bands:

Band I: dyy — dy;, dy; (b2 — e), usually in the 900-625 nm range;
Band 11: dyy — dxz-y2 (b2 — by), in the 690-520 nm range;
Band I11: dyy — dy2 (b, — as), usually in the 470-330 nm range.”

In VVO-complexes d-electron is often located in essentially non-bonding orbital dxy SO the
ordering of the d levels is as depicted in Figure 10. In complexes with low symmetry four

transitions are expected.”*




Introduction

Orbitals of VIV Orbitals of oxygen (=0, H,0)

Figure 9. Diagram of molecular orbitals of the oxidovanadium aquacomplex [V'VO(H,0)s]** with C,
symmetry. The molecular orbitals of the symmetry b,, e, by, 1., ~ are fundamentally metal orbitals: b,

= dyy, €r = dys, Oz, by = dyoypand Iy "= dyp. From ref.

I%) — dp: — —F < d,
g Il |
|
(b’lk)_) dxz-dyz _}_I —Hr!— <« dxz—dyz
' ! o
| | _r+_|_
(e3) > dy,dy, # Ib . | | « dydy,
T B
! Ens
) »> d, ——~1—1- L1 11 o dy
C4y Symmetry Low symmetry
(a) (b)

Figure 10. Ordering of d levels in VV'YO-complexes. (a) for complexes with C,, symmetry (e.g.

[VVO(H,0):]?); (b) complexes with low symmetry (e.g. V'VO(lactato),). From ref. "*
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1.4.0. Complexes V'YO(oda)(H,0),, V'VO(oda)(bipy), V''O(oda)(phen) and
V'VO(acac), as potential anticancer drugs.

Many studies 26,66-68,72-74

report the anticancer activity of these complexes. The results are
quite interesting as the replacement of the two water molecules in the parent complex
VVO(oda)(H,0), with heterocyclic bidentate ligand (bipy or phen) causes a significant
change in biological activity. Moreover, slight difference in structure of bipy and phen
ligands leads to quite different anticancer behavior.”* In this study anticancer action is
considered in terms of cytotoxicity, genotoxicity, lysosomal activity alterations, mitochondria

activity alterations, morphological changes in the cells, role of oxidative stress, apoptotic

action and nuclease activity (plasmid DNA cleavage).

1.4.1. Cytotoxicity and putative mechanisms of the complex cytotoxic action.
In cytotoxicity studies it is always important to evaluate the drug selectivity, i.e. how many

times the particular drug is more toxic to tumoral cells than to nontransformed ones.

In human osteosarcoma MG-63 cell line V'VO(oda)(H,0),, V'O(oda)(bipy) and
VVO(oda)(phen) were reported to cause concentration-dependent inhibition of cell
Viability.V'VO(oda)(phen) shows antiproliferative action at the lowest concentration of the
complex, next is V'VO(oda)(bipy), and then, at higher concentrations, V' O(oda)(H20),

acts.26

VVO(oda)(H,0),, VVO(oda)(bipy) and V'VO(oda)(phen) have been tested on MC3T3E1
osteoblastic mouse calvaria-derived cells and UMRI106 rat osteosarcoma-derived cells in
culture. V'VO(oda)(phen) was reported to cause inhibition of cell proliferation in both cell
lines, but the cytotoxicity was stronger in the normal (MC3T3E1) cell line than in the tumoral
(UMR106) one.®® V'VO(oda)(bipy) was reported to cause inhibition of cell proliferation in
both cell lines, but the cytotoxicity was statistically stronger in the tumoral cells in the whole
range of concentrations, especially in the high concentration range. At the highest tested
concentration nontransformed cells showed a survival of 56%, while only 30% of the tumoral
cells survived.®”” V'VO(oda)(H,0), was more deleterious in the normal cell line than in the
tumoral one.” " In the UMR106 cell line VVO(0da)(H,0), significantly inhibits the marker

of osteoblast differentiation - alkaline phosphatase activity.73

In the cytotoxicity mechanism studies of the same cell line V'VO(oda)(H20)2 was reported to

induce dose-dependent extracellular-signal-regulated kinase (ERK) cascade activation
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through ERK phosphorylation. ERK pathway plays role of transducer in the signal cascade
mediating cell proliferation and differentiation, cell cycle arrest, antiproliferation, apoptotic
and non-apoptotic death.The relative intensity of ERK cascade stimulation is higher in
nontransformed osteoblasts than in tumoral ones. These results indicate that the ERK pathway

may be involved in the V'VO(oda)(Hgo)z cytotoxic effects.”

In human colon adenocarcinoma cell line Caco-2 V'VO(0da)(H,0), was found to induce dose-
dependent inhibition of Caco-2 cell proliferation. The inhibition is statistically significant
starting from the complex concentration of 25 uM. The V'VO(oda)(H,0); effect is partially
diminished by such free radicals scavenger as a mixture of vitamins C and E. The free ligand
does not show any effect on cell proliferation. The main cytotoxic mechanisms of
VVO(oda)(H,0); are oxidative stress increase and GSH level decrease. Scavengers partially

reverse the effect of free radicals. 2

1.4.2. Genotoxicity.
Genotoxic effects must not be confused with cytotoxic ones as DNA degradation may happen

because of necrosis or apoptosis which may show a false positive response. ™

In human osteosarcoma MG-63 cell line V'VO(oda)(H,0), causes no damage in tumour cells
DNA at the whole range of studied concentrations while V'VO(oda)(phen) induces the

damage in this whole range, and V'VO(oda)(bipy) only at the highest concentration studies.?®

In human colon adenocarcinoma cell line Caco-2 V'VO(oda)(H20); causes statistically

significant DNA damage in the low range of concentrations. 2

1.4.3. Lysosomal activity alterations.

In human osteosarcoma MG-63 cell line the decrease in lysosomal activity, the result of
lysosomal metabolism alteration, occurs at the whole range of the tested concentrations of
VVO(oda)(phen) and only at high concentrations of both V'O(oda)(H.0), and
VVO(oda)bipy.*®

In human colon adenocarcinoma cell line Caco-2 lysosomal activity alterations start at the
VVO(oda)(H,0), concentration lower than the concentration at which inhibition of

proliferation becomes statistically signiﬁcant.72
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1.4.4. Mitochondria activity alterations.
In human osteosarcoma MG-63 cell line all three complexes decrease mitochondria enzyme
activity, which is stronger for V'VO(oda)(phen) in the whole range of concentrations, but for

VVO(oda)bipy and V'VO(oda)(H,0), it is significant only at high concentrations.?

In both MC3T3E1 osteoblastic mouse calvaria-derived cells and UMR106 rat osteosarcoma-
derived cells in culture V"VO(oda)(H20), shows dose-dependent Mitochondria Membrane
Potencial (MMP) dissipation. Presence of GSH keeps the MMP under control in
nontransformed cell line. Moreover, pre-incubation of the tumoral cells with GSH prevented

the loss of MMP. 7

In human colon adenocarcinoma cell line Caco-2 the presence of V'VO(oda)(H,0), causes a
significant decrease in the mitochondrial succinic dehydrogenase reduction activity starting
from concentration of 10 uM and higher. At higher concentrations mitochondria enzyme

activity decrease becomes stabilized at the value of 45%."

1.4.5. Morphological changes in the cells.

In human osteosarcoma MG-63 cell line at low concentration V'VO(oda)(HZO)z causes a
slight decrease in the cell number, at higher concentrations this decrease is observed with
significant alterations in the cytoplasm and the nuclei. V'VO(oda)(bipy) shows similar effect,
which is stronger at higher concentrations. Comparatively, V'VO(oda)(phen) affects much
more the morphology of the tumour cells as it causes the nuclei fragmentation and dramatic

decrease in cell number at higher concentrations.?®

In MC3T3E1 osteoblastic mouse calvaria-derived cell line V'VO(oda)(HZO)g exhibits it’s
effect starting from concentration of 10 pM through gradual cytoplasm condensation and loss
of the cytoplasmic connections between the cells. The effect increases with the increase of
concentration. In UMR106 rat osteosarcoma-derived cells cytoplasm condensation occurs at
the same complex concentration as for nontransformed cells. All morphological changes
result from the modification of the cytoskeleton proteins. V'VO(oda)(H,0), causes
rearrangement of the actin and significant alterations in the cell shape. At the highest
concentration of the complex actin gets accumulated in a form of patches in the cytoplasm.
For the tumoral cells the first microfilaments changes are observed at 25 pM. At the highest
concentration complete disorganization of the fibers around nucleus and alteration of the cell
shape are observed. These changes are stronger in the nontransformed osteoblasts than in the

tumoral ones. According to reversibility studies, these changes are irreversible. [
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In human colon adenocarcinoma cell nucleus the V'VO(oda)(HgO)z causes chromatine
condensation. In cytoplasm it causes numerous irregular vacuoles and loss of connections.
The apoptosis of significant number of cells and their detachment from monolayers occurs.
The complex causes concentration directly related rearrangement of the actin microfilaments

with the total loss of the network the highest complex concentration. 2

1.4.6. Role of oxidative stress.

Oxidative stress is an imbalance between the regular formation of reactive oxygen species and
organism sability to either detoxify immediately these species or to repair damage caused by
them. If normal redox state of the cell is altered, the peroxides and free radicals are produced.
As they are toxic, they damage all the cell components, including DNA. Later on, some ROS

may start acting as messengers in redox signaling.”

In human osteosarcoma MG-63 cell line V'VO(oda)(phen) is able to induce a concentration -
dependent oxidative stress (fourfold increase of ROS level) in tumour cell line at the lowest
concentration studied. However, V'VO(oda)(H,0), and V'VO(oda)(bipy) increase the ROS

level only at high concentrations. 26

In osteoblastic mouse calvaria-derived cells and UMR106 rat osteosarcoma-derived cells in
culture VVO(oda)(H20); triggers a dose-dependent oxidative stress in both cell lines with a
stronger effect in the nontransformed cells. The oxidative stress is a major component of the
V'VO(oda)(HgO)z cytotoxicity. Reduced glutathione (GSH) completely reverses the
deleterious action of V'VO(oda)(H,0),. The GSH level plays a crucial role in the osteoblast
cells survival as the GSH depletion is one of the V'VO(oda)(H,0) cytotoxicity mechanism. It
was found that tumoral cells are more protected from the V'VO(oda)(HzO)z induced oxidative

74
stress than the nontransformed ones.

In human colon adenocarcinoma cell line V'YO(oda)(H20), causes a great rhodamine level
increase. However, a mixture of vitamins C and E, decrease this oxidative stress. GSH levels
decrease is dose-dependent. Glutathione oxidation to GSSG creates a kind of redox buffer

protecting the cells from oxidative stress. "

1.4.7. Apoptotic action.
In human osteosarcoma MG-63 cell V'VO(oda)(bipy) and V'VO(oda)(phen) start causing the
increase in cell apoptosis from 24 h of incubation. V'VO(oda)(HZO)z shows no significant

effect comparing to basal conditions. V'VO(oda)(bipy) increases the percentage of apoptotic
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cells from 4 to 23% and V'VO(oda)(phen) from 4% to 37% over initial conditions at the

highest concentration studied.?®

In MC3T3E1 osteoblastic mouse calvaria-derived cell line V'VO(oda)(H,0); causes apoptosis
of significant number of the cells only at high concentrations. In UMR106 rat osteosarcoma-
derived cells cytoplasm condensation occurs at the same complex concentration as for

nontransformed cells. ™

In human colon adenocarcinoma cells V'VO(oda)(H;0), causes the apoptosis of significant

number of cells and their detachment from monolayers occurs only at high concentrations. 2

1.4.8. Nuclease activity (plasmid DNA cleavage).

In human osteosarcoma MG-63 cell line the interaction of the V'VO(oda)(H20),,
VVO(oda)(bipy) and V'VO(oda)(phen) complexes with in vitro DNA plasmid model (pDNA)
was studied. ® Nuclease activity of the complexes depend on the nature of the buffer media.
In phosphate buffer V'VO(oda)(bipy) nuclease activity is similar to that of V'YO(oda)(H,0),.
VVO(oda)(phen) exhibited very efficient DNA cleavage together with linearization in the
whole range of studied concentrations. The nuclease activity of the complexes increases in the
following sequence: V'VO(oda)(bipy)<V'VO(oda)(H20)2<V'VO(acac)g(positive
control)<V'VO(oda)(phen) in phosphate buffer and VVO(acac)y(positive
control)<V'VO(oda)(bipy)<V'VO(oda)(H,0),<V'"VO(oda)(phen) ~ in ~ MOPS  (3-(N-
morpholino)propansulfonic acid) buffer. In MOPS buffer the cleavage of the supercoiled(Sc)
DNA occurs along with the cleavage of nicked (Nck) DNA form into linear form (Lin).26

In the presence of scavengers of singlet oxygen (NaN3) and of free radicals (sodium benzoate,
NaBz and DMSO) in phosphate buffer at the highest concentration V'VO(oda)(bipy)

effectively linearizes plasmid DNA. %

Oxodiacetate and bipyridyne do not cause DNA degradation. ® It was found, that all the ROS
formed are hydroxyl radicals, not the singlet oxygen. H>O, significantly increases DNA
cleavage and leads to its complete degradation to nicked and linear forms. The scavenger
effect decreases in the following row: NaN3z> NaBz > DMSO. In addition, H,O, together with
the V'VO(oda)(phen) show dramatic increase in the nuclease activity so the linear DNA is

degraded as a result. Oxodiacetate and phenanthroline do not cause DNA degradation. 26
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In human colon adenocarcinoma cell line Caco-2 V'VO(oda)(H20)2 cleaves DNA under
relatively mild conditions. Even relatively low concentrations it induces extensive single-
strand cleavage. Double-strand cleavage iS also observed. Addition of mercaptopropionic acid

(MPA) slightly increases nuclease activity of the complex. 2

VVO(acac),, was reported to show a remarkable degrading of plasmid DNA amplified in

Escherichia coli DH5a in the absence of activating agents, air and photoirradiation.”

1.5.0. Blood serum proteins and their binding to vanadium complexes.

The function of blood as one of the most important animal body fluids is to transport all the
substances essential for cells life and their normal functioning and to take away from the cell
the toxic products of their metabolism. The blood of vertebrates presents cells (erythrocytes,
leukocytes, thrombocytes) suspended in blood plasma. Plasma containes 92% of water.
Blood serum is a name for blood plasma which does not contain fibrinogens. Serum
comprises such proteins as albumin (55%), globulins (38%), fibrinogen (7%), regulatory
proteins (1%, i.e., hormones, enzymes and proenzymes). As both human serum albumin and
transferrin affect the different metal transport and distribution they are always considered in
the evaluation of the interaction and transformation of any metal-containing drugs

administered. °

It was reported that in vitro apo-hTF binds VO 10° times stronger than HSA. HSA is present
in blood serum in higher concentration (630 puM) than hTF (37 uM) and HSA may possibly
be a vanadium transporter in the blood for some V-complexes, hTF being the vanadium

primary binder.1%®

1.5.1. Human serum albumin: structure and functions.
Human serum albumin (HSA) makes up the major part of serum proteins. The molecular mass

is about 66.5 kDa. Its half-life in the blood serum is about 20 days.

Primary structure. HSA is made up of 585 amino acids with 8 Cys-Cys sequences, and one

sulfydryl at Cys-34 residue which is free. For full amino acid sequence of HSA see ref.”®

Secondary structure. The disulfide bond pattern is one unique characteristic of albumins,
which assures their stability in the blood stream. HSA has 3 domains I, II, III, named so
according to start of count from N-terminus and linked to each other by helical structures.

Each domain has 2 subdomains, A and B, which are densely packed helices and are linked to




Introduction

each other by extended peptide strands; the subdomains are assigned as IA, IB, IIA, 1IB, IIIA,
and I1IB. The loops linear pattern and the inter-binding of the half of residual cysteines make
HSA molecule both flexible and resistant to aggressive conditions, and HSA can take
different conformations easily. The loops are also able to reversibly associate into globule,
for instance, in acid or concentrated urea solutions. For the schematic image of HSA

secondary structure with domains see ref.

Tertiary structure. When dissolved HSA molecule has the shape of ellipse which plays an
important role of prevention of blood plasma from becoming too viscous. Many of HSA
residues are in the ionic form and its total charge at physiological pH is negative, increasing

from domain I1I (close to zero) towards domain I (very negative).’

1.5.2. Ligand binding to human serum albumin.
Human serum albumin is well-known to bind a variety of small molecules. It is able to bind

.. T 77
cationic, neutral and anionic ligands.

ATCUN motif is well-described Cu" and Ni" primary binding site located at the N-terminus.
The ATCUN motif amino acid sequence is Asp-1, Ala-2, His-3. "

Multi-metal binding site (MBS) is a primary binding site for Zn" and the secondary binding
site for Ni"" and Cu" and other metal ions with this oxidation state (+2). It is located at the
domains | and Il interface. The donors of the site are His-67 (imidazole nitrogen) and Asn-99
(carboxyl oxygen) from domain I, His-247 (imidazole nitrogen) and Asp-249 (carboxylate

oxygen) from domain I1. "

Binding site B is a primary binding site for Cd" and is suitable for Zn" as well. Reduced thiol

group of Cys-34 is a binding site for Au and Pt compounds.

Site Il is a binding site for fatty acids (FA2). It is located at the subdomains 1A and IIA
interface. Long chain fatty acids (LCFA) bind here so the domain | rotates relatively to
domain II. It causes a separation of His-247 and Asp-249 from His-67 and Asn-99 by distance
of 4-6 A. Thus, MBS becomes disrupted and can no longer bind Zn". As a conclusion, only

one of these bindings is possible at the same time. "®

Most of the drugs are transported in blood plasma and reach their target cell by being bound
to HSA. Hence, in the ADME cycle HSA controls the drug distribution. HSA 1is able to
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solubilize hydrophobic drugs, promote homogeneous drug distribution and prevent them from

untimely metabolism thus increasing their biological lifetime. "

Sudlow has proposed two main HSA drug-binding sites. Sudlow I, or warfarin site, preferably
binds large heterocyclic and negatively charged ligands and is located in IIA subdomain.
Sudlow II, or indole-benzodiazepine site, preferably binds small aromatic carboxylic acids
and is located in IIIA subdomain. The HSA molecule with all domains and binding sites is
schematically presented in Figure 11. A simple scheme of HSA binding sites including

Sudlow I and II sites is presented in the Figure 12. 8

Figure 11. Domains and binding sites of HSA molecule. From ref. &

RSH Bilirubin FA- DEP FA-1

A~ ~  R2224 = \ ™) /A T
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W2‘l4*
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Sudiow 1 Sudlow T¥

Figure 12. Scheme of HSA binding sites for different compounds.
FA - long-chain fatty acids; ASA - acetylsalicylate; B g-pyridoxal 5'-phosphate; RSH - mixed
disulfides; DEP- diisopropyl fluorophosphate. From ref. ”’
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Free drug concentration in plasma is strongly affected by its binding to HSA and in most

cases the HSA is far from saturation.’®

1.5.3. V'YO?* binding to human serum albumin.

7ML renort that V'VO occupies two types of HSA binding sites: the strong

Several studies
vanadium binding site (VBS1) and the weak vanadium binding sites (VBS2).*? VBS1 is
considered to be the ATCUN motif, which was reported to bind 1 mol equivalent of V'VO?*,
VBS2 are considered to be: a number of carboxylates and imidazoles in HSA side chains
which are non-specific, and MBS. " VBS2 can bind several mol equivalents of V'VO?* 2 The
ACTUN and MBS binding sites structures with the metal center are presented in the Figure 13
(a,b). These two types of binding sites compete both with each other and with the metal ion

hydrolysis. ™

VV0?* binding to ATCUN motif amino acid side chains is different from Cu" binding.
VVO?* ions are not able to cause deprotonation of the amide groups. Cu", when binding to the
ATCUN site, replaces V'VO?*. Replaced V'VO?* can go to the bulk solution forming
[(V'VO),(OH)s] ", and oxidation of VV'Vto VVVmay occur. ™

Two V'VO?*centers are able to bind to MBS. " Zn" replaces V'VO**when binding to MBS as it
binds very strongly. However, it cannot replace VV'YO?* at other sites, e.g. at the ATCUN site.
At the same time, V'VO* can replace Cu" at the MBS. In the dinuclear form vanadium can
coordinate Glu-252 located near Asp-249 at MBS.

Asp1
)\\)K N/Lf HzN
|

OIH,, o n\ \

His247

Figure 13.The structure of ACTUN (a) and MBS (b) binding sites of HSA, where M=Cu (a), Zn (b).
Adapted from ref. 7

Presence of carrier ligands may enhance V'VO?* binding to HSA. The formation of ternary
complexes HSA-V'VO*-ligand was studied " by means of EPR and CD with maltol(mal),
picolinic acid(pic), 2-hydroxypyridine-N-oxide(hpno) and 1,2-dimethyl-3-hydroxy-4(1H)-
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pyridinone(dhp). (V'VOL,),(HSA) type complexes (and other types) are formed with ligands
mal, pic, hpno, and dhp with maximum n=6 (for ligands mal and pic). Vanadium in these
complexes is assumed to bind to HSA via His side chains. The binding strength of V'VOL, to
HSA is different and decreases in the row: hpno > pic > mal > dhp. ”°

1.5.4. Human serum transferrin: structure and functions.
Transferrin is a non-haem monomeric iron-binding glycoprotein. Human serum transferrin

has a molecular weight of about 79.550 kDa and in vivo half-life of 8-10 days.*®

Primary structure. Human transferrin contains 678 amino acid residues and asparagine-linked
glycans.® For the amino acid sequence of hTF see ref.2® hTF does not have any free SH-

groups, it contains 19 intrachain disulphide bridges.

