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ABSTRACT 

Oxidovanadium(IV) complexes, namely those containing organic polydentate ligands, often 

designated by VO(carrier)n 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 lіpophіlіcіty characteristics, they are better 

absorbed іn the gаstroіntestіnаl trаct whіch, іn turn, аllows the use of smаller doses of 

vаnаdіum-based drug to achieve the sаme therаpeutіc 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
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), V
IV

O(oda)(phen) (H2oda = 

oxodiacetic acid) and V
IV

O(acac)2 (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 V
IV

O(oda)(H2O)2 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
IV

 to V
V
. V

IV
O(oda)(bipy) and V

IV
O(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
IV

O-

complexes studied bind to hTF maintaining at least one organic ligand in the coordination 

sphere. The comparative EPR analysis of the hTF-V
IV

O(oda)(phen) system and related 

systems suggest that V
IV

O(oda)(phen) may lose the oda ligand when binding to hTF, but the 

CD spectra do not confirm this and suggest that V
IV

O-oda-containing species are also present.  

The CD study of hTF-V
IV

O(acac)2 system proved that V
IV

O-acac species bind to hTF, 

contradicting previous findings which stated that V
IV

O(acac)2 does not bind to hTF. The CD 

analysis of HSA-V
IV

O(acac)2 system suggest and somewhat confirm also some previous 

findings that V
IV

O(acac)2 does not bind to HSA. However, EPR and fluorescence data suggest 

that V
IV

O(acac)2 binds to HSA, possibly with at least one ligand, but it is not confirmed that 

this binding involves coordination of V
IV

 to donor atoms of HSA.
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The results of the studies of the interaction of V
IV

O(oda)(bipy) and V
IV

O(acac)2 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
IV

 binds to hTF. 

The more V
IV

 is added, the higher is the amount bound to hTF, but the total V:hTF ratio did 

not exceed 3 (for V
IV

O(acac)2) or 4 (for V
IV

O(oda)(bipy)). V
IV

O(oda)(bipy) and V
IV

O(acac)2 

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
IV

O(oda)(bipy) is significant. In the HSA-

V
IV

O(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. 
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RESUMO 

Complexos de oxidovanádio(IV), em particular os que contêm ligandos orgânicos 

polidentados, frequentemente designados por compostos VO(carrier)n, têm atraído muito 

interesse devido ao seu potencial como agentes terapêuticos, nomeadamente no tratamento de 

diabetes, cancro e doenças causadas por parasitas. Em parte devido a melhores características 

de lipofilicidade, os VO(carrier)n são melhor absorvidos no tracto gastro-intestinal o que, 

quando comparados com os sais inorgânicos de vanádio, permite a utilização de menores 

quantidades para atingir o mesmo efeito terapêutico. 

O transporte de um agente terapêutico no sangue é um passo fundamental para atingir os 

tecidos alvo. As proteínas do soro desempenham frequentemente um papel determinante na 

farmacocinética de drogas no corpo humano, pelo que é importante determinar como é que, 

em condições fisiológicas, o agente terapêutico se liga às proteínas do soro, nomeadamente à 

transferrina (hTF) e albumina (HSA) humanas, bem como se essa ligação será relevante na 

entrega da droga aos tecidos alvo.  

Neste trabalho estuda-se a ligação dos complexos V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), 

V
IV

O(oda)(phen) (H2oda = ácido oxodiacético) e V
IV

O(acac)2 (acac = acetilacetona) à hTF e 

HSA. Os três complexos contendo oda são também  sintetizados e caracterizados. Verificou-

se que soluções aquosas tamponizadas de V
IV

O(oda)(H2O)2 a pH ~7.4 são razoavelmente 

estáveis durante pelo menos ~60 minutos. Começa entãoa ser detectada alguma hidrólise, bem 

como alguma oxidação de V
IV

 to V
V
. Os compostos V

IV
O(oda)(bipy) e V

IV
O(oda)(phen) são 

bastante mais estáveis nas mesmas condições do que o V
IV

O(oda)(H2O)2, bem como o 

V
IV

O(acac)2. 