6% of the hTF molecular weight corresponds to the carbohydrate moiety.®* This moiety
contains heterosaccharide chains called glycans. Transferrin derived from the same tissue of
the same species may vary in glycan structures depending on the degree of sialylation

(number of sialyl groups).3+%°

There are many assumptions in the literature about the functions of carbohydrate moiety. It
may enhance the protein solubility as it has many hydrophilic groups and high charges.®” The
other assumption is that this moiety may be responsible for the hTF binding during the iron

exchange process to specific hTF receptors located in cell membrane.®

Secondary structure. Transferrin comprises two equally-sized lobes with clefts at their
junction point. These two lobes correspond to the two domains, N-terminal (residues 1-336)
and C-terminal (residues 337-678) halves of the polypeptide chain. The C-terminal domain
has features distingushing it from N-terminal part. One is the glycan moieties attached;

another one is the higher number of disulfide bonds (11 against 8).%

hTF functions include:
- transport of iron between the absorption, utilization, storage sites and sites of
haemoglobin degradation (iron metabolism control); &

- inflammation decrease by iron withholding;

- transport of other metals.®
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1.5.5. Metal binding by human serum transferrin.
Human serum transferrin (hTF) is capable to bind both anions and cations, but metal cation
binding is of particular interest of this work. hTF has two similar metal binding sites located

in its N-termal and C-terminal sites.®

In vivo Fe** ion binding occurs in the presence of so called 'synergistic' anions such as
carbonate/bicarbonate. In the absence of these two anions, other anions may facilitate iron
binding; examples are oxalate, thioglycolate, phenylalanine, pyruvate, glycine,
nitrilotriacetate. However, the mentioned two anions, if present, will always replace other
anions from the (Fe**), — transferrin anion complex as their binding to transferrin is stronger.
One hTF binding site binds one Fe** ion and one bicarbonate or carbonate ion and the process
is pH dependent. The favorable pH is 7.5-10. With the pH decrease partial dissociation
happens, and complete dissociation occurs at pH = 4.5.%* From the three protons released from
Fe (I11) binding, two of them are released from the two coordinated tyrosine residues, and the

other ones are released from the metal ion own hydrolysis.®

hTF with bound iron is called holo-transferrin while apo-transferrin stands for iron-free
transferrin. Holo-transferrin acquires the “closed” conformation when two domains move
towards each other so it can be recognized by human transferrin receptor and then taken up by
cell via receptor-mediated endocytosis of transferrin. Once iron is released the domains move
apart again to form the “open” conformation of apo-transferrin.*® A schematic view of these

two conformations is presented in Figure 14.

The two Fe®* and bicarbonate anion binding sites are located near the junction of two domains
formed by Cys-117 to Cys-194 bond in the N-terminus. Tyr-185 and Tyr-188, and two of the
three histidines - 119, 207, 249 are ligands binding to iron, and Arg-124 and/or the cluster
made of Lys-II5, Lys-116 and His-119 are electrostatically bound to the bicarbonate/carbonate
anion binding site. In the C-terminus the amino acid arrangement and the coordination mode

are similar.%

Binding sites behave differently depending on pH, i.e. N-terminus site does not bind iron at
pH less than 5.7 whereas the C-terminus site binds till pH = 4.8. The binding constant of the
C-terminus site is 5 times higher than the one of the N-terminus site at blood pH = 7.4. In
fresh human serum the two sites are unequally occupied: there is a preferential occupation of
the N-terminal site, and upon incubation at 37°C, the preference becomes even more

marke

d.92-95
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In serum hTF is normally saturated by iron only by 30% so it has the capacity to bind
additional iron, and thus to control the toxic excess of iron. Moreover, it can bind many other
metal ions, like Cu®*, AI**, zn*, Eu®*, Th*", Nd** Pr**, cr®**, Bi**, Ga*', In*", Mn*, Ni**, Ru**

and VO?*, and even lanthanides and actinides, one ion at each binding site.**

C @9

apo-hTF: “open” form (Fe),-hTF: “Closed” form

Figurel4. Schematic view of “open” and “closed” conformations of apo- and holo-transferrin

respectively. From ref.®®

1.5.6. VvVo* binding by human serum transferrin.
Most of the blood serum vanadium is bound to hTF. hTF is capable to bind VYO and
VVO(carrier), as well as V¥ and V"' species.”” V'VO-hTF complexes are quite stable.*® It is

interesting that V"' binding to hTF is quite strong, almost as strong as binding of Fe"".*’

Some authors report that one oxidovanadium (IV) ion binds to one Fe-binding site of apo-
hTF. However, other authors report that VV'VO?* - complexes with such Igands as maltolate,
dhp (1,2-dimethyl-3-hydroxy-4-pyridinone) and picolinate bind at N-imidazole groups of
surface histidines.®**™ The study'® reports that if >2 mol equivalents of V'VO(carrier), is
added to apo-hTF, the binding of some molecules of V'VO(carrier), to the surface N-
imidazole groups may occur, but it would be much weaker and is not relevant to the blood

% reported that V'VO(carrier), complexes are

serum conditions. Later on, same authors™
capable to interact with holo-hTF by binding to its assumed surface donors His-N, Asp-COO
and Glu-COO" with the most probable residues His-289, His-349, His-473 and His-606; and

that when bound to holo-hTF vanadium can also be transported to the cells.'*

There were proposed two V'VO**binding types (both are presented in Figure 15). %
Binding type 1 implies the formation of (V'VO)(hTF)(carrier ligand) structure where carrier

ligand plays a role of synergistic anion or formation of cis-(V'VO)(carrier),(hTF) with the
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predominating complex form of octahedral cis-(V'VO)(carrier),(H,0) at pH =~ 7.4 where

carrier ligand is not a synergistic anion. %1%

Binding type 2 implies that V'VO?* binds to hTF at the Fe-binding sites with a V'VO:ligand

stoichiometry of 1:1, %1%

Tyriga

{or Tyras)

R

] . AspB3
0 ‘“‘n’/ ':M"’:JI R = GHy: BMOY {or Hie245)

- 6 X R = GHaH-t BEOV

. 3
Type [ Type 2
Figure 15. Proposed two binding types of VYO - complexes to hTF.

Bis(maltolato)oxidovanadium(lV), BMOV, and bis(ethylmaltolato) oxidovanadium(lV), BEOV,
complexes are shown as examples. In the type 1 binding the VO:carrier ligand ratio is 1:2. It is
assumed that in the cis-(V'VO)(carrier ligand),(H,O) structure the water molecule is replaced by N of
histidine imidazole group or by COO" group of surface aspartic or glutamic acid. In the type 2 binding
the VO:carrier ligand ratio is 1:1. It is assumed that iron-binding sites donors coordinated around

vanadium are any two among the following: Asp-63, Tyr-95, Tyr-188, His-249. From ref. o

VvVO?* binding by apo-hTF has been studied®® by circular dichroism (CD), electron
paramagnetic resonance (EPR) and urea gel electrophoresis. Several V'VO(carrier), complexes
were chosen for the experiment: carrier ligand is maltolato- , dhp(1,2-dimethyl-3-hydroxy-4-
pyridinone) and picolinato-.

The CD spectra showed that:

- two V'"VO* centers bind to one molecule of hTF; %

- VVO?* centers bind exactly at the Fe binding sites, not at surface N (imidazole); *

- binding is as shown schematically in Figure 15: type 2 binding; *

- experiments with VV'VO(maltol), (BMOV) show that there is a significant difference in
the CD spectra, this meaning that the presence of maltol changes the type of binding of
VVO?* to hTF. Hence, hTF(V'VO(maltol),)m species are being formed upon addition of the
ligand. Further ligand addition after V/'VO:maltol ratios of 1:1 do not change the CD spectra,
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however, the signal intencity decreases a little. The reason is that with increasing of maltol
concentration in solution V'VO?* unbinds hTF and goes to the solution forning V'VO-maltol
complexes which do not give CD spectra; *

- maltol and dhp ligands may delay the oxidation of V**to V/*°;*

- dhp or maltol, when added alone to apo-hTF, cause no changes in the CD spectra. The
explanation is that these ligands cannot be in close interaction with hTF chiral centers when
not bound to VYO

- CD spectra of VV'VO** complexes with different ligands follow different patterns as, for
example, V'VO-dhp complexes have higher binding strengths than the V'VO-maltol, and their
Amax are different; *

- VvVO?*, when binding to apo-hTF, cause the change of its conformation from open to
the closed form as well as the iron does. However, when V" binds to apo-hTF, this change
does not occur; *°

- for both iron binding sites with V'VO** bound, the CD spectra are not much different. ®°

1.6.0. Techniques used in vanadium-serum proteins studies.

There is a range of techniques considered to be useful in the investigation of structure,
conformation and binding nature in the vanadium-serum protein systems. Among them are the
following: electron paramagnetic resonance (EPR), *V nuclear magnetic resonance (>*V
NMR), circular dichroism (CD), UV-Vis absorption, X-ray absorption spectroscopy,
inductively coupled plasma — mass spectrometry (ICP), high performance liquid
chromatography coupled to mass spectrometry (HPLC-MS), capillary electrophoresis
(electrospray ionization sourse) coupled to mass spectrometry (CE-ESI-MS). In this section
only techniques used in this study (electron paramagnetic resonance, circular dichroism, UV-

Vis absorption and fluorescence spectroscopy) are shortly described.

1.6.1. Electron paramagnetic resonance (EPR)

In EPR the sample undergoes irradiation by an external electromagnetic field induced by
microwaves. In many cases the sample is frozen in liquid nitrogen since polar solvents (like
H,0, MeOH and others) absorb most of the microwaves at room temperature. The complex
concentration should be >700 uM to ensure a good quality of spectrum (high signal-to-noise

ratio).
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To be analyzed by this technique the metal must be paramagnetic, i.e. to have unpaired
electrons. The electron configuration of vanadium in V'VO?* ion is 15?25*2p®3s?3p®4s%3d" so it

has one unpaired d-electron with the spin S=1/2, being EPR active.

If the complex molecule contains one vanadium atom V' (mononuclear) it gives simple EPR
spectra. However, in di- and polynuclear complexes (with 2 or more vanadium atoms, e.g.
(V™)2-u-0, (VVVY)u-0) the interactions between centers occur and it affects the nature of the
EPR spectrum.!

The external magnetic field (B) causes the unpaired electron spin energy level splitting in two
levels (or energy states): parallel and perpendicular(anti-parallel) in regard to the field B.
This is called Zeeman Effect. The energy difference is expressed by the following equation
(1.1.):

AE=Eg = hv=gBBAm, (1.1.)
Where AE — energy difference between two states;
Eg — electromagnetic radiation energy;
h — Planck’s constant;
v — field frequency;
g is a g-factor or g-value which characterizes the electron magnetic moment and
gyromagnetic ratio (for free electron g = 2.0023, for V'VO?* complexes g usually ranges from
1.94 to 1.98);
B — Bohr magneton;
B — magnetic field applied;

Amg— electron spin quantum number difference between two states. »'%41%

The nucleus also has its spin 1. When electron couples to the nucleus with 1>0 (hyperfine
coupling) spin energy levels split further (hyperfine splitting). The electron spin energy levels
are split into sublevels. The number of sublevels equals to 2nl + 1 where n is nuclei number

involved in coupling. The number of splits results in the same number of allowed transitions.
1,104,105

The parameter used to characterize the hyperfine coupling and splitting is hyperfine coupling
constant A. Under isotropic (homogeneous in all the directions) conditions (usually room
temperature) for mononuclear V'VO?* the spin energy level is split into 8 lines ranging from
m,=-7/2 transition at low field to m;= +7/2 transition at high field. Anisotropic (heterogeneous

in all the directions) conditions take place when the sample is in solid state or frozen, and the
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additional splitting occurs. Z axis is assigned to be axis parallel to the V=0 bond, whereas x
and y are perpendicular axes. Hence, the g-value perpendicular components are gy and gy
while parallel component is g,. Similarly, the A value perpendicular components are A, and
A, and parallel component is A,. For each V'YO* complex 5 sets each made of eight lines are
observed: two having axial symmetry (x=y#z) and three having rhombic symmetry (X£y#z).
As the V=0 bond is quite strong V'VO*complexes usually give axial or nearly axial spectra.
1,104,105

A and g values can be estimated or calculated from spectra simulation using corresponding
software.!

In systems containing paramagnetic metals (V'VO?* - hTF and V'VO?* - HSA in our case) EPR
spectrum gives the information about the changes in vanadium coordination sphere. The

hyperfine coupling constant A, can provide the information on donor atoms bound to VYO,
1,104,105

1.6.2. Circular dichroism (CD).
This technique is based on the different absorbtion of the left- and right- circularly polarized
light by the chiral moiety of the compound (vanadium as the coordination center or the
protein moiety). The wavelength range for CD usually is UV—-Vis (100-1000 nm). Chiral
compounds are able to rotate the plane of linearly polarised light which is passing through
them. This light may be considered to consist of two circularly polarised components: left and
right circularly polarised waves with the same amplitude and in phase. When crossing a chiral
medium, their propagation pace is different as they have different refractive indices. Both
beams intensities reach the detector where they are being measured and compared. Hence, the
plane of polarisation is rotated by a certain angle (o) which may vary with A. The change of a
with A is called optical rotary dispersion (ORD). At the A used the extinction coefficient for
the left (L) and right (R) circular polarized light may be different. The term circular dichroism
(CD) is the difference between the left and right circularly polarised light molar absorption
coefficients Ae=¢g| - eg. The CD phenomenon can be observed only within an absorption band
and the Ag values vary with A. The CD and ORD phenomena are called the Cotton effect. The
plot may be presented in the form of Ae/M™*cm™ (molecular CD) as a function of the
wavelength (nm) with both positive and negative bands depending on the absorption nature
(eL> £r OF €< R). 1,106-109
Circular dichroism can be applied in e.g.:

- proving of V'VO# binding to hTF or HSA;
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- determination of protein : V'VO*": ligand binding ratios;
- determination of protein vanadium binding sites;
- protein conformation change studies;

- estimation of complex-protein bond strength.*%1%°

1.6.3. Ultraviolet-visible absorption (UV-Vis).
This technique is based on the selective absorption of the electromagnetic waves in the
ultraviolet, normally (190-390 nm) and “visible” (400-1000 nm) region by the compounds.
The UV-Vis absorption spectra can be caused by the following electronic transitions:
- metal d—d transitions which are parity-forbidden (give the most important information);
- metal-to-ligand charge transfer (MLCT);
- ligand-to-metal charge transfer (LMCT);
- intra-ligand transitions and inter-valence charge transfer (IVCT) (for complexes with more
than one vanadium centre in different oxidation states).
In this work UV-Vis absorption spectra were applied for e.g.:
- vanadium or vanadium-protein solution stability studies (absorption bands change in
time);
- determination of protein exact concentration;
- as a complementary technique to fluorescence spectroscopy of protein-complex

systems.

1.6.4. Fluorescence spectroscopy (fluorometry, spectrofluorometry).

This technique is based on excitement of groups of the protein using a beam of ultraviolet
light at a certain wavelength (usually 280 or sometimes 295 nm) and subsequent detection of
the radiation emitted. Three aromatic amino acids contribute to the protein fluorescence:
tyrosine, phenylalanine and tryptophan (exception: green fluorescent proteins). Ultraviolet
light excites the electrons in the fluorophore groups of these amino acids and causes them to
emit light in a certain A range. Most of the emission is due to tryptophan. The plot is presented
in the form of fluorescence intensity as a function of wavelength at which the emission
occurs. In this work fluorescence spectroscopy was mostly used to get information about:

- probe binding of compounds to HSA or hTF;

- number and amino acid composition of vanadium binding sites (by binding to hTF or HSA
vanadium occupies their sites and thus may cause concentration-dependent fluorescence
quenching);

- estimate vanadium binding constants.'**°
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2.0. OBJECTIVES

Since V'VO(oda)(H,0),, V'VO(oda)(bipy),V'VO(oda)(phen) and V'VO(acac), complexes are
reported to have anticancer activity, it is important to understand their binding to blood serum
proteins hTF and HSA, which are known to play key roles in drug transport to the target cells

and distribution in the organism. A range of studies?®®®87274

reported their antitumor
activity, mainly focusing on the investigation of cytotoxicity, genotoxicity, apoptotic action,
suppression of mitochondria activity, cell morphological changes, DNA cleavage, role of

oxidative stress and possible mechanisms of these actions. Some studies’®%¢-103111-115

report
about the interaction of other V'VO** complexes with HSA and hTF, but not of

VVO(oda)(H,0),, V'VO(oda)(bipy),V'VO(oda)(phen).

In this study our first objective was to synthesize the complexes V'O(oda)(H.0),,
VVO(oda)(bipy),V'VO(oda)(phen) which are not commercially available.

A second objective was to study the stability of solutions of the complexes in conditions close

to those observed in blood serum.

Thirdly, by means of CD, EPR and fluorescence spectroscopies and modeling some
physiological conditions, e.g. pH=7.4, we aimed to investigate the possible binding sites,
binding modes and number and type of different chelate species formed between all four
studied complexes and HSA and hTF. It was important to know if the particular complex
binds to the protein in the form as it was administered, i.e. with ligands, or it partially loses

some ligand, or if it binds only as V'VO?*,

To have additional confirmation of binding of the studied complexes binding to serum
proteins some studies were done with solutions containing V'V-complexes and hTF after
passing by PD-10 columns. UV-Vis absorption, EPR and CD spectroscopies and ICP were
used here.

A complication we had to take into account is the oxidation of V' to V in the solutons
during the experiments which could distort all the results. For this reason most manipulations
involving V'VO?* compounds were done excluding oxygen. This delays the oxidation

processes, but might not have avoided them completely.

)
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3.0. EXPERIMENTAL PART

3.1.0. Materials

Water.

Millipore water was used for the preparation of solutions of the complexes for studies and
buffer solutions. The water was produced using a Mili-Q water purification system. Distilled
water was used in the synthetic procedures. Deionized water was used in some CD and EPR
experiments.

Solvents. Solvents were purchased from Sigma-Aldrich, Carlo-Erba, Panreac or Fisher and
used as received.

Buffers.

Two main buffer systems were used in the solution studies and studies of interaction with the
serum proteins: Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol, (HOCH,)3;CNH,) and PBS
(Phosphate buffered saline). Sodium carbonate used in Tris preparation was purchased from
Reagente Puro ERBA. Tris was purchased from Aldrich Chemistry. PBS was purchased from
Sigma Aldrich.

Ligands.

The ligand used in the synthesis was diglycolic acid (2-(carboxymethyloxy)acetic acid, or oda
(O(CH,COOH),)) purchased from Aldrich Chemistry.

Oxidovanadium (1V).

Oxidovanadium(IV) acetylacetonate (oxobis(2,4-pentanedionato)vanadium(1V), or
V"VO(acac), was used in the synthesis. V'VO(acac), was purchased from Fluka® Analytical.
Vanadium(IV) oxide sulfate pentahydrate, V'VOSO,-5H,0, was purchased from Riedel-de
Haén.

Reagents.

2,2"-bipyridine ((CsH4N),), or bipy, 1,10-phenanthroline (Ci,HgN2), or phen and 1,10-
phenanthroline hydrochloride, or o-phen- HCI (C12HgN, - HCI) were used in the synthesis.
2,2'-bipyridine was purchased from ACROS ORGANICS. 1,10-phenanthroline was
purchased from Alfa Aesar®. 1,10-phenanthroline hydrochloride was purchased from
MERCK.

Proteins.

Apo-Transferrin human (apo-hTF) (ATF2011-07; >95%), lyophilized from sodium phosphate
with a molecular mass of 78.5 kDa and fatty acid and globulin free human serum albumin
(HSA) (A3782-5G; >99%), lyophilized powder with a molecular mass of 67 kDa were used.
hTF was purchased from Akron™ bio tech. HSA was purchased from Sigma Aldrich.




Experimental part

PD-10 Desalting Columns containing 8.3 mL of Sephadex™ G-25 Medium were purchased
from GE Healthcare.
All the reagents and proteins used in this study were used as received from supplier without

further purification.

3.2.0. Synthesis and characterization of oxidovanadium(lV) complexes
3.2.1. Synthesis

Synthesis of the V'VO(oda)(H,0),

To a solution of [V'VO(acac),] (1.325 g, 5 mmol) in water (20 mL) diglycolic acid (0.6706 g,
5 mmol) was added. The resulting solution was refluxed in a glycerol bath for 3 h. The
reaction was conducted with exclusion of oxigen. The hot solution was filtered from
impurities and then concentrated in order to remove Hacac, cooled to room temperature, and
left overnight at =~ 4 * C to let the blue crystals form. Then, the blue crystals were filtered off,
washed with cold water, acetone and diethyl ether, and then dried under vacuum. Yield:
0.7487 g (63.7%). Elemental analysis found, C, 20.32; H, 3.38; C,HsVOsg (235.04 g mol™)
requires, C, 20.44; H, 3.43. FT-IR (KBr, cm™): 3057 vs vbr (v, OH), 1587 vs br (Vasymm, COO
), 993 vs (v, V=0) (see Appendices B 1 and B2).

Synthesis of the V'VO(oda)(bipy)

A solution of [V'VO(oda)(H,0),] (0,47025 g, 2 mmol) in methanol (20 mL) was slowly added
to solution of 2,2'-bipyridine (0,31238 g, 2 mmol) in methanol (20 mL). The reaction was
conducted with exclusion of oxigen. The yellow-brownish solid was obtained immediately.
The solid was filtered, washed with cold methanol, and dried under vacuum. Yield: 0.6462 g
(90.96%). Elemental analysis found, C, 44.08; H, 3.47; N, 7.24; Cy4H1,N,VOg'1.5H,0
(419.28 g mol™) requires, C, 43.99; H, 3.96; N, 7.33. Found: FT-IR (KBr, cm™): 3423m vbr (
v, OH), 1635 s br (vasymm, COQO"), 997 vs (v, V=0) (see Appendices B 3 and B 4).

Synthesis of the V'VO(oda)(phen)

A solution of [V'VO(oda)(H20).] (0,30097 g, 1,28 mmol) in water (8 mL) was slowly added
to a solution of o-phen- HCI (0,30064 g, 1,28 mmol) in water (3,2 mL). The reaction was
conducted with exclusion of oxigen. The yellow-green solid was obtained immediately. The
solid was filtered, washed with cold water, acetone, and diethyl ether, and dried under
vacuum. Yield: 0.18084 g (37.25%). Elemental analysis found, C, 47.12; H, 3.40; N, 6.78;
C16H12N2VOg -1.6H,0 (408.05 g mol™) requires C, 47.1; H, 3.75; N, 6.87. FT-IR (KBr, cm™):




Experimental part

3567 m br, 3406,64 m vbr ( v, OH), 1678 vs br (vasymm, COO’), 999vs (v, V=0) (see
Appendices B 5 and B 6).

3.2.2. Preparation of solutions

Buffers.

The Tris buffer was prepared by dissolving the Tris powder in Millipore water. Sodium
carbonate (Na,COs3) was added to Tris buffer in the experiment 5.1. Freshly prepared Tris
buffer was used in each experiment. pH adjustment to pH=7.4 was made with conc. HCI. For
details on the preparation of Tris buffer see Appendix A.

PBS buffer was prepared by dissolving a PBS tablet in 200 mL of Millipore water. Each
solution was replaced with the new one once turbidity appeared.

All the pH readings were recorded by means of Denver Model 15 pH meter calibrated at pH =
7.0 and pH=4.0.

V'YO(oda)(H,0), solution for stability studies.
The solution was prepared by dissolving of V'VO(oda)(H,0), in MeOH and subsequent
addition of Tris buffer. Freshly prepared solutions were used in each experiment. For details

on the preparation of the VV'VO(oda)(H,0), solution see Appendix A.

Solutions of VVO(oda)(H»0),, V'VO(oda)(bipy), V'VO(oda)(phen) and V'VO(acac), for
CD, EPR and fluorescence spectroscopy studies.

Stock solutions of V'VO(oda)(H,0), were prepared by dissolving the complex in MeOH.
Stock solutions of V'VO(oda)(bipy) were prepared by dissolving the complex in DMSO and
EtOH. Stock solutions of V'VO(oda)(phen) were prepared by dissolving complexes in H,O
while V'VO(acac), solutions were prepared in PBS buffer and DMSO (experiments 2.5 and

2.6.). Freshly prepared solutions were used in each experiment.