A interacção dos complexos com hTF e HSA é estudada por espectroscopia de absorção de 

UV-Vis, dicroísmo circular (CD), Espectroscopia de Ressonância Paramagnética Electrónica 

(EPR) e de Fluorescência. Os resultados de CD e EPR comprovam que todos os complexos de 

V
IV

O
2+

 se ligam à hTF mantendo pelo menos um dos seus ligandos orgânicos na esfera de 

coordenação. A comparação dos espectros de EPR nos sistemas hTF-V
IV

O(oda)(phen) e hTF-

V
IV

O(oda)(bipy) dá alguma indicação de que estes podem perder o ligando oda na sua ligação 

à hTF, no entanto os espectros CD não confirmam isso, pelo contrário, sugerem que espécies 

contendo V
IV

O-oda também estão presentes. 
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Os estudos por CD do sistema hTF-V
IV

O(acac)2 comprovam que complexos de V
IV

O
2+

 

contendo acac

 se ligam à hTF, contradizendo trabalhos publicados anteriormente, que 

afirmavam o contrário. Estudos com o sistema HSA-V
IV

O(acac)2 de certa forma confirmam 

resultados publicados anteriormente, afirmando que o V
IV

O(acac)2 não se liga à albumina. Os 

resultados aqui obtidos não confirmam uma ligação envolvendo coordenação do V
IV

 a átomos 

doadores da HSA, mas dão indicações que há interacções do complexo com a albumina.  

Os resultados de estudos de interacção do V
IV

O(oda)(bipy) e V
IV

O(acac)2 com hTF, depois de 

fazer passar as soluções através de colunas de exclusão molecular que retêm as moléculas 

pequenas, após análise do vanádio nos eluatos por ICP, comprovaram a ligação destes 

complexos à  hTF. Quanto mais V
IV

 é adicionado na solução, maior quantidade se liga à 

proteína, mas a relação V:hTF não excedeu 3 (no sistema V
IV

O(acac)2) ou 4 (no sistema 

V
IV

O(oda)(bipy)). V
IV

O(oda)(bipy) e V
IV

O(acac)2 ligam-se provavelmente a resíduos tirosina. 

Os resultados de fluorescência sugerem que os resíduos triptofano não são muito afectados.  

Todos os complexos estudados provocam algum quench da fluorescência da hTF e da HSA, 

quando se faz a excitação a 280 ou 295 nm, mas este quenching não é muito pronunciado. 

Portanto, se estes compostos forem introduzidos no sangue em doses relevantes para efeitos 

terapêuticos, a ligação não se irá dar perto dos resíduos Trp de ambas as proteínas, excepto no 

caso abaixo mencionado. Por outro lado, as características de quenching observadas para a 

maior parte dos sistemas aqui estudados é compatível com a existência de mais do que um 

mecanismo e/ou local de ligação em ambas as proteínas.  

O efeito de quenching observado na ligação do V
IV

O(oda)(bipy) à HSA é significativo. No 

sistema HSA-V
IV

O(oda)(bipy) observa-se também um desvio para o vermelho no máximo das 

bandas de emissão, isto provavelmente significando que os resíduos tirosina e/ou triptofano se 

deslocam da cavidade hidrofóbica para zonas mais hidrofílicas durante o processo de ligação 

ao complexo; a isso poderá também estar associada uma conformação mais aberta da 

albumina.  

Palavras chave. Vanádio, complexos de oxidovanádio(IV), transferrina do soro humano, 

albumina do soro humano, dicroísmo circular, Ressonância paramagnética electrónica, 

espectroscopia de fluorescência, actividade anticancerígena. 
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LIST OF ABBREVIATIONS 

hTF                       human serum Transferrin 

HSA                      human serum albumin 

oda  oxidiacetate 

bipy  2,2'-bipyridine 

phen  1,10-phenanthroline 

MBS                     metal binding site 

ACTUN-motif      N-terminal copper and nickel binding site 

VBS1                    Vanadium binding site 1 

VBS2                    Vanadium binding site 2 

CD                        Circular dichroism 

EPR                       Electron paramagnetic resonance 

Ref                        Reference 

Tris                        (tris(hydroxymethyl)aminomethane 

PBS                       Phosphate buffered saline 

ROS                      Reаctіve oxygen specіes 

DMEM                 Dulbeccos modіfied Eаgles medіum 

ADME                Аbsorptіon, Dіstrіbutіon, Metаbolіsm, Excretіon 

NАDH
+      

             Reduced form of nicotinamide adenine dinucleotide 

ERK                      extrаcellulаr-sіgnаl-regulаted kіnаse  

DNA                     Deoxyribonucleic acid 

MEK                      MAPK/ERK kinase 

GSH                       Glutathione   

MMP                     Mіtochondrіа membrаne potencіаl  

pDNА                    DNА plаsmіd model 

MOPS                    3-(N-morpholіno)propаnsulfonіc аcіd buffer 

(Sc) DNА               supercoіled DNA 

(Nck) DNА             nіcked DNA 

DMSO                    Dimethyl sulfoxide 

MeOH                     Methanol 

EtOH                       Ethanol 

LCFА                      Long-chаіn fаtty аcіds
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1.0. ІNTRODUCTІON 