Solutions of hTF and HSA for CD, EPR and fluorescence spectroscopy studies.
Stock solutions of hTF and HSA were prepared by dissolving the proteins in PBS buffer. hTF
in Tris buffer was used in the experiment 5.1. Freshly prepared solution was used in each

experiment.

While preparing all the solutions containing V'Y compounds nitrogen gas was bubbled

through all the solvents to prevent the oxidation of V'V to \V".
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3.3.0. Spectroscopic measurements

3.3.1. Fourier transform infrared spectroscopy (FTIR).

All the IR measurements were recorded with Jasco FT/IR-4100 spectrometer in the range of
4400-400 cm™, baseline was made with the air. The sample was prepared by mixing of the
compound with KBr powder and pressing into a thin tablet at a Perkin Elmer press under 10

kg - 1000. The IR spectra with the interpretation can be found in the Appendix B.

3.3.2. Ultraviolet-visible absorption spectroscopy.

All the UV-Vis absorption spectra were recorded with Perkin ElImer Lambda 35 UV - Vis
spectrometer at the wavelength range of 1000-250/300 nm for stability studies and 500 — 250
nm as a complementary technique for fluorescence studies. Baseline was made with air. 10
mm (chamber volume 3500 pL) cells made of Quartz SUPRASIL® from Hellma® Analytics
were used in all the measurements. 1 mm cells (chamber volume 350 pL) made of Quartz
SUPRASIL® from Hellma®and 1 mm cell (chamber volume 350 pL) from Starna® were used

in the experiment 5.1.

3.3.3. Circular dichroism spectroscopy.

CD spectra were recorded on a Jasco J-720 spectropolarimeter either using the usual
photomultiplier with a red-sensitive photomultiplier (EXWL-308) in the visible range. The
measurements were performed at ~25 ° C using either a 20 mm (chamber volume ~5.0 mL)
absorption cells from Hellma®, or a Macro Suprasil® quartz and 3.5 mm I.D. x50 mm
cylindrical quartz cell (Jasco Parts Center, CQ3-50, chamber volume ~ 800 uL) or a 2 mm
cell (chamber volume ~600 pL) made of Quartz SUPRASIL® from Hellma®.

3.3.4. Electron paramagnetic resonance spectroscopy (EPR).
The EPR spectra were obtained with a Bruker ESP 300E spectrometer at 77 K. The samples
(ca. 300-400 pL) were placed in 3 mm quartz tubes (Wilmad 707-SQ-250M) and frozen in

liquid nitrogen.

3.3.5. Fluorescence spectroscopy.

The fluorescence spectra were obtained on a Fluorolog® Horiba Jobin Yvon
Spectrofluorometer with single proton counting controller - FluoroHub from Horiba
Scientific . The samples were excited at the wavelength of 280 nm (slit width 5 nm) and the
emission spectra were measured in the 290 — 500 nm range, and at 295 nm (slit width 9 nm)
with the emission spectra measured in the 305-515 nm range. The samples from the systems
VVO(oda)(H.0), + hTF, VVO(oda)(H.0), + HSA, and V'VO(oda)(phen) + HSA were
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excited at 280 nm only. All the measurements were done in 10 mm fluorescence quartz cells
from Hellma® Analytics with the chamber volume of ~ 3500 uL at room temperature except
experiment 4.9 (at 25, 30, 35, 40° C).

3.4.0. Procedure.

3.4.1. Stability studies.

The stability studies were carried out with \V"YO(oda)(H,0), in MeOH.

Experiment 1.1. For details on the preparation of the solution see Appendix A. The UV-Vis
spectra were recorded immediately after preparation of the solution, after 10, 20, 30, 40, 50,
60, 90, 120, 150, 180, 210, 240, 270 and 300 min.

3.4.2. Studies of complex-human serum protein interaction by circular dichroism (CD).
The part of each protein stock solution in each experiment was previously diluted to
determine the exact stock solution concentration by UV absorption at A=280 nm and adjust
the complex stepwise additions to the protein. Then, another part of the stock solution was
diluted, constituting the initial protein solution with the ratio complex : protein=0. In
experiments 2.1., 2.4., 2.6.and 2.7. the protein stock solution was used without dilution. In
each experiment the complex solution was prepared immediately before use and the solvent
was previously bubbled with nitrogen to minimize the dissolved complex contact with air and
thus prevent the oxidation of V'Y to V.

Experiment 2.1. V'VO(oda)(H,0), + hTF system.

To the solution of hTF (7.23x10~* M) in PBS were progressively added controlled volumes of
a 6.32x107% M solution of V'VO(oda)(H,0), in MeOH to obtain V'VO(oda)(H,0), : hTF ratios
ranging from 1 to 4. EPR samples (400 pL each) were taken at VV'VO(oda)(H,0), : hTF ratios
of 1, 2 and 4. For additional information on concentrations of each sample see Appendix C 1.
Experiment 2.2. V'VO(oda)(bipy) + hTF system (continuous addition).

To the 5.77x10™* M solution of hTF in PBS were progressively added controlled volumes of a
3.58x1072 M solution of V'VO(oda)(bipy) in DMSO to obtain V'VO(oda)(bipy) : hTF ratios
ranging from 0.36 to 4.7. For additional information on concentrations of each sample see
Appendix C 2.

Experiment 2.3. V'VO(oda)(bipy) + HSA system (continuous addition).

To the 5.37x10™* M solution of HSA in PBS were progressively added controlled volumes of
a 4.8x107% M solution of V'VO(oda)(bipy) in DMSO to obtain VV'VO(oda)(bipy) : HSA ratios
ranging from 0.26 to 5.05. For additional information on concentrations of each sample see
Appendix C 3.
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Experiment 2.4. V'VO(oda)(phen) + hTF system (continuous addition).

To the 5.32x10™* M solution of hTF in PBS were progressively added 1.2, 1.2 and 1.2 mg of
solid V'VO(oda)(phen) to obtain V'VO(oda)(phen) : hTF ratios of 1, 2.01 and 3.09
respectively. The EPR samples (400 pL each) were taken at VV'VO(oda)(phen): TF ratios of
2.01 and 3.09. For additional information on concentrations of each sample see Appendix C 4.
Experiment 2.5. V'VO(acac), + hTF system (continuous addition).

To the 4.8x107* M solution of hTF in PBS were progressively added controlled volumes of a
3.77x1072 M solution of V'VO(acac), in DMSO to obtain V'VO(acac), : hTF ratios ranging
from 0.28 to 5.01. For EPR sample (240 pL) was taken at VV'VO(acac), : hTF ratio of 5.01.
For additional information on concentrations of each sample see Appendix C 5.

Experiment 2.6. V'VO(acac), + HSA system (continuous addition).

To the 6.02x10™* M solution of HSA in PBS were progressively added controlled volumes of
a 3.64x1072 M solution of V'VO(acac), in DMSO to obtain V'VO(acac), : HSA ratios ranging
from 0.51 to 5. The EPR samples (400 pL each) were taken at VV'VO(acac), : HSA ratios of 3
and 5. For additional information on concentrations of each sample see Appendix C 6.
Experiment 2.7. hTF + V'VO?* + phen system.

To the 5.32x10™* M solution of hTF in PBS were progressively added controlled volumes of a
0.795 M solution of V'YOSO, in H,0 and 0.111 M solution of o-phenantroline(phen) in EtOH
to obtain hTF : V'YOSO, : phen ratios of 1:1:1, 1:2:2, 1:3:3 and 1:3:5. The EPR samples (400,
500, 400 pL) were taken at hTF:V'VOSO, : phen ratios of 1:2:2, 1:3:3 and 1:3:5 For additional
information on concentrations of each sample see Appendix C 7.

3.4.3. Studies of complex-human serum protein interaction by electron paramagnetic
resonance (EPR).

Some of the EPR samples (240, 400 and 500 pL) (experiments 3.4, 3.5, 3.6, and 3.7) were
taken from some solutions used for CD experiments at certain stages (certain complex :
protein ratios) of addition of complexes to the protein. Some samples (experiments 3.1., 3.2.,
3.3, 3.8 and 3.9) were prepared separately for EPR analysis.

Experiment 3.1. V'VO(oda)(H,0), + hTF system.

To prepare samples (240 uL each) with VV'VO(oda)(H,0) : hTF ratios of 0.73, 2.89 and 4.28
to 4.94x10™* M solution of hTF in PBS were added different amounts of a solution of
VVO(oda)(H,0), (4.34x1072 M) in MeOH. For additional information on concentrations of

each sample see Appendix C 8.
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Experiment 3.2. V'VO(oda)(H,0), in MeOH.

To prepare a 2.8x10~> M solution, 0.00134 g of V'VO(oda)(H,0), was dissolved in 2x107% L
of MeOH. A sample of 240 pL was used for the analysis.

Experiment 3.3. V'VO(oda)(bipy) + hTF system.

To four equal solutions with concentration of hTF (4.91x10* M) in PBS of was added
different amounts of a solution of V'VO(oda)(bipy) (4.77x1072 M) in DMSO to obtain
VvVO(oda)(bipy) : hTF ratios ranging from 0.49 to 4.02. For additional information on
concentrations of each sample see Appendix C 9.

Experiment 3.4. V'VO(oda)(phen) + hTF system.

The samples were taken from the CD Experiment 2.4., with VO(oda)(phen):hTF ratios of 2.01
and 3.09. For additional information on concentrations of each sample see Appendix C 10.
Experiment 3.5. hTF + V'VO?* + phen system.

The samples were taken from the CD Experiment 2.7., with hTF: V'VO?*: phen ratios of 1:2:2,
1:3:3 and 1:3:5. For additional information on concentrations of each sample see Appendix C
11.

Experiment 3.6. V'VO(acac), + hTF system.

The sample was taken from the CD Experiment 2.5., with V'VO(acac), : hTF ratio of 5.01.
For additional information on concentrations of each sample see Appendix C 12.

Experiment 3.7. V'VO(acac), + HSA system.

The sample was taken from the CD Experiment 2.6., with VV'VO(acac), :HSA ratios of 3 and
5. For additional information on concentrations of each sample see Appendix C 13.
Experiment 3.8. V'VO(oda)(bipy) in EtOH.

To prepare a 1.431x10~ M solution, 0.00120 g of VV'VO(oda)(bipy) was dissolved in 2x10~ L
of EtOH (absolute). A sample of 400 pL was used for the analysis.

Experiment 3.9. V'VO(oda)(phen) in H,0+DMSO.

To prepare a 1.47x10~° M solution, 0.00132 g of V'VO(oda)(phen) was dissolved in total of
2.2x107° L of H,0 (90%) and DMSO (10%). A sample of 400 pL was used for the analysis.

3.4.4. Studies of complex-human serum protein interaction by fluorescence
spectroscopy.
The part of each protein stock solution in each experiment was previously diluted to

determine the exact stock solution concentration and adjust the complex additions to the
protein. Then, another part of the stock solution was diluted to make an initial protein solution
with the ratio complex:protein=0. In each experiment the complex solution was prepared

immediately before use and the solvent was previously bubbled with nitrogen gas to minimize
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the dissolved complex contact with air and thus prevent the oxidation of V'Y to VY. The
blanks having same content except the protein were measured in order to be subtracted from
the samples to obtain the fluorescence of the pure protein. The UV-Vis absorption
measurements were done with each sample to be further used in the data corrections.
Experiment 4.1. V'VO(oda)(H,0), + hTF system.

To a solution of hTF (2.46x10° M) in PBS was progressively added a solution of
VVO(oda)(H,0), (8.51x10™* M) in MeOH to obtain V'VO(oda)(H,0):hTF ratios ranging
from 0.23 to 3.46.

Experiment 4.2. V"VO(oda)(H.0), + HSA system.

To a solution of HSA (2.6x10° M) in PBS was progressively added solution of
VVO(0da)(H,0), (9.8x10™* M) in MeOH to obtain V'VO(oda)(H,0)»:HSA ratios ranging
from 0.25 to 18.86.

Experiment 4.3. V'VO(oda)(bipy) + hTF system.

To a solution of hTF (1x10° M) in PBS was progressively added a solution of
V'VO(oda)(bipy) (1.96x10™* M) in DMSO to obtain VV'YO(oda)(bipy):hTF ratios ranging from
0.13 to 3.26.

Experiment 4.4. V'VO(oda)(bipy) + HSA system.

To a solution of HSA (1.03x10° M) in PBS was progressively added a solution of
VvVO(oda)(bipy) (1.86x10* M) in DMSO to obtain V'VO(oda)(bipy):HSA ratios ranging
from 0.12 to 9.03.

Experiment 4.5. V'VO(oda)(phen) + hTF system.

To a solution of hTF (2.46x10° M) in PBS was progressively added a solution of
VVO(oda)(phen) (8.58x10™* M) in DMSO to obtain V'VO(oda)(phen):hTF ratios ranging
from 0.23 to 1.28.

Experiment 4.6. V'VO(oda)(phen) + HSA system.

To a solution of HSA (2.55x10° M) in PBS was progressively added a solution of
V'VO(oda)(phen) (1.14x107 M) in DMSO to obtain V'VO(oda)(phen):HSA ratios ranging
from 0.59 to 2.97.

Experiment 4.7. V'VO(acac), + hTF system.

To a solution of hTF (1.02x10° M) in PBS was progressively added a solution of
VVO(acac), (1.89x10* M) in PBS to obtain V'VO(acac),:hTF ratios ranging from 0.12 to
3.08.
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Experiment 4.8. V'VO(acac), + HSA system.

To a solution of HSA (1x107® M) in PBS was progressively added solution of V'VO(acac),
(2.34x10™* M) in PBS to obtain V'VO(acac),:HSA ratios ranging from 0.15 to 19.33.
Experiment 4.9. V'VO(oda)(phen) + hTF system at 25, 30, 35 and 40 ° C.

To a solution of hTF (1.005x10° M) in PBS was progressively added solution of
VvVO(oda)(phen) (1.96x10™* M) in DMSO to obtain V'VO(oda)(phen):hTF ratios ranging
from 0.13 to 1.95. The experiment was done at 25 ° C.

To a solution of hTF (1.005x10° M) in PBS was progressively added solution of
VvVO(oda)(phen) (2.27x10™* M) in DMSO to obtain V'VO(oda)(phen):hTF ratios ranging
from 0.15 to 3.76. The experiment was done at 30 ° C.

To a solution of hTF (1.018x10° M) in PBS was progressively added solution of
VvVO(oda)(phen) (1.96x10™* M) in DMSO to obtain V'VO(oda)(phen):hTF ratios ranging
from 0.13 to 4.17. The experiment was done at 35° C.

To a solution of hTF (1.018x10° M) in PBS was progressively added solution of
VvVO(oda)(phen) (2.02x10™* M) in DMSO to obtain V'VO(oda)(phen):hTF ratios ranging
from 0.13 to 3.31. The experiment was done at 40 ° C.

3.4.5. Studies of complex-human serum protein interaction by gel filtration, ICP, CD,
EPR and UV-Vis.

Experiment 5.1. hTF + V'VO(oda)(bipy) system; hTF + V'VO(acac), system.

Tris buffer (0.10 M) containing Na,COs (2.5x10% M), hereinafter referred to as buffer, was
used in the experiment. Nine PD-10 desalting columns were equilibrated by passing 25 mL of
the buffer throught each of them.

2.5 mL of solution of hTF (1.41x10™* M) in buffer was passed through the column and eluted
with 3.5 mL of the buffer. The UV-Vis absorption spectra (250-500 nm) of the hTF solution
were recorded before and after passing through the column using 1 mm cells. The CD
spectrum (2 mm cell, 250-400 nm) of the solution after passing the column was also recorded.
To the four equal solutions (2.5 mL each) of hTF (140.87x10°° M) in buffer adequate
volumes of solution of V'VO(oda)(bipy) (2.96 x1072 M) in DMSO was added to obtain
solutions with hTF:V'VO(oda)(bipy) ratios of 1:1.05, 1:2.1, 1:4.21 and 1:8.41.

To each of the four equal solutions (2.5 mL each) of hTF (1.41x10* M) in buffer adequate
volumes of solution of VV'VO(acac), (2.78 x1072 M) in DMSO was added to obtain solutions

with hTF:V'VO(acac), ratios of 1:1.01, 1:2.05, 1:4.02 and 1:7.89.
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Each of the eight resulting solutions were passed throught (eight) equilibrated columns and
each eluted with 3.5 mL of the buffer. The CD spectra (2 mm cell, 250-400 nm) of solutions
after passing the column were also recorded. The CD spectra of the solutions with ratios
hTF:V'VO(oda)(bipy)=1:4.21 (10 mm cell, 325-800 nm) and hTF:V'VO(acac),=1:7.89 (20
mm cell, 250-800 nm) after passing the column were also recorded. The eight samples (~240
puL) from solutions after passing the column were taken for EPR measurements. Eight
samples (1 mL each) were taken from each solution that passed the column for ICP analysis
(determination of V content).

3.5.0. Data processing.

Circular dichroism (CD). All the CD spectra were processed by means of JASCO 32
software. From the recorded CD data the baseline was firstly subtracted (buffer or protein in
buffer in some cases). Then, the ellipticity, 0, millidegrees was converted to the molecular
CD, Ae, M™'em™ using the protein concentration and cell light pathway length. Then, adaptive
smoothing was applied to some of the samples, and mean-movement smoothing was applied

to the hTF - V'VO(acac), due to the characteristics of the noise in these spectra.

Electron paramagnetic resonance (EPR). The EPR data obtained were processed by means
of Bruker WIinEPR SimFonia software. Then, all the spectra were simulated with Roki

software.'*®

Fluorescence spectroscopy. The final fluorescence data obtained is fluorescence intensity,
expressed in CPS/MicroAmps plotted versus wavelength. Then, this data was further
corrected by the subtraction of the blanks fluorescence and also corrected with UV-Vis
absorption data at 2 excitement wavelengths and at 2 wavelength of maximum emission
correspondingly. The Stern-Volmer plots were obtained and the best fittings found. For
systems with hyperbolic dependence the corresponding equations were applied. To find the

best fitting for some systems TableCurve software was used.
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4.0. Results and Discussion.

4.1.0. Solution stability studies.

4.1.1. Background.

The bands in UV-Vis region, and particularly in the Vis range give the information about the
transitions of d — electrons (d-d transitions) of vanadium (IV) in the complex. If the spectra in
the visible range remain approximately the same for certain periods of time, this means that
the complex does not decompose or changes during that period, namely by hydrolysis and/or
by oxidation. Thus recording the UV-Vis spectrum as a function of time provides information

on the stability of the complexes in the medium where the compound is dissolved.

4.1.2. UV-Vis spectra of VIVO(oda)(H,0), in MeOH and Tris buffer.
The change in absorption of VV'VO(oda)(H20), in 5% MeOH and 95% Tris buffer with time in
the 300-1000 nm range is presented in Figure 16 (experiment 1.1.).
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Figure 16. Ultraviolet-visible absorption spectra measured with time of a solution of
V'VO(oda)(H20)2 (1.8><10‘3 M) in 5% MeOH and 95% Tris buffer. The cell path length used was 10

mm.

In Figure 16 it may be observed that d-d transitions are observed at ~600 nm and ~785 nm.
The solution of V'VO(oda)(H,0), was reasonably stable at least for ~60 minutes. After this
period of time there is a tendency for a decrease in the absorption with time, but the Amax Of
the bands remain the same. Probably there is some progressive hydrolysis and oxidation of

VO to V" species. The absorption vs time of this system is depicted in Figure 17.
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Figurel7. Representation of absorption vs time for A = 600 and 785 nm of a solution of

V'VO(0da)(H,0), (1.8x107° M) in 5% MeOH and 95% Tris buffer. The cell path length used was 10

mm.

4.2.0. Studies of the interaction of the complexes with hTF.

4.2.1. Studies by circular dichroism (CD). Background.

In the visible range VV'VO-d-d electronic transitions are observed (the protein does not absorb);
thus, CD signals different from zero can only be recorded in the visible range of the spectrum
when there is coordination of donor atoms of the protein to vanadium(lV). Globally, the
higher the extinction coefficient (¢) of a particular band, the higher the CD bands intensities.
The final CD spectrum recorded is the sum of CD signals of all the VV'VO-complexes formed
in the system being studied. It is important to know if the complex binds to the hTF together
with ligands or as V'VO?* *, and if the hTF closes its conformation or not upon binding of the

complex. %

4.2.1.1. CD spectra of V'VO-oda-hTF complexes.

Figure 18 depicts the changes in the visible CD spectra of titration of hTF with 1 — 4 mol
equivalents of V'VO(oda)(H,0), (experiment 2.1.). The complexes formed in the system
produce both positive and negative d-d bands. One positive band approximately at 915 -
>1000 nm with unclear spectra maxima at >1000 nm and can be attributed to either dy,—dy,
or dy,—dy, transitions, one negative band approximately at 700 - 936 nm with the spectra
minima at ~ 858 nm can be attributed to either dyy—dx, Or dyy, —dy, transitions, one slightly
positive (see Appendix D 1) band approximately at 650 - 800 nm with the spectra maxima at ~

700 nm can be attributed to dxy, — dxo.y» transitions, one negative band approximately at 494 -
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678 nm with the spectra minima at ~ 590 nm can be possibly attributed to dyy — dz

transitions.

Solutions of pure hTF in PBS produce no CD spectra in the visible range as hTF does not
absorb in this wavelength range. After addition of 1 mol equivalent of V'VO(oda)(H,0) the
CD signal intensity starts globally increasing and keeps on increasing up to 4 mol equivalents
of V'VO(oda)(H,0), added. This means that: (i) V' ions bind to chiral groups of hTF and that
induced CD (ICD) is observed, (ii) the ligand(s) are coordinated to the V'V centers and they
are close to the hTF chiral centers. Comparison of these CD spectra and the CD spectra of
hTF:VVO* = 1:2 from ref %1% 3|50 confirms the conclusion (ii) as the bands of this
spectra do not completely match the bands of hTF-V'VO?* spectrum (in the absence of
ligand); thus, the ligand(s) are coordinated to the V'V centers and they are close to the hTF
chiral centers, (iii) the spectra measured do not allow concluding if hTF only binds 2 mole
equivalents of the V'VO-complex (at the Fe'"' binding sites) or if additional binding occurs

also at surface His groups.

——hTF:VO(oda)(H20)2 = 1:0
0,15 - ——hTF:VO(oda)(H20)2 = 1:1

hTF:VO(oda)(H20)2 = 1:2
——hTF:VO(oda)(H20)2 = 1:3
——hTF:VO(oda)(H20)2 = 1:4
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Figure 18. The CD spectra of solutions containing hTF (7.23><1O_4 M) in PBS upon stepwise

additions of adequate volumes of a solution of V'VO(oda)(H20)2 (6.32><1O_2 M) in MeOH. Maximum
% of MeOH added was 4.03; cell path length was 20 mm.