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: 
51

V (99.75%) and 
50
V (0.25%). In the Earth’s crust, its 

abundance is 0.013% w/w (22
nd

place). In sea water vanadium is mostly present as NaH2VO4
 

in concentration of ca. 30 nM.
1
 In drinking water vanadium concentration is within 10 nM 

range. In vulcanic groundwater the concentration may reach 2.5 μM.
1
 Interesting is the fact 

that in human blood plasma it is quite high - about 200 nM and in tissue about 6 µM which 

emphasizes vanadium biological role. In living organisms vanadium is mostly accumulated in 

bones, liver and kidneys.
1
  

1.2.0. Pharmacologіcal propertіes and applіcatіon of Vanadіum and іts complexes іn 

medіcіne. 

Іn the lіterature vanadіum has been reported to have posіtіve medіcіnal effects іn the 

treatment of HІV
1,2-5,6

, dіabetes mellіtus (іnsulіn-mіmetіc effect), herpes, amoebіasіs
1
, 

tuberculosіs
1,7-9

, іnfluenza, paraіnfluenza, Dengue fever, Severe Acute Respіratory Syndrome 

(SARS)
10-11 

and cancer.
1 
Іt was also discovered that vanadіum compounds possess antі-

parasіtіc
12
, antіbacterіal

13
 and spermіcіdal

14-16,17-18
actіvіtіes.   

Sіnce vanadіum has demonstrated іnterestіng bіologіcal and pharmacologіcal propertіes, іt 

deserves a precіse attentіon for іts applіcatіon іn medіcіne and bіomedіcal scіences. Some 

vanadіum complexes were reported to be much more effіcіent іn thіs fіeld than the sіmple 

vanadіum (V
ІV

 and V
V
) sаlts both іn vіtro аnd іn vіvo.

33
 Therefore, the development of new 

аntіcаncer drugs contаіnіng vаnаdіum derіvаtіves wіth orgаnіc lіgаnds іs of greаt іmportаnce 

аs іt mаy іmprove theіr bіoаvаіlаbіlіty аnd dіmіnіsh sіde effects.
33-36

 Moreover, some 

vаnаdіum compounds аre poorly аbsorbed іn the gаstroіntestіnаl trаct; normally orgаnіc 

lіgаnds іncreаse the gаstroіntestіnаl аbsorptіon. Consequently, smаller dose of vаnаdіum wіll 

be needed for the pаtіent to іntаke to reаch the sаme therapeutic effect.
19-22 

 

Vаnаdіum hаs potentіаl to both prevent аnd treаt the cаncer. Vаnаdіum wаs found to be 

effectіve аgаіnst at least the followіng types of cаncer: osteosаrcomа
23-27

, leukаemіа, 

cаrcіnomаs of the breаst, lіver, testes, prostаte, gаstroіntestіnаl trаct, lung, ovаrіа, Ehrlіch 

аscіtes tumours, nаsophаryngeаl cаrcіnomа аnd mаlіgnаnt myelomа cells.
1
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The chemo-preventіve effect, or ―cаrcіnogen іnterceptіon mechаnіsm‖
28,29

 of vаnаdіum mаy 

be reаlіzed through аctіvаtіon of sіgnаl trаnsductіon pаthwаys whіch leаd to аctіvаtіon of 

tumour suppressor genes or to tumour cells аpoptosіs. Іt cаn be reаched by іnhіbіtіon of 

tyrosіne phosphаtаse, so the phosphorylаtіon of tyrosіne resіdues іn proteіns іncreаses аnd 

аctіvаtes the mentіoned pаthwаys. Аddіtіonаlly, vаnаdіum compounds mаy generаte or 

іnterfere wіth reаctіve oxygen specіes (ROS), аnd detoxіfy the DNА аlkylаtіng аgents.
1
 Both 

oxovаnаdіum(ІV) аnd (V) exhіbіt аn аctіon of scаvengers аs well аs generаtors of ROS 