Figure 19 depicts the changes in the UV-Vis range of the CD spectra of solutions containing
apo-hTF upon stepwise additions of \V'VO(oda)(bipy) (experiment 2.2.). The samples with the
VVO(oda)(bipy):hTF ratios of up to 1.14 were measured in the range of 330-700 nm while

samples with the rest of ratios, up to 4.7, in the range of 330-800 nm.
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The complexes formed in the system produce both positive and negative bands in the range of
330-800 nm. One negative band approximately at 730 - >800 nm with the spectra minima at ~
787 nm can be attributed to either dyw—dy, or dy,—dy, transitions, one positive band
approximately at 670 - 780 nm with the spectra maxima at ~707 nm can be attributed to either
dxy—dx; Or dyy, —dy, transitions, one negative band approximately at 520 - 675 nm with the
spectra minima at ~594 nm can be attributed to dyy, — dy.y» transitions, one positive band
approximately at 420- 525 nm with the spectra maxima at ~500 nm can be attributed to dy, —
d,, transitions, one negative band approximately at 330 - 420 nm with the spectra minima at ~
390 nm and one positive band with the spectra maxima at ~340 nm can possibly be charge-
transfer (CT) bands.

Solutions of pure hTF in PBS produce no CD spectra in the 350-1000 nm region as it does not
absorb in this wavelength range. In Figure 18 the spectrum of hTF is taken as a baseline.
After addition of 0.36 mol equivalents of VV'VO(oda)(bipy) a clear CD spectrum is already
measured. From Figure 19 it can be concluded that: (i) V'¥ ions are bound to chiral groups of
hTF and that induced CD (ICD) is observed, (ii) the ligand(s) are coordinated to the V'Y
centers and they are close to the hTF chiral centers. Comparison of these CD spectra with the
CD spectra of hTF:V'VO?* = 1:2 from ref. %1%1% ai50 confirms the conclusion (ii) as the
bands of this spectra do not match with the bands of hTF-V'VO?* spectrum (in the absence of

ligand).

Then, further addition of 0.6 and 0.84 mol equivalents of V'VO(oda)(bipy) causes small
changes as well. Then, CD signal intensity starts increasing more at ratios of 1.14 and 1.75,
and their spectra are very similar. The most significant changes are observed when hTF is
loaded by 2.35 - 4.7 mol equivalents of V'VO(oda)(bipy). Upon the increase of the ratio
complex:hTF, the CD spectra measured progressively change. First, the concentration of the
1:1 increases, then the concentration of the 2:1 also increases; the binding at each binding site
is not exactly equal, thus, the corresponding CD spectra are not the same. Hence, (iii) the
spectra measured do not allow concluding if hTF only binds 2 mol equivalents of
V'VO(oda)(bipy) (at the iron binding sites) or if additional binding occurs also at surface His
groups. What is clear is that the 2:1 (V'VO(oda)(bipy):hTF) complex has negative bands with
Amax at ~390 nm, at ~594 nm and at ~787 nm. The 1:1 complex probably has positive bands
with Amax at ~340 nm, at ~500 nm and at ~680 nm.

For VV"VO(oda)(bipy):hTF ratios higher than 4, the intensity of bands at Amax at ~ 390 nm, at ~
594 nm and at ~ 707 nm clearly decrease. This is possibly due to (iv) some hydrolytic
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oxidation of V'V —VV- species, (v) the increase of ligand concentration in the bulk solution

probably contributes to removal of V' bound to hTF.
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Figure 19. CD spectra of solutions containing hTF (5.77><1O_4 M) in PBS upon stepwise additions of

adequate volumes of a solution of V'VO(oda)(bipy) (3.58><10_2 M) in DMSO. Maximum % of DMSO
added was 5.28; the cell path length was 50 mm.

Figure 20 depicts the changes in the UV-Vis CD spectra of hTF in PBS upon addition of 1-3
mol equivalents of V'VO?" and 1-5 mol equivalents of o-phenantroline (phen) (experiment

2.7.). The spectra of pure hTF was taken as a baseline.

The complexes formed in the system produce one negative band (Amax= ~592 nm) and two
positive bands (Amax= ~700 nm, ~461 nm ). The band at Ana= ~700 nm can be attributed to dyy
— dxz or dyy — dy; transitions, at Amax= ~592 nm can be attributed to dyy — dyo.y» transitions.

The positive band at~461 nm may correspond to the dyy — d,, transitions and/or to a CT band.

Pure hTF in PBS produces no CD spectra as it does not absorb in this wavelength range.
After addition of 1 mol equivalents of VV'VO?* and phen the CD spectral intensity increases
and keeps on increasing up to ratio of 1:3:3. From this it can be concluded that: (i) V' ions
are bound to chiral groups of hTF and that induced CD (ICD) is observed, (ii) the phen
ligands are coordinated to the V' centers and they are close to the hTF chiral centers. Each
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molecule of hTF becomes loaded by 2 mol equivalents of vanadium (IV) approximately at the
ratio of 1:3:3. The pattern of the spectra is always the same, (iii) suggesting that the
environment around each V' (possibly one at each iron binding site) is always the same.
Addition of 2 more mol equivalents of phen does not change much the spectra intensity so the
spectra at ratios of 1:3:3 and 1:3:5 almost coincide. It can be assumed that (iv) the phen ligand
binds to VV'VO?* at the ratio 1:1 forming mononuclear species so the further addition of phen
does not make any change to the spectrum. Comparison of this CD spectra and the CD spectra
of hTF:VVO* = 1:2 from ref. ®1%1% shows that (v) phen ligand is bound to the V'VO?**
centers as the bands of these spectra significantly differ from the bands of hTF-VO*

spectrum (in the absence of ligand).
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Figure 20. CD spectra of solutions containing hTF (5.32x10* M) in PBS upon stepwise additions of
adequate volumes of a solution of V'VOS0O, (0.795 M) in H,O and solution of o-phenantroline (phen)

(1.1x107" M) in EtOH. Maximum % of EtOH added was 2.2; cell path length was 20 mm.

The Figure 21 depicts the changes in the UV-Vis CD spectra upon addition of 1-3.09 mol
equivalents of VV'VO(oda)(phen) to a hTF solution in PBS (experiment 2.4.). The spectra of
pure hTF was taken as a baseline.The complexes formed in the system produce two negative
bands in the range of 350-800 nm, with Anax= ~375 NM and Amax= ~558 nm and two positive
bands, with Amax= ~485 nm and Amax= ~696 nm. The band at Anax= ~696 nm can be attributed
to dyy — dxz or dxy — dy; transitions, at Amax= ~558 nm can be attributed to dyy, — dyoy2
transitions, at 485 nm may correspond to the dyy — d;, transitions and/or to a CT band, at

Amax= ~375 may correspond to a CT band.
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Figure 21. CD spectra of solutions containing hTF (5.32x10* M) in PBS upon stepwise additions of
adequate amounts of solid \V'VO(oda)(phen). Cell path length was 20 mm.

Pure hTF in PBS produces no CD spectra as it does not absorb in this wavelength range.
After addition of 1 mol equivalent of VV'VO(oda)(phen) a slight change occurs and the CD
signal intensity starts increasing and keeps on increasing up to ratio of 1:3.09. The most
significant change is observed at ratio of 1:3.09. From this it can be concluded that: (i) V'V
ions are bound to chiral groups of hTF and that induced CD (ICD) spectra are observed, (ii)
the ligand(s) are coordinated to the V' centers and they are close to the hTF chiral centers,
(iii) it is plausible that each molecule of hTF becomes loaded by 2 mol equivalents of
vanadium (IV) (one at each iron binding site) approximately at the ratio of 1:3.09.
Comparison of these CD spectra and the CD spectrum of hTF:V'VO* = 1:2 from ref. $6:106.109
and the CD spectrum from experiment 2.7 shows that, probably, (iv) V'VO(oda)(phen) binds
to hTF together with the ligand oda and at least partly retains the phen ligand in the binding
process, as the bands of these spectra do not match with the bands of hTF-V'VO?* spectrum in

the absence of ligand and with the bands of hTF-V'VO* -phen spectra.

4.2.1.2. CD spectra of solutions containing hTF and V'VO(acac),.
The Figure 22 shows the changes in the visible range of the CD spectra of solutions
containing apo-hTF upon stepwise additions of V/'VO(acac), (experiment 2.5.). The spectra of

pure hTF was taken as a baseline.
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Figure 22. CD spectra of of solutions containing hTF (4.8x10~* M) in PBS upon stepwise additions

of adequate volumes of a solution of V'VO(acac), (3.77x1072 M) in DMSO. Maximum % of DMSO
added was 5.9. The cell path length was 50 mm.

As in the region 400-1000 nm pure hTF does not absorb, the CD bands observed are due to
the formation of hTF-V'VO complexes. It is interesting to observe that the pattern of all CD
spectra appears to be the same, this suggesting that the type of binding does not change upon
additions of complex. The CD spectra are rather noisy, it is not clear if there are isodichroic
points or not. It also appears that the intensity of the spectra is also approximately the same
for all spectra for ratios V'VO(acac):hTF higher than 1.52.

The complexes formed in the system produce both positive and negative bands in the range of
400-1000 nm. One positive band is observed approximately at 945 - >1000 nm with unclear
spectra maxima which can be attributed either to dyy, — dy, or to dyy — dy, transitions, one
negative band approximately at 700 - 954 nm with the spectra minima at ~870 nm which can
be attributed either to dyy, — dy, or to dyy — dy, transitions, one positive band approximately at
650 - 812 nm with the spectra maxima at ~714 nm, one negative band approximately at 500 -
700 nm with the spectra minima at ~585 nm which can be attributed to dyy — dx2.y2 transitions
and one positive band approximately at 400-582 nm with the spectra maxima at ~447 nm
which can be attributed to dy, — d transitions. Clearly (i) V'VO(acac), binds hTF,

contradicting previous reports that such binding does not occur.**”*® The fact that the
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intensity of the CD spectra almost does not change for VV'VO(acac),:hTF ratios > 1.52 also
indicates that (ii) V'YO-complexes responsible for the CD spectra measured are bound at the
Fe'" binding sites of hTF. However, (iii) this does not rule out the binding of V'VOacac —
complexes for V'VO(acac),:hTF ratios > 1.52 at surface His residues, as these are not

expected to yield significant CD spectra. *"**8

4.2.2. Studies of the interaction by EPR. Background.

The main objective of the discussion of the results obtained in this work is to compare the
EPR spectra of each system analyzed with the EPR spectrum of the corresponding complex
alone and with the EPR spectrameasured for the hTF (or HSA) -V'VO®* systems to check if
the complex binds to hTF (or HSA) and if so, whether it binds to the protein as V'VO** or with
the ligand(s). In some cases it is possible to suggest the hTF (or HSA):V'VO?*:ligand ratio.

4.2.2.1. The EPR spectra of V'VO-oda—hTF complexes.

Figure 23 depicts the X-band EPR spectra of the solutions containing hTF in PBS and
VVO(oda)(H,0), in MeOH (experiment 3.1.), of solution containing V'VO(oda)(H20), in
MeOH (experiment 3.2.). The X-band EPR spectra of solutions containing hTF and V'V0SO,
(ratios 1:1 and 1:2) are also presented for comparison. The series of spectra being analyzed do
not superimpose completely with the spectrum of solution of V'VO(oda)(H,0), in MeOH.
This means that (i) V"V of V'VO(oda)(H,0) binds to hTF. Due to the high level of noise in
the parallel region of the spectra being analyzed, it is not clear if the spectra superimpose with
the spectra of solutions of hTF:V'VO*=1:1 and hTF:V'VO?*"=1:2 although they look similar.

However, differences are seen in the perpendicular region and distinct CD spectra.

Figure 24 depicts the amplification of the low and high field ranges of the X-band EPR
spectra presented in the Figure 23. Spin Hamiltonian parameters (gx, 9y, 9z, Ax, Ay and A;) of
the samples being analyzed and the sample of VV"VO(oda)(H,0), in MeOH are presented in the
Table 1. The EPR spectra of hTF-V'VO?* systems are composed by two sets of resonances, A
and B.%*'*° These resonances were attributed to VV'YO?* bound in the N-and C-terminal sites
respectively, reported by different authors, and are presented in Table 1 for comparison.'%>!%
It is clearer that the peaks in the parallel region in both low and high field of the samples
being analyzed do not completely superimpose with the peaks of the the spectra of solutions
of hTF:VVO*=1:1 and hTF:V"VO?'=1:2 which means that (ii) V'VO(oda)(H.0), possibly
binds to hTF with at least one ligand.
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Figure 23. X-band EPR spectra of solutions containing hTF (4.9x10™* M, 4.78x10* M, 4.7x10* M) in
PBS and V'VO(oda)(H,0), (3.58x10™* M, 1.38x107* M, 2.02x10"* M) in MeOH respectively. The X-
band EPR spectra of the solution containing V'VO(oda)(H,0), (2.85x107%) in MeOH and solutions
containing hTF (6x10™* M) and V'VOSO, (C=Crr and C= Cyr¢x2) in HEPES-S buffer are included for
comparison. Maximum % of DMSO added was 4.3; T= 77 K.
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Figure 24. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing hTF (4.9x10* M, 4.78x10* M, 4.7x10* M) in PBS and V'VO(oda)(H,0), (3.58x10* M,
1.38x107° M, 2.02x10°* M) in MeOH respectively. Amplification of the low and high field ranges of
the X-band EPR spectra of solution containing V'VO(oda)(H,0), (2.85x107% in MeOH and of
solutions containing hTF (6x10™* M) and V'VOSO, (C=Cyrr and C= Cyex2) in HEPES-S buffer are
included for comparison. Maximum % of DMSO added was 4.3; T= 77 K.
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Table 1. Spin Hamiltonian parameters (gx, 9y, 9., Ax, Ay and A;) of samples for the hTF-
V"YO(0da)(H,0), system, the V'VO(oda)(H,0), in MeOH, obtained by simulation of the experimental
EPR spectra with the computer program of Rockenbauer and Korez'*®, and those reported by other
authors for V'VO-hTF species (A and B).

System U0 Oy | O A, A (x10° cm™) A,(x10* cm™)
Vv"YO(oda)(H,0),in MeOH 1.982 1.937 68.1 178.5
VVO-hTF species A | ref® 1.939 168.5
ref™! 1.937 168.3
ref'? 1.938 168
ref® 1.938 168
ref™®* 1.940 166.8
VVO-hTF species B | ref” 1.940 171.1
ref'” 1.941 170.3
ref'”® 1.938 170
ref? 1.934 170
ref™! 1.941 170.5
ref”! 1.935 171.8
hTF:V'"VO(oda)(H,0),=1:0.73 | 1.978 1.943 58 168.8
hTF:V'"VO(oda)(H,0),=1:2.89 | 1.980 1.945 58 169.3
hTF:V'VO(oda)(H,0),=1:4.28 | 1.978 1.942 58 168.3

The g, values obtained in this work for all the samples hTF:V'VO(oda)(H-0)- are higher than
those obtained for VV'VO(oda)(H,0), in MeOH and for both VV'VO-hTF species A and B. The
A values obtained in this work for the same samples differ from all the A, values obtained for
VVO(oda)(H,0), in MeOH and for both V'VO-hTF species A and B except the one for the
sample hTF:VV'VO(oda)(H,0),=1:4.28, the A, of which matches with A, of V'VO-hTF species
A from ref'?!, This corroborates the conclusions (i) V'V of V'VO(oda)(H,0). binds to hTF and
(ii) V'VO(oda)(H20), possibly binds to hTF with at least one ligand and is in agreement with
the results obtained from CD analyses of this system (experiment 2.1., Appendix E (Figure E

1)).

Figure 25 depicts the X-band EPR spectra of the solutions containing hTF in PBS and
VVO(oda)(bipy) in DMSO (experiment 3.3.), of the solution containing V/'VO(oda)(bipy) in
EtOH (experiment 3.8.); the X-band EPR spectra of solutions containing hTF and V'V0SO,
(ratios 1:1 and 1:2) are included for comparison. The series of spectra being analyzed do not
superimpose with the spectrum of solution of V'VO(oda)(bipy) in EtOH which contains at
least two species of V'V. This means that (i) V'V of V'VO(oda)(bipy) binds to hTF. Moreover,
they do not superimpose with the spectra of solutions of hTF and V'VO?* (ratios 1:1 and 1:2)
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which means that (ii) V'VO(oda)(bipy) possibly binds to hTF with at least one ligand (oda or
both).

Figure 26 depicts the amplification of the low and high field ranges of the X-band EPR
spectra presented in the Figure 25. Spin Hamiltonian parameters (gx, 9y, 9z, Ax, Ay and A;) of
the samples being analyzed, the sample of V'VO(oda)(bipy) in EtOH and of V'VO-hTF
species A and B reported by different authors are also presented in the Table 2. It is clear that
the peaks in the parallel region in both low and high field of the samples being analyzed do
not superimpose with the peaks of the the spectra of solutions of hTF:V'VO?*=1:1 and
hTF:VV0?*=1:2, this confirming the conclusion (ii) above.

VO(oda)(bipy) in EtOH
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Figure 25. X-band EPR spectra of solutions containing hTF (4.89x10* M, 4.86x10™* M, 4.81x10™*M
and 4.72x10* M) in PBS and V'VO(oda)(bipy) (2.37x10™*M, 4.72x10* M, 1x10°M and 1.9x10° M)
in DMSO respectively. The X-band EPR spectra of solution containing V'VO(oda)(bipy) (1.43x107
M) in EtOH and solutions containing hTF (6x10™* M) and V'VOSO, (C=Cyr+ and C= Curex2) in
HEPES-S buffer are included for comparison. Maximum % of DMSO added was 3.98; T= 77 K.
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Figure 26. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing hTF (4.89x10* M, 4.86x10™* M, 4.81x10* M and 4.72x10* M) in PBS and
V'VO(oda)(bipy) (2.37x10* M, 4.72x10* M, 1x10° M and 1.9x10° M) in DMSO respectively.
Amplification of the low and high field ranges of the X-band EPR spectra of solution containing
VVO(oda)(bipy) (1.43x10° M) in EtOH and solutions containing hTF (6x10™* M) and V'VOSO,
(C=Cyrr and C= Cy7¢x2) in HEPES-S buffer are included for comparison. Maximum % of DMSO
added was 3.98; T= 77 K.
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Table 2. Spin Hamiltonian parameters (gx, 0y, 9., Ax, Ay and A,) of samples for the hTF-
VO(oda)(bipy) system, the VV'VO(oda)(bipy) in EtOH, obtained by simulation of the experimental EPR
spectra with the computer program of Rockenbauer and Korez'®, and those reported by other authors
for V'VO-hTF species (A and B).

System Ox Oy 0 A, A, (x10°cm™) | A, (x10%cm™)
VVO(oda)(bipy) in EtOH 1.975 1.942 60.3 170.7
VVO-hTF species A | ref® 1.939 168.5
ref™! 1.937 168.3
ref'* 1.938 168
ref'® 1.938 168
ref™ 1.940 166.8
VVO-hTF species B | ref” 1.940 171.1
ref'* 1.941 170.3
ref'” 1.938 170
ref? 1.934 170
ref! 1.941 170.5
ref”! 1.935 171.8
hTF:V'VO(oda)(bipy)=1:0.49 | 1.978 1.954 52 168.7
hTF:V'"VO(oda)(bipy)=1:0.97 | 1.977 1.953 53 168.8
hTF:V'VO(oda)(bipy)=1:2.08 | 1.981 1.953 52 169
hTF:V'VO(oda)(bipy)=1:4.02 | 1.980 1.956 51 169.2

The g, values obtained in this work for all the samples hTF:V'VO(oda)(bipy) are higher than
those obtained for V'VO(oda)(bipy) in EtOH and for both VO-hTF species A and B. A, values
obtained in this work for the same samples significantly differ from all the A, values obtained
for V'VO(oda)(bipy) in EtOH and for both VO-hTF species A and B. This fact corroborates
the conclusions (i) and (ii) above and is in agreement with the results obtained from CD
analyses of this system (experiment 2.3.).

Figure 27 depicts the X-band EPR spectra of the solutions containing hTF and
V'VO(oda)(phen) in PBS (experiment 3.4.), and of other related systems (experiments 3.5. and
3.9.). The series of spectra being analyzed do not superimpose with the spectrum of solution
of V'VO(oda)(phen) in H,0+10% DMSO which contains at least two species of V'V. This
means that (i) V'Y of V'VO(oda)(phen) binds to hTF. Moreover, it is obvious that they do not
superimpose with the spectra of solutions of hTF and VV'VO?" (ratios 1:1 and 1:2) which means
that (ii) V'VO(oda)(phen) probably binds to hTF with at least one ligand. It is not clear from
Figure 27 if the spectra of solutions containing hTF and V'VO(oda)(phen) in PBS (experiment
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3.4.) superimpose with the spectra of solutions containing hTF in PBS, VOSO, in H,0 and o-
phenantroline-H,O in EtOH (experiment 3.5.).

Figure 28 depicts the amplification of the low and high field ranges of the X-band EPR
spectra presented in the Figure 27. Spin Hamiltonian parameters (gx, 9y, 9z, Ax, Ay and A;) of
the samples being analyzed, the sample of V'VO(oda)(phen) in H,0+10% DMSO and of
V'VO-hTF species A and B reported by different authors are presented in the Table 3.

The g, values obtained in this work for all the samples from hTF-VO(oda)(phen) and hTF-
V'VO-phen systems are higher than those obtained for V'"VO(oda)(phen) in H,0+10% DMSO
and for both VV"VO-hTF species A and B. The A, values obtained in this work for the same
samples differ from all the A, values obtained for VV'VO(oda)(phen) in H,0+10% DMSO and
for both V'VO-hTF species A and B. This corroborates the conclusions (i) and (ii). The peaks
in the parallel region in both low and high field of the samples containing hTF and
V'VO(oda)(phen) in PBS (experiment 3.4.) seem to superimpose with the spectra of the
samples containing hTF in PBS, VOSO, in H,O and o-phenantroline-H,O in EtOH
(experiment 3.5.). This suggests that V'VO(oda)(phen) when binding to hTF probably loses
one ligand (oda) and is bound in the form of VV"VO(phen). This suggestion is supported by the
values of spin Hamiltonian parameters of both systems: gx and g, are the same for all the
samples being compared; gy, Ax, Ay and A, values are very similar for all the samples being
compared. However, it contradicts to the results obtained from the CD analyses of these two
systems (experiments 2.4. and 2.7.) which suggest that VV'VO(oda)(phen) loses phen ligand
when binding to hTF. Hence, (iii) the binding of VV'VO(oda)(phen) to hTF does not correspond
to simple binding of V'VO(oda) or V'VO(phen) to hTF. The ratio of (V'VO).(phen) in the
species formed is (iv) probably 1:1 as the spectra of the samples hTF:V'VO:phen=1:3:3 and
hTF:V'VO:phen=1:3:5 completely superimpose and the spin Hamiltonian parameters for these

two samples are very similar.
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Figure 27. X-band EPR spectra of solutions containing hTF (5.32x10™* M) and V'VO(oda)(phen)
(1.07x107° M and 1.65x10° M) in PBS (experiment 3.4.), of the solutions containing hTF (5.26x10™*
M, 5.24x10* M and 5.19x10™* M) in PBS, V'YOS0O, (1.06x10° M, 1.57x10°M and 1.56x107> M) in
H,O and o-phenantroline (1.05x107% M, 1.57x10° M and 2.59x10"® M) in EtOH (maximum % of
EtOH added was 2.16) (experiment 3.5.), of the solution containing VV'VO(oda)(phen) (1.47x10°° M) in
H,0+10% DMSO (experiment 3.9.). The X-band EPR spectra of solutions containing hTF (6x10™* M)
and VVOSO, (C=Cy,r¢ and C= Cyrex2) in HEPES-S buffer are included for comparison. T= 77 K.
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Figure 28. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing hTF (5.32x10* M) and V'"O(oda)(phen) (1.07x10° M and 1.65x10° M) in PBS
(experiment 3.4.), of the solutions containing hTF (5.26x10™* M, 5.24x10™* M and 5.19x10°* M) in
PBS, V'V0SO, (1.06x10° M, 1.57x10° M and 1.56x10"* M) in H,O and o-phenantroline (1.05x107
M, 1.57x10*M and 2.59x10 2 M) in EtOH (maximum % of EtOH added was 2.16) (experiment 3.5.),
of the solution containing V'VO(oda)(phen) (1.47x10°% M) in H,0+10% DMSO (experiment 3.9.).
The amplification of the X-band EPR spectra of solutions containing hTF (6x10™* M) and V'VOSO,
(C=Cprr and C= Cy1¢x2) in HEPES-S buffer are included for comparison. T=77 K.
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Table 3. Spin Hamiltonian parameters (gx, 9y, 9., Ax, Ay and A,) for the hTF-VO(oda)(phen) system,
the hTF-V'VO-phen system and for the VV'VO(oda)(phen) in H,0+10% DMSO, obtained by simulation
of the experimental EPR spectra with the computer program of Rockenbauer and Korez''®, and those
reported by other authors for V'VO-hTF species (A and B).

System Ox gy g, A, (x10°cm™) | A (x10%cm™) | A, (x10% cm™)
VVO(oda)(phen) in H,0+10% | 1.984 | 1.984 | 1.939 65.6 65.6 178.4
DMSO
VVO-hTF species A | ref® 1.939 168.5
ref’”! 1.937 168.3
ref'” 1.938 168
ref 3 1.938 168
ref’* 1.940 166.8
VVO-NhTF species B | ref® 1.940 171.1
ref'* 1.941 170.3
ref 1.938 170
ref’* 1.934 170
ref’”! 1.941 1705
ref'* 1.935 171.8
hTF:V'VO:phen=1:2:2 1.986 | 1.990 | 1.961 59 50 160.8
hTF:V'VO:phen=1:3:3 1.986 | 1.990 | 1.961 59 50 160.8
hTF:V'VO:phen=1:3:5 1.986 | 1.990 | 1.961 59 50.1 161
hTF:V'"VO(oda)(phen)=1:2.01 | 1.986 | 1.989 | 1.961 58.7 49.6 160.6
hTF:V'VO(oda)(phen)=1:3.09 | 1.986 | 1.990 | 1.961 58.9 49.8 160.9

4.2.2.2. The EPR spectra of solutions containing hTF and V'VO(acac),.

Figure 29 depicts the X-band EPR spectra of the solutions containing hTF in PBS and
V"VO(acac), in DMSO (experiment 3.6.) and of the solution containing V'VO(acac), in
MeOH. The EPR spectra of solutions containing hTF and V'VO*" (ratios 1:1 and 1:2) are also
included for comparison. The spectrum of the sample hTF:V'VO(acac),=1:5.01 does not
superimpose with the spectrum of solution of VV'VO(acac), in MeOH. This means that (i) V'V
of VVO(acac), binds to hTF; moreover, it is obvious that it does not superimpose with the
spectra of solutions of hTF and VV'VO?* (ratios 1:1 and 1:2), which means that (ii) V'VO(acac),

possibly binds to hTF with at least one acac™ ligand.

Figure 30 depicts the amplification of the low and high field ranges of the X-band EPR
spectra presented in the Figure 29. Spin Hamiltonian parameters (9x, 9y, 9z, Ax, Ay and A;) of
the sample hTF:V'VO(acac),=1:5.01 and the sample of \V'VO(acac), in MeOH are presented in
the Table 4. The peaks in the parallel region in both low and high field of the spectrum of the
sample hTF:V'VO(acac),=1:5.01 do not completely superimpose with the peaks of the the
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spectra of solutions of hTF:V'VO*=1:1 and hTF:V'VO?*=1:2. The A, values of the solution of
V"VO(acac), in MeOH and in the presence of hTF appear quite similar, but the spectra differ

in the perpendicular region.
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Figure 29. X-band EPR spectra of the solution containing hTF (4.5x10* M) in PBS and V'VO(acac),
(2.25x107° M) in DMSO. The X-band EPR spectra of solution containing V'VO(acac), in MeOH,
solutions containing hTF (6x10™* M) and V'VOSO, (C=Cyrr and C= Cyex2) in HEPES-S buffer are
included for comparison. Maximum % of DMSO added was 5.98; T= 77 K.
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Figure 30. Amplification of the low and high field ranges of the X-band EPR spectra of the solution
containing hTF (4.5x10™* M) in PBS and V'VO(acac), (2.25x10°* M) in DMSO. The amplification of
the X-band EPR spectra of solution containing V'VO(acac), in MeOH, solutions containing hTF
(6x10* M) and V"VOSO, (C=Cpr¢ and C= Cyrex2) in HEPES-S buffer are included for comparison.
Maximum % of DMSO added was 5.98; T= 77 K.

The g, value obtained in this work for the sample hTF:V'VO(acac),=1:5.01 are higher than
those obtained for both VO-hTF species A and B and is lower than that of the sample of
VvVO(acac), in MeOH. The A, value of the sample hTF:V'VO(acac),=1:5.01 is equal to the A,
values obtained for V'VO-hTF species B in ref*® and ref'?*, however, the g, values of the
corresponding samples differ. This corroborates the conclusions (i) and (ii) and is in
agreement with the results obtained from CD analysis of this system (experiment 2.5.), while

contradicting previous reports that such binding does not occur. '8
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Table 4. Spin Hamiltonian parameters (gx, Gy, 9z, Ax, A, and A;) of the sample from hTF-V'VO(acac),
system (hTF:V'VO(acac),=1:5.01) and of the sample of V'VO(acac), in MeOH, obtained by simulation
of the experimental EPR spectra with the computer program of Rockenbauer and Korez''®, and those
reported by other authors for V'VO-hTF species (A and B).

System U0 Oy | O A, A, (x10*cm™) | A,(x10% cm™)
V"O(acac), in MeOH 1.984 | 1.954 60.8 171.2
VVO-hTF species A | ref® 1.939 168.5
ref™! 1.937 168.3
ref'? 1.938 168
ref? 1.938 168
ref™* 1.940 166.8
VVO-hTF species B | ref” 1.940 171.1
ref'” 1.941 170.3
ref'”® 1.938 170
ref? 1.934 170
ref™! 1.941 170.5
ref”! 1.935 171.8
hTF:V'VO(acac),=1:5.01 1.979 | 1.946 60.4 170

4.2.3. Studies of the interaction of VV'YO(oda)(bipy) and V'VO(acac), complexes with hTF
by size-exclusion gel-filtration chromatography, ICP, CD, EPR and UV-Vis absorption
(experiment 5.1.).

The results of the ICP analysis are presented in Table 5. It is obvious from Table 5 that for
each sample the concentration of vanadium determined in the eluate is lower than that added,
this meaning that not all the V'Y added to hTF solution binds to hTF, and that a significant
amount of V' in solution stayed in the pores of the PD-10 columns. The vanadium:hTF
ratios presented in the last column of table approximately correspond to the mol equivalents
of V" bound per 1 molecule of hTF in each sample. There is a clear tendency for both
systems, that with the increase of the complex:hTF ratio the difference between the

“expected” and found mol equivalents of V'V increases.

It is clear from the data of Table 5 that hTF binds more than 2 mol equivalents of either
VVO(oda)(bipy) or V'VO(acac),, possibly at two iron binding sites and at some surface

histidine residues.
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Table 5. The results of the ICP analysis of the samples from the experiment 5.1. (hTF-
V"VO(oda)(bipy) and hTF-V'VO(acac), systems). As determined by UV absorption, the hTF
concentration before running through the column was 1.41x10* M and after running through the

column 9.43x10°° M:; the dilution factor is ~67 % upon elution through the PD-10 columns.

Molar ratios of hTF:complex in Found V" concentration/M | Vanadium:hTF ratio
the samples prepared after passing by the PD-10 found in the eluate
column

hTF:V'"VO(oda)(bipy)=1:1.05 0.84x10™ 0.9
hTF:VVO(oda)(bipy)=1:2.1 1.4x107 1.5
hTF:VVO(oda)(bipy)=1:4.21 2.3x107 2.5
hTF:VVO(oda)(bipy)=1:8.41 3.7x107 4

hTF: V'VO(acac),=1:1.01 0.84x107 0.9
hTF: V'VO(acac),=1:2.05 1.4x107 1.5
hTF: V'VO(acac),=1:4.02 1.9x107 2.1
hTF: V'VO(acac),=1:7.89 2.9x107 3.1

The solution of apo-hTF has bands in 250-330 nm range. These bands are due to hTF
aromatic amino acid residues and the CD spectra reflect short-range interactions between
these aromatic side groups with other optically active groups of hTF.® The bands at
approximately 250-265 nm are usually associated with phenylalanine, at approximately 265—
280 nm with tyrosine and at approximately 270-290 nm with tryptophan. At wavelength of
>350 nm hTF does not absorb so no induced CD can be observed for solutions only
containing hTF.*® The extinction coefficients of the Trp bands are much higher than those

Tyr, and Phe (much lower). Probably Ae values follow a similar trend.

Figure 31 depicts the CD spectra in the UV (250-400 nm) range of solutions containing apo-
hTF and of VV"VO(oda)(bipy) prepared in separate batches.
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Figure 31. CD spectra of the solutions after passing through the PD-10 columns and elution with 3.5
mL of Tris buffer. The solutions contain apo-hTF (9.43x10°° M) and different concentrations of
vVO(oda)(bipy) (initially obtained by addition of V'VO(oda)(bipy) (2.96x10 M) in DMSO to
solutions of hTF(1.41x10™* M) in Tris buffer). Maximum % of DMSO added was 4; the cell path
length was 2 mm. The ratio of V'V:hTF as found by ICP (for V) is indicated in brackets.

The absorption of the samples is high in the 260-300 nm range, so the signal-to-noise ratio is

not favorable, and it is not easy to detect a clear trend in the bands as the complex is added.

It is possible that (i) V'VO(oda)(bipy) binds close to some tyrosine residue(s), but Trp,
expected to yield higher Ae values, is not much affected. Moreover, (ii) some oxidation of V'Y
—VV-species may occur and (iii) as ligands concentration increases, some of V'VO* may
unbind from the hTF. The most “complete” interaction between hTF and V'VO(oda)(bipy)
happens at the ratio of 4.21 (2.5).

The comparison of these CD spectra with the CD spectrum of the V'VO-hTF system at the
hTF: VVO(oda)(bipy) ratio of 1:2 from ref.*® shows that (iv) V'VO?** possibly binds with at
least one ligand, as the spectra differ. Particularly, the difference is obvious in the 270-285 nm

range and in the visible range (experiment 2.3.).
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Figure 32 depicts the X-band EPR spectra of the solutions whose CD spectra are depicted in
Figure 31. The EPR spectra of solutions containing VV'VO(oda)(bipy) in EtOH and of solutions
containing hTF and V'VO?* are presented for comparison. The series of spectra being
analyzed do not superimpose completely with the spectrum of solution of VV'VO(oda)(bipy) in
EtOH which contains at least two V' species. This means that the V'Y of VV'VO(oda)(bipy)
binds to hTF (confirmation of conclusion (i)); as the spectra being analyzed are noisy and the
peaks in the parallel region in both low and high fields are not very clear, it cannot be
concluded for sure if these spectra superimpose with the spectra of solutions of
hTF:v'V0s0,=1:1 and 1:2. However, it seems that they do not superimpose which allows to
suggest that (iv) V'VO(oda)(bipy) is bound to hTF with at least one of the ligands, thus
confirming the conclusions previously made from the CD spectra of this system (experiment
2.2)).

Figure 33 depicts the amplification of the low and high field ranges of the EPR spectra
presented in the Figure 32. It is clearer that the peaks in the parallel region in both low and
high field do not superimpose. Due to the high noise level it was only possible to simulate
samples with ratios hTF:V'VO(oda)(bipy) of 1:2.1 (1.5) and 8.41 (4.0). The spin Hamiltonian
parameters (g, 9y, 9z, Ax, Ay and A;) of these samples are presented in the Table 6.

The g, values obtained in this work for the samples hTF:V'VO(oda)(bipy)=2.1 (1.5) and
hTF:V'VO(oda)(bipy)=8.41 (4.0) are higher than those obtained for VV'VO(oda)(bipy) in EtOH
and for both VO-hTF species A and B. A; values obtained in this work for the same samples
differ from all the A, values obtained for V'VO(oda)(bipy) in EtOH and for both VO-hTF
species A and B. However, A; values from this work are somewhat close to A, values
obtained for VO-hTF species B from ref'%'#124 These results support previously suggested
conclusion (iv) which is also in agreement with the results obtained in this work from CD

(experiment 2.2.) and EPR (experiment 3.3.) analyses of this system.
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Figure 32. X-band EPR spectra of solutions containing hTF (9.43x10° M) and different
concentrations of VV'VO(oda)(bipy), obtained by addition of VV'VO(oda)(bipy) (2.96x102 M) in DMSO
to separate solutions of apo-hTF (1.41x10™* M) in Tris buffer, and passing them through PD-10
columns with elution with 3.5 mL of Tris buffer. Maximum % of DMSO added was 4; T= 77 K. The
content of V'V found by ICP is indicated in brackets. The X-band EPR spectra of solution containing
V'VO(oda)(bipy) (1.43x107® M) in EtOH, solutions containing hTF (6.0x10* M) and V'"“OSO,
(C=Cyr and C= Cyt¢x2) in HEPES-S buffer are included for comparison.
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Figure 33. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing hTF (9.43x107° M) and different concentrations of VV'VO(oda)(bipy) obtained by addition of
V'VO(oda)(bipy) (2.96x102 M) in DMSO to separate solutions of apo-hTF (1.41x10™* M) in Tris
buffer and passing through PD-10 columns with elution with 3.5 mL of Tris buffer. Maximum % of
DMSO added was 4; T= 77 K. Content of V" found by ICP is indicated in brackets. The amplification
of the X-band EPR spectra of solution containing VV'VO(oda)(bipy) in EtOH, solutions containing hTF
(6.0x10* M) and V'YOS0O, (C=Cyr¢ and C= Cy1ex2) in HEPES-S buffer are included for comparison.




Results and Discussion

Table 6. Spin Hamiltonian parameters (gy, 9y, 9z, Ax, A, and A;) of samples for hTF- V'VO(oda)(bipy)
system and for VV'VO(oda)(bipy) in EtOH, obtained by simulation of the experimental EPR spectra
with the computer program of Rockenbauer and Korez''®, and those reported by other authors for
V'VO-hTF species (A and B).

System 0Oy |9 A, A, (x10°em™) | A(x10*cm™)
V'YO(oda)(bipy) in EtOH 1.975 |[1.942 |60.3 170.7
ref* 1.939 168.5
ref’”! 1.937 168.3
ref'* 1.938 168
ref® 1.938 168
ref® 1.940 166.8
VVO-hTF species B | ref” 1.940 171.1
ref'” 1.941 170.3
ref'” 1.938 170
ref? 1.934 170
ref’”! 1.941 170.5
ref”! 1.935 171.8
hTF:V'VO(oda)(bipy)= 2.1 (1.5) | 1.986 |1.962 |51.3 169
hTF:V'VO(oda)(bipy)=8.41 (4.0) | 1.984 | 1.951 |56.7 169.5

Figure 34 depicts the changes in the UV range (250-400 nm) of the CD spectra of solutions
containing apo-hTF and of V'VO(acac), with ratios hTF:V'VO(acac), = 1:1.01 (0.9), 1:2.05
(1.5), 1:4.02 (2.1) and 1:7.89 (3.1) prepared in separate batches (in brackets the correct ratio
found for the samples by ICP, after elution from PD-10 columns).

No clear trend can be found. As mentioned above, the CD spectra in this range is probably
dominated by the Trp bands, and possibly this amino acid residue is not much affected by the
binding of the VV'YO-complex. However, the binding is clearly confirmed by the CD spectra

measured in the visible range and by the analysis of Vanadium content in the samples eluted.

The absorption of the samples is high in the 255-290 nm range, so the signal-to-noise ratio is
not favorable, and it is not easy to detect a clear trend in the bands as the complex is added.
V'"VO(acac), possibly binds close to some tyrosine residue(s), possibly to those at iron binding
sites. Some removal of V'Y bound to hTF due to the increase of ligand concentration in the
bulk solution or some change in the conformation of hTF may occur as well as binding to side

chain histidine residues.
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Figure 34. CD spectra of solutions after passing through the PD-10 columns and elution with 3.5 mL

of Tris buffer. The solutions contain hTF (9.43x10™° M) and different concentrations of V/'VO(acac),
(obtained by addition of V"VO(acac), (2.78x1072 M) in DMSO to separate solutions of hTF (1.41x10™*

M) in Tris buffer). Maximum % of DMSO added was 4; the cell path length was 2 mm. Content of
V" found by ICP is indicated in brackets.

The comparison of these CD spectra with the CD spectrum of the V'VO-hTF system at the
hTF: VVO(acac), ratio of 1:2 from ref.*® shows that VV'VO** possibly binds together with at
least one ligand as the spectra are not completely equal, especially the difference is obvious at

268-285 nm and in the visible range (experiment 2.5.).

Figure 35 depicts the X-band EPR spectra of the solutions whose CD spectra are included in
Figure 34. The X-band EPR spectra of solution containing V'VO(acac), in MeOH, solutions
containing hTF and V'VOSO;, (ratios 1:1 and 1:2) are presented for comparison. It is obvious
that the series of spectra being analyzed do not superimpose completely with the spectrum of
the solution of V'VO(acac), in MeOH and with the spectra of solutions of hTF:V'VO*=1:1
and 1:2. The conclusions here that might be made are that (v) V'VO(acac), in solutions being

analyzed is bound to hTF and (vi) probably keeps at least one acac™ ligand when binding.
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Figure 35. X-band EPR spectra of solutions containing hTF (9.43x10°°M) and different
concentrations of V'VO(acac), obtained by addition of V'VO(acac), (2.78x10 M) in DMSO to
separate solutions of apo-hTF (1.41x10™* M) in Tris buffer and passing through the PD-10 columns
with elution with 3.5 mL of Tris buffer. Maximum % of DMSO added was 4; T= 77 K. Content of V'V
found by ICP is indicated in brackets. The X-band EPR spectra of solution containing V/'VO(acac), in
MeOH, solutions containing hTF (6.0x10™* M) and V'VOSO, (C=Cirr and C= Cy¢x2) in HEPES-S
buffer are included for comparison.
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Figure 36 depicts the amplification of the low and high field ranges of the EPR spectra
presented in Figure 35. As the concentrations of VV'VO(acac), in samples are quite low, the
spectra are very noisy and the peaks in the parallel region in high field range are not clear.
However, it is clear that all peaks in the parallel region of the spectra of samples analyzed do
not superimpose with the peaks of the spectrum of the solution of V'VO(acac), in MeOH or
with the spectra of solutions of hTF:V'VO*=1:1 and 1:2, which corroborates conclusions (iv)
and (v). Due to the high noise level it was only possible to simulate spectra of samples with
ratios hTF:V'VO(acac), of 1:4.02 (2.1) and 1:7.89 (3.1). The spin Hamiltonian parameters (g,
Oy, Gz Ax Ay and A,) of these samples, the sample of V'VO(acac), in MeOH and of V'VO-
hTF species A and B reported by other authors are included in Table 7.

The g, values obtained in this work for the samples hTF:V'VO(acac),=4.02 (2.1) and
hTF:V'VO(acac),=7.89 (3.1) are higher than those obtained for V'VO(acac), in MeOH and for
both VVO-hTF species A and B. The A; values obtained in this work for the same samples
differ from the A, values obtained for VV'VO(acac), in MeOH and for both VV'VO-hTF species
A and B. However, A, values from this work are close to A, value obtained for V'VO-hTF

species A from ref*

. These results corroborate the conclusions (v) and (vi) previously
suggested above which is also in agreement with the results obtained in this work from CD

(experiment 2.5.) and EPR (experiment 3.6.) analyses for this system.

Figure 37 depicts the changes in the UV-Vis range of the CD spectra of the samples hTF:
VVO(oda)(bipy) = 1:4.21 (2.5) and hTF: VO(acac), = 1:7.89 (3.1). Only the region at
approximately 325-800 nm will be discussed here as the region below 400 nm was discussed
above. The spectra appear to correspond to a similar trend in the range of 325-800 nm. One
band observed with Amax at ~750 nm and can be attributed to either dyy—dy, or dyy,—dy,
transitions; the band with Amax at ~ 625 nm can be also attributed to either dyy—dy; Or dyy —dy,
transitions; the band with Amax at ~550 nm can be attributed to the dyy — dyo.y2 transition; the
band with Amax at ~454 nm can be attributed to dyy — dz2 transitions and the band a Amax at ~
360 nm is probably a charge-transfer (CT) band.
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Figure 36. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing hTF (9.43x10 °M) and different concentrations of V/'VO(acac), obtained by addition of
VVO(acac), (2.78x102 M) in DMSO to separate solutions of apo-hTF (1.41x10™* M) in Tris buffer
after passing through the PD-10 columns and elution with 3.5 mL of Tris buffer. Maximum % of
DMSO added was 4; T= 77 K. Content of V' found by ICP is indicated in brackets. The X-band EPR
spectra of solution containing V'VO(acac), in MeOH, solutions containing hTF (6.0x10* M) and

V0S80, (C=Cyr¢ and C= Cy1¢x2) in HEPES-S buffer are included for comparison.
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Table 7. Spin Hamiltonian parameters (gx, 9y, 9z, Ax, A, and A,) of samples for the hTF-V'VO(acac),
system and for V'VO(acac), in MeOH, obtained by simulation of the experimental EPR spectra with
the computer program of Rockenbauer and Korez'*°, and those reported by other authors for VO-hTF

species (A and B).