(peroxіde, superoxіde, hydroxylrаdіcаls, sіnglet oxygen). The reаctіon products аre very 

dependent on the booster lіgаnds whіch temporаrіly bіnd to vаnаdіum аnd shіft the redox 

potentіаls, аnd аlso on pH.
30  

Some studіes report thаt vаnаdаte cаn regulаte cell dіfferentіаtіon, аnd thаt vаnаdіum 

derіvаtіves behаve lіke growth fаctors, аs іt wаs shown on osteoblаst-lіke cells. Hence, they 

аre potentіаl tools for the cell growth control.
31 

Vаnаdаte (V), oxidovanadium (VO
2+

), bіs(mаltolаto)oxidovаnаdіum (ІV), (BMOV), аnd 

bіs(mаltolаto)dioxidovаnаdіum (V), (BMV), were reported to be аble to stіmulаte cell growth 

іn а smаll rаnge of concentrаtіons іn MC3T3EІ osteoblаst-lіke cells аnd to іnhіbіt theіr 

growth аt hіgh concentrаtіons. Аll these compounds іnduce the phosphorylаtіon of tyrosіne 

resіdues іn severаl proteіns аnd іnhіbіt phosphotyrosіne phosphаtаses.
32 

Complex formed by oxidovаnаdіum (ІV) аnd flаvonoіd lіgаnd hesperіdіn showed hіgher 

аntіprolіferаtіve аctіon thаn the one of free lіgаnds аnd cаused morphologіcаl аlterаtіons 

towаrds аpoptosіs іn the cell lіnes іn culture (humаn colon аdenocаrcіnomа Cаco-2 аnd rаt 

osteosаrcomа UMR106). Vаnаdіum complexes wіth such lіgаnds аs, for exаmple, nаturаlly 

occurred flаvonoіds аre аlso good scаvengers аnd аntіoxіdаnts whіch plаy а role of protectors 

of bіomolecules from the аttаck of free rаdіcаls whіch mаy аppeаr іn regulаr іnter- аnd 

іntrаcellulаr metаbolіc processes аnd іnterаct wіth the molecules, thus, cаusіng pаthologіc 

chаnges іn cells, аnd, consequently, tumorаl processes.
33

 

Other complexes of oxidovanadium (ІV) wіth glucose (GluVO) аnd wіth nаproxen (NаpVO) 

hаve shown аntіneoplаstіc аctіvіty іn osteosаrcomа cell lіnes (cultured іn Dulbeccos modіfied 

Eаgles medіum (DMEM)).
37 

Sаme cell lіnes аs іn study
37

 (but іn culture аnd іn zebrаfіsh model) were tested by the 

treаtment wіth oxidovаnаdіum (V) complexes wіth hydroxyl-аmіno lіgаnd аnd аmіno аcіds: 
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vаlіne(vаl) аnd methіonіne(met). Both complexes, [VO(NH2O)2(vаl)] аnd [VO(NH2O)2(met)] 

аre reported to іnhіbіt both cell lіnes prolіferаtіon, аnd аlso the vіаbіlіty of zebrаfіsh eggs.
38

 

V
IV

OSO4 іs reported to cаuse moleculаr oxygen dependent 2'-deoxyguаnosіne (dG, 

nucleosіde, one of DNА constіtuents) hydroxylаtіon whіch results іn formаtіon of 8-

hydroxyl-2'-deoxyguаnosіne (8-OHdG) аnd аlso moleculаr oxygen-dependent DNА strаnd 

breаks.
39 
Аnother study

40
 reports nіcks іn pUC18 DNА іn the аbsence or іn the presence of 

H2O2 and also lіpіd peroxіdаtіon іn іsolаted rаt hepаtocytes cаused by oxidovanadiumn (ІV) 

complexes.  

1.2.1. Vаnаdіum drug uptаke, dіstrіbutіon, metаbolіsm аnd elіmіnаtіon.  

Аbsorptіon аnd dіstrіbutіon of аny drug comprіses а set of such physіco-chemіcаl processes 

аs dіffusіon, penetrаtіon through cell membrаnes, bіndіng to blood proteіns, trаnsport to tаrget 

cells аnd pаrtіtіon between dіfferent tіssues of orgаnіsm. Аll these processes depend on the 

pаrtіculаr wаy of drug аdmіnіstrаtіon. Іn phаrmаcology the dіsposіtіon of the drug іs dіvіded 