System U0 0y |0 A, A, (x10°cm™) | A,(x10%cm™)
V"O(acac), in MeOH 1.984 |1.954 60.8 171.2
VVO-hTF species A | ref® 1.939 168.5
ref™! 1.937 168.3
ref'? 1.938 168
ref® 1.938 168
ref™* 1.940 166.8
VVO-hTF species B | ref® 1.940 1711
ref'” 1.941 170.3
ref'” 1.938 170
ref? 1.934 170
ref! 1.941 170.5
ref”! 1.935 171.8
hTF:V'VO(acac),=4.02 (2.1) | 1.984 | 1.949 57.9 168.6
hTF:V'VO(acac),=7.89 (3.1) | 1.985 | 1.950 57.6 167.7

From Figure 37 it can be concluded that: (vii) the V' is bound to chiral groups of hTF and
induced CD (ICD) is observed, (viii) the ligand(s) are coordinated to the V'V centers and they
are close to the hTF chiral centers. Comparison of these CD spectra with the CD spectrum of
hTF:VVO?* = 1:2 from ref.%1%1% glso confirms the conclusion (viii) as the bands of this
spectra do not match with the bands of hTF-V'VO?* spectrum in the absence of ligand. These
conclusions are in agreement with conclusions previously made based on the results of CD
(experiments 2.2., 2.5 and 5.1) and EPR (experiments 3.3., 3.6. and 5.1) analyses of these two

systems.

From all the results of experiment 5.1. it can be concluded that both complexes
VVO(oda)(bipy) and V"VO(acac), bind to hTF, and when binding at least one of the ligands
is maintained in the V'Y coordination shere. In the case of V'VO(acac), this contradicts
previous reports that such binding does not occur. ****®  Amino acid residues from the iron
binding sites are probably involved in the binding as well as other residues (probably surface
His).
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Figure 37. CD spectra of solutions after passing through the PD-10 columns and elution with 3.5 mL
of Tris buffer. One spectrum (blue line) corresponds to solution containing hTF (9.43x10" > M) in Tris
buffer and VV'VO(oda)(bipy) (2.3x107* M, found by ICP) in DMSO. The % of DMSO added was 2; the
cell path length was 10 mm. The 2" spectrum (brown line) corresponds to hTF (9.43x10" *M) in Tris
buffer and V'VO(acac), (2.9x107* M, found by ICP) in DMSO. The % of DMSO added was 4; the cell
path length was 20 mm. The content of Vanadium found by ICP is indicated in brackets. By mistake
the corresponding spectrum of hTF was not measured, therefore, the correct position of the baseline is

not known.

4.2.4. Studies by fluorescence spectroscopy. Background.

Three main aromatic amino acids contribute to the hTF fluorescence: tyrosine, phenylalanine
and tryptophan. Actually, the intrinsic fluorescence comes almost completely from tryptophan
alone. The reason is that phenylalanine’s fluorescence has very low quantum yield and the
fluorescence of tyrosine is almost completely quenched when ionized or located in the
environment of -NH,, -COOH groups or tryptophan. Excitement at two different wavelengths
gives different information. At 280 nm both tryptophan and tyrosine residues are excited
while at 295 nm only tryptophan is excited.*”® hTF has 8 tryptophan residues (3 in the N-lobe,
5 in the C-lobe), 25 tyrosine residues and 27 phenilalanine residues.®* The two iron binding
sites are located near the junction of two domains formed by Cys-117 to Cys-194 bond in the
N-terminus. Tyr-185 and Tyr-188, two of the three histidines - 119, 207 and 249 ** and
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possibly Asp-63 and Tyr-95°" are possible ligands that may bind to vanadium'. The partial
quenching in the fluorescence of Trp-128 results from the V" binding to the neighbour His-
119 residue. Trp -264 is the major contributor to the hTF fluorescence; however, it is located
on the hTF surface and usually does not interact with either metal centre or any other

functional residues.*?

4.2.4.1. The fluorescence spectra of V'YO-oda— hTF complexes.

Figure 38 depicts fluorescence emission spectra measured for the hTF-V'VO(oda)(H»0),
solution (experiment 4.1.) using Aex=280 nm. hTF demonstrates strong fluorescence emission
with Amax at 321 nm. As the complex concentration increases, a hTF fluorescence decrease is
observed which means that the fluorescence quenching is concentration-dependent and that
VVO(oda)(H,0), is close enough to the tryptophan and/or tyrosine residues. Hovewer,
although quenching is clearly visible, the effect is not much pronounced. Addition of the
highest concentration of V'VO(oda)(H,0), (ratio 1:3.46) causes a decrease in the fluorescence
intensity of ~21 %.
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Figure 38. Fluorescence emission spectra measured for the hTF-V'VO(oda)(H,0), solution. The hTF
concentration used was 2.46x10° M and that of VV'VO(oda)(H,0), was stepwise increased from 0 to
8.43 x10° M (from hTF: V'VO(oda)(H,0), ratios of 1:0 to 1:3.5). Other conditions: T=298 K; pH=7.4;
max % of MeOH added 0.99; A.,=280 nm. The arrow shows V/'"VO(oda)(H,0), concentration increase.

(a) % of fluorescence intensity decrease versus V'VO(oda)(H,0),:hTF ratio.

Figure 39 depicts corrected relative fluorescence intensity of the hTF-V'VO(oda)(H»0),
solution measured using A.x=280 nm. The Stern-Volmer analysis did not give a good fitting to
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the data obtained as the dependence is not linear. Since a hyperbolic behavior is observed the
following equation was applied: y=(xa/(1+K;'x))+(xc/(1+K2'x)) where xa and xc are the
molar fractions of two different populations of fluorophores with different quenching rate

constants K; and K.
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Figure 39. Corrected relative fluorescence intensity of the hTF - V'VO(oda)(H,0), solution (data from
Figure 38) vs. concentration of V/'VO(oda)(H,0),. If and IF, are the fluorescence intensities at the
maximum emission wavelength A.,,=321 at the concentration of the complex in a sample and in the
absence of the complex respectively. The trendline equation is
y=(0.089/(1+6.89x10°X))+(0.91/(1+1.93x10%x)).

The biphasic dependence suggests that one population of fluorophores is more accessible to
the quencher than the other, hence, there is more than one independent binding site, and hTF
may be quenched by both quenching mechanisms (static and dynamic) stimultaneously.'?
The quenching rate constants obtained are K;=6.89x10°> and K,=1.93x10". The respective

fractions expressed in % are 8.9 and 91.

Figure 40 depicts the fluorescence emission spectra measured for the hTF-V'VO(oda)(bipy)
solution (experiment 4.3.) using A«=280 nm. As the complex concentration increases a
decrease in the hTF fluorescence is observed which means that the fluorescence quenching is
concentration-dependent and that V/"VO(oda)(bipy) is close enough to the tryptophan and/or
tyrosine residues in the environment near of one or two of the binding sites. Although
quenching is clearly visible, the effect is not much pronounced. Addition of 3.26 mol

equivalents of VV'VO(oda)(bipy) causes a decrease in the fluorescence intensity of ~18 %.

Figure 41 depicts corrected relative fluorescence intensity of the hTF-V'VO(oda)(bipy)

solution measured using Ae=280 nm. Stern-Volmer analysis gave an adequate fitting to the
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data obtained as in the concentration ratio measured the dependence is linear. This means that
in the given conditions V'V probably binds to one accessible binding site with one Stern-
Volmer dynamic quenching constant as quenching is mainly due to dynamic process,
dominated by diffusion. The Stern-Volmer dynamic quenching constant from the equation
obtained (the slope) is Kg=5.47x10% %
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Figure 40. Fluorescence emission spectra for the hTF-V'VO(oda)(bipy) solution. The hTF
concentration used was 1.0x10°° M and that of V/'"VO(oda)(bipy) was stepwise increased from 0 to 3.2
x10° M (from hTF: V'VO(oda)(bipy) ratios 1:0 to 1:3.26). Other conditions: T=298 K; pH=7.4; max
% of DMSO added 1.64; 1,,=280 nm. The arrow shows V'VO(oda)(bipy) concentration increase. (a)

% of fluorescence intensity decrease versus V'VO(oda)(bipy):hTF ratio.
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Figure 41. Stern-Volmer plot: corrected relative fluorescence intensity of the hTF-V'VO(oda)(bipy)
solution (data from Figure 40) vs. concentration of V'VO(oda)(bipy). If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,=322 at the concentration of the complex in a

sample and in the absence of the complex respectively. The trendline equation is y=5.47x10%x +1.
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Figure 42 depicts fluorescence emission spectra measured for the hTF-V'VO(oda)(bipy)
solution (experiment 4.3.) using Aex=295 nm. hTF demonstrates strong fluorescence emission
with Amax at 317 nm. The complex causes concentration-dependent hTF fluorescence
guenching and is probably close enough to the tryptophan residues. The quenching appears to
be stronger than at A.=280 nm, this suggesting the presence of several binding sites for
V'VO(oda)(bipy). ** Addition of the highest concentration of V'VO(oda)(bipy) (ratio 1:1.96)

causes a decrease in the fluorescence intensity of ~31.2 %.

Figure 43 depicts corrected relative fluorescence intensity of the hTF - V'VO(oda)(bipy)
solution measured using Aex=295 nm. The Stern-Volmer analysis did not give a good fitting to
the data obtained as the dependence is not linear. Since a hyperbolic behaviour of the
function was observed the following equation was applied: y=(xa/(1+ Ki-Xx))+(xc/(1+ Ky:x))
where xa and xc are the molar fractions of two different populations of fluorophores with
different quenching rate constants K; and K,. The biphasic dependence suggests that one
population of fluorophores is more accessible to the quencher than the other, hence, there is
more than one independent binding site, and hTF may be quenched by both quenching
mechanisms (static and dynamic) stimultaneously.'®® The quenching rate constants obtained

are K;=6.11x10°and K,=1.55x10°. The respective fractions expressed in % are 9.2 and 90.9.

The behavior and the results obtained for this system at both excitation wavelengths (280 and
295 nm) are very different, with much higher quenching constants obtained at 295 nm. This

suggests the presence of several binding sites for V'VO(oda)(bipy).**

Figure 44 depicts fluorescence emission spectra measured for hTF-V'VO(oda)(phen) solution
(experiment 4.5.) using A=280 nm. The complex causes concentration-dependent hTF
fluorescence quenching and is probably close enough to the tryptophan and/or tyrosine
residues. Although quenching is clearly visible, the effect is not much pronounced. Addition
of the highest concentration of V'VO(oda)(phen) (ratio 1:1.28) causes a decrease in the

fluorescence intensity of ~16%.
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Figure 42. Fluorescence emission spectra measured for the hTF-V'VO(oda)(bipy) solution. The hTF
concentration used was 1.0x10° M and that of V'VO(oda)(bipy) was stepwise increased from 0 to
1.94x10°° M (from hTF: V'VO(oda)(bipy) ratios of 1:0 to 1:1.96). Other conditions: T=298 K;
pH=7.4; max % of DMSO added 0.99; A=295 nm. The arrow shows V'VO(oda)(bipy) concentration

increase. (a) % of fluorescence intensity decrease versus V'VO(oda)(bipy):hTF ratio.
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Figure 43. Corrected relative fluorescence intensity of the hTF-V'VO(oda)(bipy) solution (data from
Figure 42) vs. concentration of V'VO(oda)(bipy). If and IF, are the fluorescence intensities at the
maximum emission wavelength A.,=317 at the concentration of the complex in a sample and in the

absence of the complex respectively. The trendline equation is y=(0.092/(1+6.11x10°
*x))+(0.909/(1+1.55%x10°X)).




Results and Discussion

102E+02
LOGE+02 ¢
9,80E+01 -
¢
9,60E+01 - (a)
940E+01 - L4
920E+01 -
2
9,00E+01 -
8,80E+01 - 4
3
I 8,60E+01 -
SAGE+01 - 'Y
20E +01 ‘ ; ; ‘ ‘ :
0 02 04 06 038 1 12 14
C(VVO(oda)(phen))/C(hTF)
T T

290 340 390 440 490
wavelength/nm

Figure 44. Fluorescence emission spectra measured for the hTF-V'VO(oda)(phen) solution. The hTF
concentration was 2.46x10° M and that of V'VO(oda)(phen) was stepwise increased from 0 to
3.13x10°° M (from hTF: V'VO(oda)(phen) ratios of 1:0 to 1:1.28). Other conditions: T=298 K;
pH=7.4; max % of DMSO added 0.36; A.,=280 m. The arrow shows V'VO(oda)(phen) concentration

increase. (a) % of fluorescence intensity decrease versus V'VO(oda)(phen):hTF ratio.
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Figure 45. Corrected relative fluorescence intensity of the hTF-V'VO(oda)(phen) solution (data from
Figure 44) vs. concentration of V'VO(oda)(phen). If and IF, are the fluorescence intensities at the
maximum emission wavelength A.,=322 at the concentration of the complex in a sample and in the

absence of the complex respectively. The trendline equation is y=3.71x10*x+1.
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Figure 45 depicts corrected relative fluorescence intensity of the hTF-V'VO(oda)(phen)
solution measured using Ae=280 nm. Stern-Volmer analysis gave adequate fitting to the data
obtained as the dependence is linear. This means that in the given conditions V'V probably
binds to one accessible binding site with one Stern-Volmer dynamic quenching constant as
quenching is mainly due to dynamic process, dominated by diffusion.’® The Stern-Volmer

dynamic quenching constant from the equation obtained (the slope) is Ks,=3.71x10*.

4.2.4.2. The fluorescence spectra of solutions containing hTF and V'VO(acac),.

Figure 46 depicts fluorescence emission spectra measured for the hTF-V'VO(acac), solution
(experiment 4.7.) using =280 nm. As the complex concentration increases the hTF
fluorescence decrease is observed which means that the fluorescence quenching is
concentration-dependent and that \/'VO(acac), binds close enough to the tryptophan and/or
tyrosine residues. Hovewer, although the quenching is clearly visible, the effect is not much
pronounced and is lower than for the previous systems described. Addition of the highest
concentration of VV'VO(acac), (ratio 1:3.08) causes a decrease in the fluorescence intensity of ~
15%.

Figure 47 depicts corrected relative fluorescence intensity of the hTF-V'VO(acac), solution
measured using A.=280 nm. Stern-Volmer analysis did not give a good fitting to the data
obtained as the dependence is not linear. Since a hyperbolic behaviour is observed the
following equation was applied: y=(xa/(1+K;"x))+(xc/(1+K;'X)) where xa an xc are the molar
fractions of two different populations of fluorophores with different quenching rate constants
Ki: and K,. The biphasic dependence suggests that one population of fluorophores is
accessible to the quencher while the other not, hence, there is more than one independent
binding site, and hTF may be quenched by both quenching mechanisms (static and dynamic)
stimultaneously.*?® The quenching rate constants obtained are K;,=8.8x10° and K,=5.13x10*.

The corresponding fractions expressed in % are 7.8 and 92.2.
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Figure 46. Fluorescence emission spectra measured for the hTF-V'VO(acac), solution. The hTF
concentration used was 1.02x107° M and that of V'VO(acac), was stepwise increased from 0 to 3.09
x107°M (from hTF: V"VO(acac), ratios of 1:0 to 1:3.08). Other conditions: T=298 K; pH=7.4; A=280
nm. The arrow shows V'VO(acac), concentration increase. (a) % of fluorescence intensity decrease

versus V'VO(acac), :hTF ratio.
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Figure 47. Stern-Volmer plot: corrected relative fluorescence intensity of the hTF-V'VO(acac),
solution (data from Figure 46) vs. concentration of V'VO(acac),. If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,w=322 at the concentration of the complex in a
sample and in the absence of the complex respectively. The trendline equation is y=(0.078/(1+8.8x10°

'x))+(0.922/(1+5.13x10" -x)).
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Figure 48 depicts fluorescence emission spectra measured for the hTF-V'VO(acac), solution
(experiment 4.7.) using Ae=295 nm.V'VO(acac), is close enough to the tryptophan residues to
produce some concentration-dependent quenching effect which is quite small.}* Addition of
the highest concentration of V'VO(acac), (ratio 1:3.08) causes a decrease in the fluorescence

intensity of 7.22%.
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Figure 48. Fluorescence emission spectra measured for the hTF-V'VO(acac), solution. The hTF
concentration used was 1.02x107° M and that of V'VO(acac), was stepwise increased from 0 to 3.09
x107°M (from hTF: V'VO(acac), ratios of 1:0 to 1:3.08). Other conditions: T=298 K; pH=7.4; A=295
nm. The arrow shows V'VO(acac), concentration increase. (a) % of fluorescence intensity decrease

versus V'VO(acac),:hTF ratio.

Figure 49 depicts corrected relative fluorescence intensity of the hTF-V'VO(acac), solution
measured using Ae=295 nm. The Stern-Volmer analysis did not give a good fitting to the data
obtained as the dependence is not linear. Since a hyperbolic behaviour is observed the
following equation was applied: y=(xa/(1+K;'x))+(xc/(1+K;'X)) where xa an xc are the molar
fractions of two different populations of fluorophores with different quenching rate constants
K1 and K,. The biphasic dependence suggests that one population of fluorophores is more
accessible to the quencher than the other, hence, there is more than one independent binding
site, and hTF may be quenched by both quenching mechanisms (static and dynamic)
stimultaneously.'® The quenching rate constants obtained are K;=7.1x10° and K,=2.4x10%

The respective fractions expressed in % are 7 and 93.
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Figure 49. Corrected relative fluorescence intensity of the hTF-V'VO(acac), solution (data from
Figure 48) vs. concentration of V'VO(acac)z. If and IF, are the fluorescence intensities at the maximum
emission wavelength A, =322 at the concentration of the complex in a sample and in the absence of

the complex respectively. The trendline equation is y=(0.07/(1+7.1x10°%-x))+(0.93/(1+2.4x10*x)).

Among all the systems analyzed which have 2 constants (i.e. two quenching mechanisms),
one constant (K3) is a high rate constant, which corresponds to less than 10% of the quenchers
(the corresponding binding site is closer to the Trp residues, but not easily accessible®); the
other constant (K;) corresponds to ~90% of the quenchers, and is used in this work to
compare all the systems. Stern-Volmer dynamic quenching constants and quenching rate
constants (K5) are presented in the Table 8.

Analysis of the fluorescence data shows that V'V binds to hTF at two distinct sites (with two
different binding constants) for all systems except hTF-V'VO(oda)(phen) whose data is not
enough to make such conclusion. Depending on the hTF conformation each binding site can
be more or less accessible to the complex (quencher). One of the sites can be deeply buried in
the hTF hydrophobic cavity and thus be inaccessible for the quencher. Basing on the
comparison of the quenching constants, quenching capacity increases in the following order
(hex=280 nm): V'VO(oda)(H,0), < V'VO(oda)(phen) < V"VO(acac), < V'VO(oda)(bipy):
(hex=295 nm): V'VO(acac), < V'VO(oda)(bipy) which allows to suggest that VV'VO(oda)(bipy)
has the highest binding strength to hTF and the highest ability to lower the electronic density
of the hTF hydrophobic cavity. %
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Table 8. Stern-Volmer dynamic quenching constants (Ky) and quenching rate constants (K,)
obtained for hTF- VV'VO(oda)(H,0),, V'V O(oda)(bipy), V'V O(oda)(phen) and V'VO(acac), systems.

System Constants at A.,=280 nm Constants at A.,=295 nm
hTE- V'VO(oda)(H.0), | K,=1.93x10" -
hTE-VVO(oda)(bipy) | Ks=5.47x10° K,=1.55x10°
hTF-V'VO(oda)(phen) | Ky=3.71x10°* -

hTE- V'VO(acac), K,=5.13x10" K,=2.4x10"

The analysis of the data obtained from the experiment 4.9. with hTF-V'VO(oda)(phen) system
at 25, 30, 35, 40° C (figures are not presented) showed that in the uncorrected data the
qguenching rate constant decreases with increasing temperature, which supports a static

quenching.*?®

4.3.0. Studies of the interaction of the complexes with HSA.

4.3.1. Studies by circular dichroism (CD). Background.

There are several possible binding sites, and vanadium may bind to them with different
strength. There is a variety species possible to be formed with the each addition of one mol
equivalent of V'VO?* complexes. CD bands in the visible range can be seen only when there is
coordination between the blood serum protein and vanadium; only when this happens the
protein may effectively transfers chirality from the chiral centers to the V'Y center. The more
effective is the chirality transfer, the higher the CD bands intensities. In the CD in the visible
range we may mainly measure d-d electronic transitions of (V'VO?*),—protein complexes. The
final CD spectrum recorded is the sum of CD signals of all the complexes formed in one

particular system.”

Till now there are no publications on the binding of VO-oda complexes to HSA. There are
studies of binding of VO(acac), to HSA.%!*® Garriba et al., based on measuring EPR spetra
of solutions containing VO(acac), and HSA state that there is no binding. ® On the contrary,

118
l.

Makinen et a consider that such binding takes place and is relevanl for te therapeutic

properties of VO(acac),, as they state that it is HSA that transports the complex to the cells.

4.3.1.1. The CD spectra of HSA-V'VO-oda complexes.
The Figure 50 depicts the changes in the CD spectra of solutions containing HSA and 0.26 -
5.05 mol equivalents of V/'VO(oda)(bipy) (experiment 2.3.).

The solution of HSA by itself produces no CD spectra in the 330-800 nm range so it was
taken as a baseline in Figure 50. After addition of 0.26 mol equivalents of V'VO(oda)(bipy)
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the spectrum changes very slightly, a negative band being observed. Then, the broad negative
band develops further up to addition of 1.53 mol equivalents of V'VO(oda)(bipy). Upon
addition of 2 or higher mol equivalents of \V'VO(oda)(bipy) significant changes are observed
as broad positive bands form with Amax at 435-680 nm and 680-800 nm.

The CD spectra of molar ratios higher than 2.5 do not follow a clear trend. The 50 mm quatz
cell is not easy to use, and it is possible that small bubbles might interfere with the
measurements. However, globally broad positive bands are formed in the range 435-800 nm,
and their intensity tends to increase with the amount of complex added. From these CD
spectra no prediction can be made regarding the binding sites of the complex at the HSA

protein.
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Figure 50. CD spectra of solutions containing HSA (5.37x10™* M) in PBS upon stepwise additions of
V'VO(oda)(bipy) (4.8x107 M) ) in DMSO. Maximum % of DMSO added was 5.4; cell path length

was 50 mm.

4.3.1.2. The CD spectra of solutions containing HSA and V'VO(acac)s.

Figure 51 depicts the changes in the CD spectra of solution of HSA upon addition of 0.51 -5
mol equivalents of V'VO(acac), (experiment 2.6.). Addition of \V'VO(acac), of up to a ratio 5
to a HSA solution does not yield any significant change in the CD spectra. All the spectra
measured almost coincide. Therefore, the conclusions are that either (i) VV'VO(acac), does not

bind to HSA or (ii) in the CD spectra in this particular region the binding cannot be detected.
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This also means that no bond is formed between chiral donors of HSA to V'V so that no ICD

Is measuted in the visible range.
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Figure 51. CD spectra of a solution containing HSA (6.02x10™* M) in PBS and after stepwise addition
of V'VO(acac), (3.64x10% M) in DMSO. Maximum % of DMSO added was 6.54. The cell path length

is 50 mm.