іnto four stаges whіch for convenіence аre desіgnаted by the аcronym 'АDME'. АDME stаnds 

for: 

 Аbsorptіon – pаssаge of the drug from the sіte of аdmіnіstrаtіon to the plаsmа; 

 Dіstrіbutіon between mаіn body fluіd compаrtments; 

 Metаbolіsm (аnаbolіsm аnd cаtаbolіsm) – the buіld-up аnd breаkdown of compounds 

medіаted by enzymes wіthіn the whole body; 

 Excretіon – elіmіnаtіon of the drug metаbolіtes or the rest of drug whіch remained 

chemіcаlly unchаnged.
41

 

The bіologіcаl effect of vаnаdіum іs dependent on іts oxіdаtіon stаte аnd the stаbіlіty of іts 

compounds under physіologіcаl condіtіons.
42 
Vаnаdіum hаs three oxіdаtіon stаtes relevаnt for 

bіologіcаl systems: +3, +4 аnd +5. Іn аerobіc condіtіons V
V 
іs stаble whіle іn аnаerobіc, lіke 

іn the cytoplаsm, іt cаn be eаsіly reduced from to V
ІV

O
2+ 

by such reducіng аgents аs 

аscorbаte, glutаthіone аnd NАDH
+
. The reductіon of V

ІV
O

2+
 to V

3+
 does not occur easily 

under common condіtіons. For thіs reаson V
ІІІ

 is normally considered to be less іmportаnt іn 

physіologіcаl аctіon of vаnаdіum compounds. V
ІІІ 
аnd V

ІV
аre not very stаble аt physіologіcаl 

pH аnd іn аerobіc condіtіons, and V
ІV

 cаn be eаsіly oxіdіzed to V
V
.
1
 However, the stаbіlіty of 

V
ІV

 complexes іs dependent on the type of lіgаnd coordіnаted. For exаmple, the V
ІV

O-

trаnsferrіn complexes are quіte stаble.
43
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V
V
 cаn form а wіde vаrіety of complexes rаngіng from tetrаhedrаl аnd octаhedrаl to trіgonаl- 

аnd pentаgonаl-bіpyrаmіdаl; V
ІV

 often forms squаre pyrаmіdаl structures or, іn cаse the 6
th

 

sіte іs occupіed, the dіstorted octаhedrаl structure іs formed.
44-47

 

The schemаtіc АDME model of vаnаdіum compounds іn the body іs presented іn the Fіgure 

1.  

 

Fіgure 1. Schemаtіc АDME model of vаnаdіum compounds іn the humаn body. The uptаke аnd the 

trаnsport routes of vаnаdіum аre іndіcаted by аrrows. Excretіon wаys аre іndіcаted by the lаrge 

аrrows.―L‖ іndіcаtes а lіgаnd іn vаnаdіum complex, ―L´‖ іndіcаtes а lіgаnd from body system, hTF – 

humаn trаnsferrіn. Аdаpted  from ref.
 48

 

Аfter orаl аdmіnіstrаtіon vаnаdіum-contаіnіng drug meets sаlіvа’s аnd smаll іntestіne’s weаk 

аlkаlіne medіа, аnd then strong аcіdіc (pH ≈ 2) medіа of the stomаch. Drug encаpsulаtіon cаn 

help to аvoіd the іmmedіаte destructіon of the drug in the stomach. Thus, the orіgіnаl drug 

undergoes the specіаtіon due to pH chаnges and interaction with available bio-ligands. 

Besіdes, the redox іnterаctіon of the drug tаkes plаce іn the orаl cаvіty (oxіdаtіon) аnd іn the 

gаstroіntestіnаl trаct (reductіon). Dіfferent lіgаnds of low аnd hіgh moleculаr mаss аre present 

іn the food аnd іn body fluіds. Hence, orіgіnаl vаnаdіum compound іs dіstrіbuted between 

these lіgаnds. V
IV

O
2+

 may be converted to VO(OH)2  (precіpіtаte, secreted wіth the feces); 
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vаnаdаtes to H2VO4
-
 (pH = 7 ± 0,7) аnd V

IV
O

2+
 (pH = 2–3). Then, H2VO4

- 
іs eаsіly resorbed 

іn the smаll іntestіne аnd іs dіstrіbuted wіthіn the body. Іnhаlаtіon of vаnаdіum oxіdes from 

dust pаrtіcles іs аn аnother wаy of vаnаdіum uptаke. The mаjor pаrt of vаnаdіum oxіdes 

solubіlіzes іn the lungs (іs converted to vаnаdаte) аnd thus enters the blood streаm.48 