4.3.2. Studies by EPR. The EPR spectra of solutions containing HSA and V'VO(acac),.

Figure 52 depicts the X-band EPR spectra of the solutions containing HSA in PBS and
VVO(acac), in DMSO (experiment 3.7.) and of the solution containing V'VO(acac), in
MeOH. The X-band EPR spectra of solutions containing HSA and V'VO?* (ratios 1:1 and
1:4.6) are included for comparison. The series of spectra being analyzed do not superimpose
with the spectrum of solution of VV"VO(acac), in MeOH. This probably means that (i) V'V of
VVO(acac), binds to HSA (although the solvents used differ). Moreover, it is clear that they
do not superimpose with the spectra of solutions of HSA and VV'VOSO, (ratios 1:1 and 1:4.6),
even though the last two spectra are not well resolved in the high field of the parallel region.
This might be an indication that (ii) VV'VO(acac), binds to HSA with at least one acac” ligand.
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Figure 52 X-band EPR spectra of solutions containing HSA (5.73x10™* M, 5.56x10™* M) in PBS and
VVO(acac), (1.72x107° M, 2.78x10°* M) in DMSO respectively. The X-band EPR spectra of the
solution containing V'VO(acac), in MeOH, solutions containing HSA (6.5x10* M) and V'VOSO,
(C=Cpsa and C= Cysax4.6) in HEPES-S buffer are included for comparison. Maximum % of DMSO
added was 6.54; T=77 K.

Figure 53 depicts the amplification of the low and high field ranges of the X-band EPR
spectra presented in the Figure 52. Spin Hamiltonian parameters (gx, 9y, 9z, Ax, Ay and A;) of
the samples being analyzed, the sample of VV'VO(acac), in MeOH and of samples containing
different V'VO-HSA species reported by different authors are presented in the Table 9. It is
clear that the peaks in the parallel region in both low and high field ranges of the samples
being analyzed do not superimpose with the peaks of the the spectra of solutions of
VVO(acac), in MeOH, HSA:VV0O?*=1:1 and HSA:V'VO?'=1:4.6; this corroborates

conclusions (i) and (ii). However, it contradicts to the assumption (i) made from CD analysis
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of this system (experiment 2.6.) and stating that \V'VO(acac), does not bind to HSA, and also

to the previous findings stating that such binding does not occur made by Garriba et. al. *
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Figure 53. Amplification of the low and high field ranges of the X-band EPR spectra of solutions
containing HSA (5.73x10™* M, 5.56x10* M) in PBS and V'VO(acac), (1.72x107° M, 2.78x107* M) in
DMSO respectively. Amplification of the X-band EPR spectra of the solution containing V'VO(acac),
in MeOH, solutions containing HSA (6.5x10™* M) and V'VOSO4 (C=Cysa and C= Cpsax4.6) in
HEPES-S buffer are included for comparison. Maximum % of DMSO added was 6.54; T=77 K.
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Table 9. Spin Hamiltonian parameters (g, 9y, 0z, A A, and A,) of samples for HSA-V'VO(acac),
system and for VV'VO(acac), in MeOH, obtained by simulation of the experimental EPR spectra with

the computer program of Rockenbauer and Korez*'®, and those reported by other authors for different

V'YO-HSA species.

System U0 0y |0 A, A, (x10°cm™) | A, (x10%° cm™)
V"O(acac), in MeOH 1.984 1.954 60.8 171.2
V'VO-HSA VBS1 ref’ 1.926520.0005 166.50+0.50
ref'?® 1.939+0.001 172.8+0.5
ref'?® 1.946 164.6
V'VO-HSA VBS2 ref’”’ 1.9355+0.0005 164.50+0.50
ref'*® 1.938+0.001 177.1+0.5
ref'?® 1.947 171.2
Multinuclear species
(VVO),—"HSA ref 1.947 164.6
Dinuclear species
(VVO)~"HSA ref*® 1.981 80
HSA:V"VO(acac),=1:3 1.986 1.958 58.4 169.4
HSA:V'"VO(acac),=1:5 1.985 1.959 58.0 169.2

The g, values obtained in this work for all the samples HSA:V'VO(acac), are higher than those
obtained for VV"VO(acac), in MeOH and for all the VV'VO-HSA species. A, values obtained in
this work for the same samples differ from all the A, values obtained for V'VO(acac), in
MeOH and for all the V'VO-HSA species. This fact corroborates the conclusions (i) and (ii)
and contradicts to the assumption (i) made from CD analysis of this system (experiment 2.6.)
and stating that \V'VO(acac), does not bind to HSA, and also to the previous findings that such

binding does not occur made by Garriba et. al. ®®
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4.3.3. Studies by fluorescence spectroscopy. Background.

Three main aromatic amino acids contribute to the HSA fluorescence: phenylalanine, tyrosine
and tryptophan. But, as it was explained previously for hTF, the intrinsic fluorescence comes
almost completely from tryptophan alone. HSA has 1 tryptophan residue (Trp-214 located in
subdomain 11A), 18 tyrosine residues and 31 phenilalanine residues.”® Noteworthy, this single
Trp-214 is located in close environment of MBS (Asn-99, His-67, Asp-249, His-247) which is
vanadium weak binding site (VBS2)."

4.3.3.1. The fluorescence spectra of HSA-V'VO-oda complexes.

Figure 54 depicts fluorescence emission spectra of the HSA -V'VO(oda)(H,O), system
(experiment 4.2.) measured using A=280 nm. HSA demonstrates strong fluorescence
emission with Anax at 330 nm. As the complex concentration increases HSA fluorescence
decrease is observed which means that the fluorescence quenching is concentration-dependent
and that V'VO(oda)(H,0), is close enough to the tryptophan and/or tyrosine residues.
Hovewer, the quenching effect is rather small. Addition of the highest concentration of
VVO(oda)(H,0); (ratio 1:18.86) causes a decrease in the fluorescence intensity of ~12.9 %.
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Figure 54. Fluorescence emission measured for the HSA-V'VO(oda)(H,0), solution. The HSA
concentration used was 2.6x10° M and that of V'VO(oda)(H,0), was stepwise increased from 0 to
4.66x10° M (from HSA:V'VO(oda)(H,0), ratios of 1:0 to 1:18.86). Other conditions: T=298 K;
pH=7.4; max % of MeOH added 4.76; A,=280 nm. The arrow shows V'VO(oda)(H20)2 concentration

increase. (a) % of fluorescence intensity decrease versus V'VO(oda)(H,0),:HSA ratio.
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Figure 55 depicts corrected relative fluorescence intensity of the HSA-V'VO(oda)(H,0),
solution at A=280 nm. The Stern-Volmer analysis gave an adequate fitting to the data
obtained as the dependence is linear. This means that in the given conditions there is one type
of V" binding to HSA with one Stern-Volmer dynamic quenching constant as quenching is
mainly due to dynamic process, dominated by diffusion.’® The Stern-Volmer dynamic

guenching constant from the equation obtained (a slope) is K¢,=2.5x10°.
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Figure 55. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V'VO(oda)(H,0),
solution (data from Figure 54) vs. concentration of V'VO(oda)(H,0),. If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,=330 at the concentration of the complex in a

sample and in the absence of the complex respectively. The trendline equation is y= 2.5x10° + 1.

Figure 56 depicts fluorescence emission spectra of the HSA-V'VO(oda)(bipy) solution
(experiment 4.4.) measured using A«=280 nm. As the complex concentration increases the
HSA fluorescence decrease is observed which means that the fluorescence quenching is
concentration-dependent and that VV'VO(oda)(bipy) is close enough to the tryptophan and/or
tyrosine residues. Hovewer, the quenching effect is rather small, but more important than that
for V'VO(oda)(H,0),. Addition of the highest concentration of V'VO(oda)(bipy) (ratio of

1:1.81) causes a decrease in the fluorescence intensity of ~24%.

Figure 57 depicts corrected relative fluorescence intensity corrected with the UV-Vis
absorption data of the HSA-V'VO(oda)(bipy) Ssystem at A=280 nm. The Stern-Volmer
analysis did not give a good fitting to the data obtained as the dependence is not linear. Since
a hyperbolic behaviour is observed the following equation was applied:
y=(xa/(1+K;-x))+(xc/(1+K2'x)) where xa and xc are the molar fractions of two different

populations of fluorophores with different quenching rate constants K; and Kp.
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Figure 56. Fluorescence emission spectra measured for the HSA-V'VO(oda)(bipy) solution. The HSA
concentration was 1.03x10° M and that of V'VO(oda)(bipy) was stepwise increased from 0 to
1.84x10°° M (from HSA: V'VO(oda)(bipy) ratios of 1:0 to 1:1.81). Other conditions: T=298 K;
pH=7.4; max % of DMSO added 0.99; 1=280 nm. The arrow shows V'YO(oda)(bipy) concentration

increase. (a) % of fluorescence intensity decrease versus V'VO(oda)(bipy):HSA ratio.
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Figure 57. Corrected relative fluorescence of the HSA-V'VO(oda)(bipy) solution (data from Figure
56) vs. concentration of VV'VO(oda)(bipy). If and IF, are the fluorescence intensities at the maximum
emission wavelength A,,=333 at the concentration of the complex in a sample and in the absence of
the complex respectively. The trendline equation is y=(0.108/(1+7.15x10°
X))+(0.892/(1+7.72x10%x)).
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The biphasic dependence suggests that one population of fluorophores is more accessible to
the quencher than the other, hence, there is more than one binding types, and HSA may be
quenched by both quenching mechanisms (static and dynamic) stimultaneously.® The
quenching rate constants obtained are K;=7.15x10° and K,=7.72x10*. The corresponding

fractions expressed in % are 10.8 and 89.2.

Figure 58 depicts fluorescence emission spectra of the HSA-V'VO(oda)(bipy) solution
(experiment 4.4.) at Ae=295 nm. HSA demonstrates strong fluorescence emission with Amax at
339 nm. As the complex concentration increases the HSA fluorescence depicts a quite
significant decrease which means that the fluorescence quenching is concentration-dependent
and that VV'VO(oda)(bipy) is close enough to the tryptophan residue. The intensity decreases
siglificantly up to the ratio 3, and then changes slightly which possibly means that after this
ratio HSA binding sites close to Trp residue become saturated by the complex so this Trp is
not much affected by further binding. A remarkable red shift of the emission spectra towards
longer wavelength is also observed which means that tryptophan residue becomes surrounded
with more hydrophilic media during binding process, which implies more open HSA
conformation.!>Addition of the highest concentration of V'VO(oda)(bipy) (ratio 1:9.03)
causes a decrease in the fluorescence intensity of ~68 %.
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Figure 58. Fluorescence emission spectra measured for the HSA-V'VO(oda)(bipy) solution. The HSA
concentration used was 1.03x107° M and that of V'VO(oda)(bipy) was stepwise increased from 0 to
8.86x10° M (from HSA:V'VO(oda)(bipy) ratios of 1:0 to 1:9.03). Other conditions: T=298 K;
pH=7.4; max % of DMSO added 4.76; A.=295 nm. The arrow shows V'VO(oda)(bipy) concentration

increase. (a) % of fluorescence intensity decrease versus V'VO(oda)(bipy):HSA ratio.
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Figure 59. Corrected relative fluorescence of the HSA-V'VO(oda)(bipy) solution (data from Figure
58) vs. concentration of V'VO(oda)(bipy). If and IF, are the fluorescence intensities at the maximum

emission wavelength A, =339 at the concentration of the complex in a sample and in the absence of

the complex respectively. The trendline equation is y=(0.164/(1+2.7><1024 X))+(0.87/(1+2.9x10°X)).

Figure 59 depicts corrected relative fluorescence intensity of the HSA-V'VO(oda)(bipy)
system at A=295 nm. The Stern-Volmer analysis did not give a good fitting to the data
obtained as the dependence is not linear. Since a hyperbolic behaviour is observed the
following equation was applied: y=(xa/(1+k;x))+(xc/(1+kz X)) where xa and xc are the molar
fractions of two different populations of fluorophores with different quenching rate constants
ki and k.. The biphasic dependence suggests that one population of fluorophores is more
accessible to the quencher than the other, hence, there is more than one binding types, and
HSA may be quenched by both quenching mechanisms (static and dynamic)
stimultaneously.'® It is clear from Figure 59 that the function gains hyperbolic behaviour
from the HSA:V'VO(oda)(bipy) ratio of 1:1.44; this may mean start of binding to VVBS2, e.g.
MBS, as MBS can bind more than one mol equivalent of VV'V.”® The quenching rate constants
obtained are K;=2.7x10?* and K,=2.9x10°. The corresponding fractions expressed in % are
16.4 and 87.

Figure 60 depicts fluorescence emission spectra of the HSA-V'VO(oda)(phen) solution
(experiment 4.6.) measured using A=280 nm. As the complex concentration increases the
HSA fluorescence decreases, this means that the fluorescence quenching is concentration-
dependent and that V'VO(oda)(phen) is close enough to the tryptophan and/or tyrosine
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residues.’® Hovewer, the quenching effect rather small. Addition of the highest concentration

of V"VO(oda)(phen) (ratio 1:2.97) causes a decrease in the fluorescence intensity of ~19.4%.

Figure 61 depicts corrected relative fluorescence intensity of the HSA-V'VO(oda)(phen)
solution measured using Ae=280 nm. The Stern-Volmer analysis gave an adequate fitting to
the data obtained as the dependence is linear. This means that in the given conditions there is
one type of V' binding to HSA with one Stern-Volmer dynamic quenching constant as
quenching is mainly due to dynamic process, dominated by diffusion.'? The Stern-Volmer

dynamic quenching constant from the equation obtained (the slope), K¢,=1.35x10".
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Figure 60. Fluorescence emission spectra measured for the HSA-V'VO(oda)(phen) solution. The HSA
concentration used was 2.55x107° M and that of V'VO(oda)(phen) was stepwise increased from 0 to
7.53x10° M (from HSA: V'VO(oda)(phen) ratios of 1:0 to 1:2.97). Other conditions: T=298 K;
pH=7.4; max % of DMSO added 0.66; A,=280 nm. The arrow shows V'VO(oda)(phen) concentration

increase. (a) % of fluorescence intensity decrease versus VV'VO(oda)(phen):HSA ratio.
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Figure 61. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V'VO(oda)(phen)
solution (data from Figure 60) vs. concentration of VV'VO(oda)(phen). If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,=330 at the concentration of the complex in a

sample and in the absence of the complex respectively. The trendline equation is y=1.35x10*x+1.

4.3.3.2. The fluorescence spectra of solutions containing HSA and V'VO(acac),.

Figure 62 depicts fluorescence emission spectra of the HSA-V'VO(acac), solution (experiment
4.8.) measured using =280 nm. As the complex concentration increases the HSA
fluorescence noticeable decrease is observed which means that the fluorescence quenching is
concentration-dependent and that V'"VO(acac), is close enough to the tryptophan and/or
tyrosine residues.’® A slight blue shift of the emission spectra towards shorter wavelength is
also observed which means that tryptophan and/or tyrosine residues become surrounded with
more hydrophobic media during binding process, which implies more closed HSA
conformation.**>Addition of the highest concentration of VV'VO(acac), (ratio 1:19.33) causes a

decrease in the fluorescence intensity of ~31.5 %.

Figure 63 depicts corrected relative fluorescence intensity of the HSA-V'VO(acac), solution
measured using A¢=280 nm. The Stern-Volmer analysis gave an adequate fitting to the data
obtained as the dependence is linear. This means that in the given conditions there is one type
of V'V binding to HSA with one Stern-Volmer dynamic quenching constant as quenching is

5

mainly due to dynamic process, dominated by diffusion.’® The Stern-Volmer dynamic

quenching constant from the equation obtained (the slope) is Kg=2.5x10".
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Figure 62. Fluorescence emission spectra measured for the HSA-V'VO(acac), solution. The HSA
concentration used was 1.008x10° M and that of V'VO(acac), was stepwise increased from 0 to
1.8x107° M (from HSA: VVO(acac), ratios of 1:0 to 1:19.33). Other conditions: T=298 K; pH=7.4;
Aex=280 nm. The arrow shows V'VO(acac), concentration increase. (a) % of fluorescence intensity

decrease versus V'VO(acac), :HSA ratio.
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Figure 63. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V'VO(acac),
solution (data from Figure 62) vs. concentration of V'VO(acac),. If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,=333 at the concentration of the complex in a

sample and in the absence of the complex respectively. The trendline equation is y=2.5x10" x+1.

Figure 64 depicts fluorescence emission spectra of the HSA-V'VO(acac), solution
(experiment 4.8.) measured using A=295 nm. As the complex concentration increases the
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fluorescence decreases, which means that the fluorescence quenching is concentration-
dependent and that VV'VO(acac), is close enough to the tryptophan residue.’” Hovewer, the
quenching effect is not strong. Addition of the highest concentration of V'VO(acac), (ratio

1:16.24) causes a decrease in the fluorescence intensity of ~24.4%.
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Figure 64. Fluorescence emission spectra measured for the HSA - V'VO(acac), solution. The HSA
concentration used was 1.03x10° M and that of V'VO(acac), was stepwise increased from 0 to
1.53x107°> M (from HSA: V'VO(acac), ratios of 1:0 to 1:16.24). Other conditions: T=298 K; pH=7.4;
Aex=295 nm. The arrow shows V'VO(acac), concentration increase. (a) % of fluorescence intensity

decrease versus V'VO(acac), :HSA ratio.

Figure 65 depicts corrected relative fluorescence intensity of the HSA-V'VO(acac), solution
measured using Aex=295 nm. The Stern-Volmer analysis did not give a good fitting to the data
obtained as the dependence is not linear. Since a hyperbolic behaviour of the function was
observed the following equation was applied: y=(xa/(1+k;x))+(xc/(1+kz X)) where xa and xc
are the molar fractions of two different populations of fluorophores with different quenching
rate constants k; and k.. The biphasic dependence suggests that one population of
fluorophores is accessible to the quencher while the other not, hence, there is more than one
type of binding, and HSA may be quenched by both quenching mechanisms (static and
dynamic) stimultaneously.® The quenching rate constants obtained are k;=3.31x10° and

k,=4.6x10°. The corresponding fractions expressed in % are 20.5 and 79.6.
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Figure 65. Corrected relative fluorescence of the HSA-V'VO(acac), solution (data from Figure 64) vs.
concentration of V'VO(acac),. T=298 K; pH=7.4, A,=295 nm. If and IF, are the fluorescence
intensities at the maximum emission wavelength A.,=340 at the concentration of the complex in a
sample and in the absence of the complex respectively. The trendline equation is
y=(0.205/(1+3.31x10°x))+(0.796/(1+4.6x10%X)).

Among all the systems analyzed which have 2 constants (i.e. two types of binding), one
constant (K;) is a high rate constant, which corresponds to less than 10% of the quenchers
(the corresponding binding site is closer to the Trp residues, but not easily accessible’®): the
other constant (K;) corresponds to ~ 90% of the quenchers, and is used in this work to
compare all the systems. Stern-Volmer dynamic quenching constants and quenching rate
constants (K5) are presented in the Table 10.

Table 10. Stern-Volmer dynamic quenching constants (Ks) and quenching rate constants (Kj)
obtained for HSA - V'VO(oda)(HZO)z, V'VO(oda)(bipy), V'VO(oda)(phen) and V'VO(acac)z systems.

System Constants at A.,=280 nm Constants at A.,=295 nm

HSA-V'VO(oda)(H,0), | Kg=2.5x10° -

HSA-VVO(oda)(bipy) | K;=7.72x10" K,=2.9x10°

HSA-V'"YO(oda)(phen) | Kg=1.35x10" -

HSA-V'VO(acac), Ke=2.5x10°* K,=4.6x10°

Analysis of data of all the complex-HSA systems shows that tryptophan and/or tyrosine
residues are not equally accessible to the complexes studied and the binding types vary with
different complexes and both excitation wavelengths. VV'VO(oda)(H.0), appears to bind to

HSA by one binding type (basing on the information obtained at 1.x=280 nm) even thought
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the last complex:protein ratio was very high (18.86) and to quench the fluorescence
predominantly by one mechanism. VV"VO(oda)(bipy) appears to bind by more than one binding
type and to quench the fluorescence by two mechanisms simultaneously.’® Moreover,
binding of V'VO(oda)(bipy) to HSA is characterized by the strong red shift observed at
Aex=295 nm.

Basing on the information obtained at A.,=280 nm V'VO(acac), appears to bind only by one
binding type and to quench the fluorescence predominantly by one mechanism. At this

excitation wavelength binding of VV'VO(acac), to HSA is characterized by the slight blue shift.

Basing on the information obtained at Ae=295 nm V'VO(acac), appears to bind by more than
one binding type and to quench the fluorescence by two mechanisms simultaneously, this
meaning that Trp residue is more affected during binding process. Basing on the comparison
of the quenching constants, quenching capacity increases in the following order (Aex=280 nm):
VVO(oda)(H,0), < V'VO(oda)(phen) < VVO(acac), < V"VO(oda)(bipy); (Aex=295 nm):
VVO(acac), < V'VO(oda)(bipy) which allows to suggest that VV'VO(oda)(bipy) has the highest
binding strength to HSA and the highest ability to lower the electronic density of the HSA
hydrophobic cavity.'”> Moreover, these results are the same as those obtained for hTF-

systems.
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4.4.0. CONCLUSIONS

4.4.1. Conclusions about each system analyzed.

1. VVO(oda)(H,0), stability studies. The solution of V'VO(oda)(H,0), was reasonably
stable at least for ~60 minutes. After this period of time the absorption decreases with time,
but the Amax Of the bands remains the same. The possible reasons for this are progressive

hydrolysis and oxidation of V' to V¥ species.

2. hTF - VVO(oda)(H,0), system.

Results of CD analysis showed that VV'VO(oda)(H»0), binds to hTF with at least one ligand
kept in the coordination sphere. The spectra measured do not allow concluding if hTF only
binds 2 mole equivalents of the V'VO(oda)(H,0), (at the Fe"' binding sites) or if additional
binding occurs also at surface His groups. Results of EPR analysis corroborate the results

obtained from the CD spectra.

Results of fluorescence analysis at Ae=280 nm showed that V'VO(oda)(H,0) partly causes
concentration-dependent quenching of hTF fluorescence (addition of 3.46 mol equivalents of
VVO(0da)(H,0), decreases the fluorescence intensity by ~21 %). Stern-Volmer analysis did
not give a good fitting to the data. Hyperbolic adjustment of quenching constants gave K; =
6.89x10° and K, = 1.93x10* (quenching with fractions of 8.9 % and 91 %). These results are in
agreement with the CD and EPR results.

3. hTF - VVO(oda)(bipy) system.

Results of CD spectra indicate that VV'VO(oda)(bipy) binds to hTF with at least one ligand. For
samples of VV'VO(oda)(bipy) and hTF that passed through size exclusion columns, the analysis
of vanadium confirmed the possibility of binding V in molar ratios up to 4. Therefore, binding
probably takes place both at the iron binding sites and at additional sites (possibly also at

surface His groups).

The EPR results agree with the possibility of binding of V'VO?* to hTF in a form that includes
the two ligands.

Results of fluorescence analysis at Ae=280 nm showed that V'VO(oda)(bipy) yields a weak
concentration-dependent quenching of hTF fluorescence (addition of 3.26 mol equivalents of
V'VO(oda)(bipy) decreases fluorescence intensity by ~ 18 %). Stern-Volmer analysis gave a
dynamic quenching constant K¢,=5.47x10* Results of fluorescence analysis at Aex=295 nm
showed an apparently different information. V/'VO(oda)(bipy) partly causes concentration-

dependent quenching of hTF fluorescence which is stronger than at A&=280 nm (addition of
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1.96 mol equivalents of VV'VO(oda)(bipy) decreases the fluorescence intensity by ~31.2 %).
Stern-Volmer analysis did not give a good fitting to the data. Hyperbolic adjustment of
quenching constants gave K; = 6.11x10°and K, = 1.55x10° (quenching with fractions of 9.2 %

and 91 %). The results of fluorescence analysis are in agreement with CD and EPR results.

4. hTF - V'VO(oda)(phen) system.

Results of CD analysis showed that VV'VO(oda)(phen) binds to hTF in some way retaining
both ligands in the binding process.

Results of EPR analysis showed that VV'VO(oda)(phen) binds to hTF probably with phen
equatorially. However, the binding does not correspond simply to that of V'VO(phen), but
seems to involve V'VO(oda)(phen), possibly with oda partly hydrolysed. EPR of solutions
containing ratios of hTF:V'VO:phen of 1:3:3 1:3:5 superimpose those of V'VO(oda)(phen) +
hTF, but the CD spectra differ.

Results of fluorescence analysis at Ae=280 nm showed that VV'VO(oda)(phen) causes some
concentration-dependent quenching of hTF fluorescence (addition of 1.28 mol equivalents of
VVO(oda)(phen) decreases the fluorescence intensity by ~16 %). Stern-Volmer analysis gave
a dynamic quenching constant Kg,=3.71x10%. Results of fluorescence analysis at Ae,=280 and
295 nm at 25, 30, 35, 40° C showed that in the uncorrected data the quenching rate constant
decreases with increasing temperature, which supports a static quenching.

5. hTF - V!VO(acac), system.

Results of CD analysis showed that V'VO(acac), binds hTF with at least one acac™ ligand,
contradicting previous reports that such binding does not occur. **"**® The same conclusion
was confirmed by results of CD analysis in the experiment with PD-10 columns. V'VO-
complexes responsible for the CD spectra measured at \V'VO(acac),:hTF ratios up to ca. 2 are

bound at the Fe"" binding sites of hTF. For higher ratios binding also takes place at other sites.

Results of EPR analysis suggest that VV'VO(acac), binds to hTF with at least one acac” ligand,
confirming the results of CD analysis.

Results of fluorescence analysis at Ae=280 nm showed that V'VO(acac), causes some
concentration-dependent quenching of hTF fluorescence (addition of 3.08 mol equivalents of
VVO(acac), decreases the fluorescence intensity by ~ 15 %), but the quenching effect is
weak. Stern-Volmer analysis did not give a good fitting to the data. Hyperbolic adjustment of

quenching constants gave K;=8.8x10° and K,=5.13x10* (quenching with fractions of 7.8 %
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and 92.2 %). These results are in agreement with the CD and EPR results. Results of
fluorescence analysis at Ae=295 nm showed quite small V'VO(acac), quenching effect
(addition of 3.08 mol equivalents of VV'VO(acac), decreases the fluorescence intensity by ~
7.22 %). Hyperbolic adjustment of quenching constants gave K; = 7.1x10° and K, = 2.4x10*
(quenching with fractions of 7 % and 93 %).

6. HSA - V'VO(oda)(H,0), system.

Results of fluorescence analysis at Ae,=280 nm showed that VV'VO(oda)(H,0), partly causes
concentration-dependent quenching of HSA fluorescence (addition of 18.86 mol equivalents
of V'VO(oda)(H,0), decreases the fluorescence intensity by ~12.9 %), but the quenching

effect is quite weak. Stern-Volmer analysis gave dynamic quenching constant Ke,=2.5x10°,
7. HSA -V"VO(oda)(bipy) system.

From the results of CD analysis it can be concluded that VV'VO(oda)(bipy) binds to HSA.
However, no prediction can be made regarding the binding sites of V'VO(oda)(bipy) at the
HSA.

Results of fluorescence analysis at Ae=280 nm showed that V'VO(oda)(bipy) causes
concentration-dependent quenching of HSA fluorescence (addition of 1.81 mol equivalents of
VVO(oda)(bipy) decreases the fluorescence intensity by ~24 %). Stern-Volmer analysis did
not give a good fitting to the data. Hyperbolic adjustment of quenching constants gave
K;=7.15x10° and K,=7.72x10* (quenching with fractions of 10.8% and 89.16 %). Results of
fluorescence analysis at Ae=295 nm showed that V'VO(oda)(bipy) causes a significant
concentration-dependent quenching of HSA fluorescence (addition of 9.03 mol equivalents of
VVO(oda)(bipy) decreases the fluorescence intensity by ~ 68 %). A quite significant red shift
of the emission spectra towards longer wavelength is also observed which means that
tryptophan residue becomes surrounded with more hydrophilic media during binding process,
which implies more open HSA conformation. Stern-Volmer analysis did not give a good
fitting to the data. Hyperbolic adjustment of quenching constants gave K;=2.7x10?* and
K,=2.9x10° (quenching with fractions of 16.4 % and 87 %). These results are compatible with
the CD data obtained.

8. HSA-V'VO(oda)(phen) system.

Results of fluorescence analysis at Ae,=280 nm showed that V/'VO(oda)(phen) partly causes

small concentration-dependent quenching of HSA fluorescence (addition of 2.97 mol
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equivalents of V'VO(oda)(phen) decreases the fluorescence intensity by ~19.4 %). Stern-

Volmer analysis gave dynamic quenching constant Kg,=1.35x10*.

9. HSA - VVO(acac), system.

The results of CD analysis showed that that either V'VO(acac), does not bind to HSA or in the
CD spectra in the range analyzed the binding cannot be detected. If binding takes place, it
does not give rise to significant Ae values and may take place at imidazole groups of surface

His residues (or non-covalent binding).

Results of EPR analysis suggests that V'VO(acac), binds to HSA with at least one acac’
ligand.

Results of fluorescence analysis at Ae=280 nm showed that V'VO(acac), causes a small
concentration-dependent quenching of HSA fluorescence (addition of 19. 3 mol equivalents
of VVO(acac), decreases the fluorescence intensity by only ~31.5 %). A slight blue shift of
the emission spectra towards shorter wavelength is also observed, which means that
tryptophan and/or tyrosine residues become surrounded with more hydrophobic media during
binding process, which implies more “closed” HSA conformation. However, it should be
noted that relatively high ratios of complex were used. Stern-VVolmer analysis gave dynamic
quenching constant Kg,=2.5x10*. Results of fluorescence analysis at Ae=295 nm showed that
V"VO(acac), also causes a small concentration-dependent quenching of HSA fluorescence
(addition of 16.2 mol equivalents of V'VO(acac), decreases the fluorescence intensity by
only ~24.4 %). Stern-Volmer analysis did not give a good fitting to the data. Hyperbolic
adjustment of quenching constants gave K; =3.31x10° and K, = 4.6x10° (quenching with
fractions of 20.5 % and 79.6 %).

Globally the data do not confirm that the binding involves coordination of V'V of V'VO(acac),

to donor atoms of HSA.

4.4.2. General conclusions
1. The CD and EPR analyses showed that all the complexes analyzed bind to hTF and HSA

with at least one ligand (except HSA - VV'VO(acac), system where binding is not confirmed).

2. The complexes studied are able to quench the fluorescence of both hTF and HSA at both
excitement wavelengths 280 and 295 nm, but in most cases this quenching is not very
effective. The main trend of quenching for most of the complex-protein systems supports the

existence of more than one binding site on hTF and HSA.
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3. Based on the comparison of the quenching constants in hTF-complex systems, quenching
capacity increases in the following order (=280 nm): V'VO(oda)(H;0), < V'"VO(oda)(phen)
< VVO(acac), < VVO(oda)(bipy); (hex=295 nm): V'VO(acac), < V'VO(oda)(bipy) which
allows to suggest that V'VO(oda)(bipy) has the highest binding strength to hTF and the
highest ability to lower the electronic density of the hTF hydrophobic cavity. The same order

is obtained for HSA-complex systems.

4. V"V O(acac),:

- VO(acac); binds to hTF;
- The VYO content found by ICP in desalted samples goes up to V'VO:hTF ratio of 3:1;
- The data obtained do not confirm the binding of V'Y of V'VO(acac), to HSA.

V'VO-oda complexes:

- All VV0O-oda complexes bind to hTF;

- The V"V of VVO(oda)(bipy) and V'Y (oda)(phen) bind to HSA;

- The V"VO content found by ICP in desalted samples containing VV'VO(oda)(bipy) goes
up to VVO:hTF ratio of 4:1.
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5.0. FUTURE PERSPECTIVES

This work has led to relevant conclusions about the interaction of V'VO(oda)(H;0),,
V'VO(oda)(bipy), V'VO(oda)(phen) and V'VO(acac), with hTF and HSA, but further CD and
EPR studies are recommended to carry out with the studied complexes and HSA to better

understand their interaction with HSA.

hTF-VVO(oda)(phen) system behaved somewhat strangely in this work, especially in
fluorescence studies (probably, due to the relatively high fluorescence of V'VO(oda)(phen)
complex). Therefore, further studies to better understand the tendency of binding in this

system are recommended.

To further understand the systems, studies are recommended with complexes
VvVO(tda)(H,0),, V'VO(tda)(bipy), V'VO(tda)(phen) (tda — thiodiacetic acid); it was not
possible to synthesize with adequate purity in this work.
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Appendix A

7.0. APPENDICES.
Appendix A. Preparation of solutions.

Tris buffer preparation (experiment 1.1.). To prepare 0.08 M solution 0.97 g of Tris powder
was dissolved in 80 mL of Millipore water, then pH was adjusted to 7.4 using HCI and the

solution was topped up to 100 mL mark.
Tris buffer preparation (experiment 5.1.).

To prepare 0.1 M solution 0.97 g of Tris powder was dissolved in 500 mL of Millipore water,.
Then, 1.33 g of Na,CO; was added to obtain C(Na,CO3)= 2.5x102 M. pH was adjusted to 7.4

using HCI and the solution was topped up to 500 mL mark.

VVO(oda)(H,0), solution preparation for stability studies.
Experiment 1.1. To prepare 3.6x10° M solution 2.54x10° g of VO(oda)(H,0), was
dissolved in 300 puL of MeOH. 150 uL of this solution was added to 2850 uL of This buffer

to make a total volume of 3 mL with the complex concentration of 1.8x10 M.




Appendix B

Appendix B. Infrared spectra of the V'YO(oda)(H,O),, V'YO(oda)(bipy),
V'YO(oda)(phen) with the interpretation.
Appendix B 1. IR-spectrum of VV'VO(oda)(H,0),

100

80

60

- 40

- 20

4400 3900 3400 2900 2400 1900 1400 900 400
Wavenumber, cm?

Appendix B 2. Interpretation of IR-spectrum of VV'VO(oda)(H,0),

Wavenumber, cm™ Assignments
and intensity
3052-2820 s vbr v(OH) (H,0)
1615-1548 s br v(C=0)
995s v(V=0)
1351 vs vs(COO)
1139-1134 vs Vas(C—O—C)
497 m 8(C-0-C)
422-419 m, 404-402 w v(V-0) cm™




Appendix B

Appendix B 3. IR-spectrum of V'VO(oda)(bipy)

4400

Appendix B 4. Interpretation of IR-spectrum of V'VO(oda)(bipy)

3900 3400 2900

2400 1900 1400

Wavenumber, cm!

Wavenumber, cm™
and intensity

Assignments

3422.55 m vbr v(OH) (H,0)
3116.4 w, 3085.55 w, bipy v(CH)
3030,58 vw
2989.12 vw, 2934.16 vw v(CH,)
1634.86 s br vas(COO)
1497.94 m, 1474,31 m bipy - Vring
14449 m bipy - Vring 8ring'H
1383.19 s vs(COQO)
1317.63 m Vring * inter ring stretch
1281.95 m, 1249.65 w bipy - 3(CH)in plane
1156.6 m bipy - Vring 3(CH)in plane
1105,01 w vas(C-0-C)
1073.67 m, 1034.14 m bipy - 8(CH)in plane
996.53 vs v(V=0)
922.29s v(C-C)
797.9 vw vs(C-0O-C)
775.24 s,733.3 m, 713.53 m bipy - 8(CH)out of plane
665.32 w, 652.78 w p(CH,)
612.77 w, 574.2 m bipy - dring
528.4 w 3(C-0-C)
449.81 m, 437.28 m v(V-0)

900

400

100
90

- 80
- 70
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Appendix B

Appendix B 5. IR-spectrum of V'VO(oda)(phen)

4400 3400

2400 1400

Wavenumber, cm?

Appendix B 6. Interpretation of IR-spectrum of VV'VO(oda)(phen)

Wavenumber, cm™
and intensity

Assignments

3566.7 m br, 3406.64 m vbr | v(OH) (H,0)
3061,44 w ophen—v(CH)
2941,39 vw v(CHy)

1677,76 vs br vas(COO")

1521,56 m ophen—a(CH)in plane
1411,16 w O(CHy)

1363.91s, 1334.98 m vs(COO)

1334.98 m, 1312.32 w ophen—-3(CH)in plane
1238.56 w, 1221.68 w ophen—vying
1211.56 m, 1199.51 vw ophen—vying
1143.1w Vas(C—0-C)

1112.72 w. 1098.74 w

ophen—-3(CH)in plane

1074.16 m

ophen—S(CH)in plane

1036.07 w v(C-C)

999.91 vs v(V=0)

955.07 vw. 921.8 s v(C—C)

875.04 m vs(C—0-C)

856.24 s ophen—3(CH)out of plane
784.4 w ophen—-3(CH)out of plane
742.46 m v(C-C) + ophen—3(CH)out plane
724.62 s ophen—o3(CH)out of plane
656.64 W p(CHp)

565.52 w ophen—3(CH)in plane
516.83 W 8(C-0-C)

452.71'm, 437.76 m v(V-0)
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Appendix C. Concentrations of samples for CD and EPR analyses.

Appendix C 1. Experiment 2.1. CD of V'VO(oda)(H,0), + hTF system.

Sample C(hTF)/M c(v"VO(oda)(H,0),)/M
hTF: V'VO(oda)(H20),= 1:1 7.15x107* 7.16x107"
hTF: V'VO(oda)(H20),= 1:2 7.08x107* 1.41x107°
hTF: VVO(oda)(H,0),= 1:3 6.99x107 2.1x107°
hTF: V'VO(oda)(H,0),= 1:4 6.91x107 2.77x1073

Appendix C 2. Experiment 2.2. CD of V'VO(oda)(bipy) + hTF system.

Sample C(hTF)/M c(v"VO(oda)(bipy))/M
hTF: VVO(oda)(bipy) = 1:0.36 42310~ 153x10°
hTF: VVO(oda)(bipy) = 1:0.6 42910~ 2 54x10~
hTF: V'VO(oda)(bipy) = 1:0.84 4.20x10™ 35410
hTF: V'VO(oda)(bipy) = 1:1.14 41910~ 479107
hTF: V'VO(oda)(bipy) = 1:1.75 4.16x10~ 7 26x10~
hTF: V!VO(oda)(bipy) = 1:2.35 41310~ 9 7x10~
hTF: VVO(oda)(bipy) = 1:2.95 4.10x10 1.21x107°
hTF: VVO(oda)(bipy) = 1:4.09 4.05x10™ 1.66x107
hTF: VVO(oda)(bipy) = 1:4.7 4.02x10~ 1.89x1073

Appendix C 3. Experiment 2.3. CD of VV'VO(oda)(bipy) + HSA system.

Sample C(HSA)/M C(V'"VO(oda)(bipy))/M
HSA: V'VO(oda)(bipy)= 1:0.26 5 35x10~% 1.37x107
HSA: VVO(oda)(bipy)= 1:1.02 531x10° 5 43x10
HSA: V'"O(oda) (bipy)= 1:1.53 5.28x107 8.1x107
HSA: V"VO(oda)(bipy)= 1:2.05 5 25x10~ 1.07x10°3
HSA: VVO(oda)(bipy)= 1:2.49 5 22x107% 1.30x10°3
HSA: VVO(oda)(bipy)= 1:3.01 51910 156x10~°
HSA: V'VO(oda)(bipy)= 1:3.52 517x10~ 1.82x10°°
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HSA: V'VO(oda)(bipy)= 1:4.03 5.14x10~* 2.07x107
HSA: VVO(oda)(bipy)= 1:4.54 5.11x10™ 2.32x1073
HSA: V'"O(oda) (bipy)= 1:5.05 5.08x107 2.57x107
Appendix C 4. Experiment 2.4. V'VO(oda)(phen) + hTF system.
Sample C(hTF)/M C(v'VO(oda)(phen))/M
hTF: V'VO(oda)(phen)= 1:1 5.32%10~% 5.35x107
hTF: V'VO(oda)(phen)= 1:2.01 532x10°* 1.07x1073
hTF: V'VO(oda)(phen)= 1:3.09 532x10~* 1.65%x1073
Appendix C 5. Experiment 2.5. V'VO(acac), + hTF system.

Sample C(hTF)/M C(V"VO(acac),)/M
hTF: V'VO(acac),= 1:0.28 4.77x10™ 1.34x107
hTF: VVO(acac),= 1:0.51 4.76x10°* 2.41x107*
hTF: VVO(acac),= 1:1.01 4.73x10°* 4.79x107
hTF: V'VO(acac),= 1:1.52 4.7x107 7.14x107
hTF: VVO(acac),= 1:2.03 4.67x107 9.46x107*
hTF: VVO(acac),= 1:2.48 4.64x107 1.15%x107°
hTF: V'VO(acac),= 1:2.98 4.61x107% 1.38x10°°
hTF: V'VO(acac),= 1:3.49 4.59%10~* 1.6x107°
hTF: V'VO(acac),= 1:3.99 4.56%107% 1.82x107°
hTF: V'VO(acac),= 1:4.5 4.53x107 2.04x1073
hTF: V'VO(acac),= 1:5.01 4.50x10~* 2.25x107°

Appendix C 6. Experiment 2.6. CD of V'VO(acac), + HSA system

Sample C(HSA)M C(V'VO(acac),)/M
HSA: V'VO(acac),= 1:0.51 5.97x10~* 3.07x107*
HSA: VVO(acac),= 1:1.0 5.92x10~* 5.91x10™*
HSA: VVO(acac),= 1:1.51 5.87x107% 8.89x107*
HSA: VVO(acac),= 1:1.2 5.83x1074 1.16x10°°
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HSA: VVO(acac),= 1:1.3 5.92x107% 591x10°3
HSA: VVO(acac),= 1:4.02 5.64x107% 227x1073
HSA: VVO(acac),= 1:5 5.56x107% 2.78x107°

Appendix C 7. Experiment 2.7. CD of hTF + V'VO* + phen system.

Sample C(hTF)/M | C(VVOSO,)/M | C(phen)/M
hTF: VYOSO,: phen=1:1:1 | 529510 5.32x107 5.32x10~*
hTF: V0SO,: phen=1:22 | 5 26x10™ 1.06x10° 1.05x10°3
hTF: VY0SO,: phen=1:3:3 | 5245107 1.57x10° 1.57x10°
hTF: VYOSO,: phen=1:35 | 519510 1.56x10°° 2.59x10°3

Appendix C 8. Experiment 3.1. EPR of V'VO(oda)(H,0), + hTF system.

Sample C(hTF)/M Cc(vV"VO(oda)(H,0),)/M
hTF: V'VO(oda)(HZO)Z: 1:0.73 4.899x107% 3.58x1074
hTF: V'VO(oda)(H,0),= 1:2.89 4.78x10™ 1.38x10°°
hTF: V'VO(oda)(H20)2= 1:4.28 4.7l><10_4 2.02><10_3

Appendix C 9. Experiment 3.3. EPR of V'VO(oda)(bipy) + hTF system.

Sample C(hTF)/M C(V'VO(oda)(bipy))/M
hTF: VVO(oda)(bipy)= 1:0.49 4.89x10°* 2.37x107*
hTF: VVO(oda)(bipy)= 1:0.97 4.86x10° 4.72x107*
hTF: VVO(oda)(bipy)= 1:2.08 4.81x107 1.00x107°
hTF: VVO(oda)(bipy)= 1:4.02 4.72x107 1.898x10°

Appendix C 10. Experiment 3.4. EPR of V'VO(oda)(phen) + hTF system.

Sample C(hTF)/M Cc(v"VO(oda)(phen)/M
hTF: V'VO(oda)(phen)z 1:2.01 532x107% 1.07x10°3
hTF: V'VO(oda)(bipy): 1:3.09 532x10°* 1.65x107°
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Appendix C 11. Experiment 3.5. EPR of hTF + V'VO* + phen system.

Sample C(TF)/M | C(VVOSOL)/M | C(phen)/M
hTF: VYOSO,: phen=1:22 | 526,10 1.06x10° | 1.05x10°
hTF: V'OSO,: phen=1:3:3 | 5245107 157x10° | 157x107
hTF: VYOSO,: phen=1:35 | 519,10 156x10° | 259x10°

Appendix C 12. Experiment 3.6. EPR of V'VO(acac), + hTF system.

Sample C(hTF)/M Cc(v"VO(acac),)/M

hTF: VVO(acac),= 1:5.01 4.50x1074 2.25x1073

Appendix C 13. Experiment 3.7. EPR of V'VO(acac), + HSA system.

Sample C(HSA)/M c(vV"VO(acac),)/M
HSA: VVO(acac),= 1:3 5.73x107% 1.72x1072
HSA: VVO(acac),= 1:5 5.56x107% 2.78x107°

Vil



Appendix D

Appendix D. CD of VVO(oda)(H,0), + hTF system.
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Appendix D 1. The CD spectra of solutions containing hTF (4.82x10* M) in PBS upon
stepwise additions of adequate volumes of a solution of V'VO(oda)(H.0), (4.63x10 M) in
MeOH. Maximum % of MeOH added was 2.9; cell path length was 20 mm.