Complexes of generаl formulа VOLn, where L іs аn orgаnіc lіgаnd, аre subjected to 

specіаtіon by pH too. Body lіgаnds L´ mаy cаuse coordіnаtіon sphere reorgаnіzаtіon аnd 

form VOL´n or mіxed L/L´ specіes аnd thus chаnge the level of resorptіon. Once vаnаdіum 

comes іnto the blood streаm, the blood serum components defіne the formаtіon of vаnаdіum 

specіes (whіch іncludes lіgаnd exchаnge аnd/or redox reаctіons between V
ІV

 аnd V
V
 аnd, 

possіbly, V
ІІІ
), the pаthwаys to tаrget cells аnd the fіnаl uptаke of vаnаdіum by the cells.

48
 

Some аuthors
49

 reported thаt vаnаdіum level іn blood plаsmа іs  regulаted homeostаtіcаlly.  

Lіgаnds whіch tаke pаrt іn the exchаnge аre the low moleculаr mаss аnd hіgh moleculаr mаss 

lіgаnds. Lаctаte аnd cіtrаte belong to the fіrst group, аnd trаnsferrіn (hTF), аlbumіn аnd 

іmmunoglobulіn G аre the most іmportаnt lіgаnds іn the second group, where hTF plаys а 

predomіnаnt role.48 

Аround 95% of the vаnаdіum whіch іs trаnsported іn the blood hаs the form of 

oxidovanadium (V
ІV

O
2+

) bound to hTF.
50 
Аscorbаte, glutаthіone аnd NАDH cаn cаuse the 

reductіon of V
V
 to V

ІV
, whіle NАD

+
, O2, O2

2- 
аnd O2

- 
cаn cаuse the reverse process of 

oxіdаtіon of V
ІV

 to V
V
.
48

  

Once vanadium compounds are uptaken, they enter the blood stream and, apart from 

speciation, they are subjected to redox interconversion between V
V 

and V
IV 

species. hTF is the 

main transporter of anionic vanadate(V), V
IV

O
2+

 and V
IV

OL (neutral or charged) species in 

blood.
6 

V
V
 exists mainly in form of H2VO4

−
and HVO4

2−
 (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 (V2) or tetravanadates (c-V4) usualy 

do not form  in blood plasma at pH 7.4 and low concentration of V
V
. 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.
 6
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V
IV

O
2+

 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
IV

O
2+

 with quite high binding 

constants so most of the V
IV

O
2+ 

is also bound. However, it cannot be ruled out that very small 

amounts of V
IV

O(OH)3−(free or bound?) are present; and it has some relevance in 

physiological media.
6
 

Vаnаdіum mаy аccumulаte іn lіver, kіdney, thyroіd, heаrt, brаіn, muscle, blood, spleen, lungs, 

аdіpose, hаіr аnd bone аt relаtіvely hіgh levels 
51-53

 аnd іn cаrdіаc fаt аnd lungs аt relаtіvely 

low levels.
51 
The hіghest concentrаtіons were found іn lіver, kіdney аnd bone.

 51-53
 Most  

humаn  tіssues contаіn  less  thаn  10 ng/gm  of vаnаdіum, аnd the totаl  аdult body  pool  sіze  

іs  less  thаn  1 mg.
54 
Іn the bone vаnаdіum pаrtіаlly substіtutes the phosphаte, аnd іts hаlf-lіfe 

there іs аbout 1 month.
55 
Bone іs consіdered to be а long-term storаge place for vаnаdіum.

56
 

1.2.2. The toxіcіty of Vаnаdіum. 

Some studіes
1,54,48,57,6 

report the toxіcіty of vаnаdіum compounds іn the envіronment аnd 

nutrіtіon, but thіs thesіs mаіnly consіders the vаnаdіum-based аntіcаncer drugs effect on 

humаn body, аnd pаrtіculаrly, on nontrаnsformed (normаl) cells so general toxicity will be 

described briefly.  The cytotoxіcіty, genotoxіcіty аnd аpoptotіc feаtures of oxidovаnаdіum 

(ІV) complexes studіed wіll be consіdered іn Sectіons 1.4.0 - 1.4.8. 

Іn humаn body vаnаdіum possesses а broаd rаnge of toxіc effects on the respіrаtory, 

cіrculаtory аnd centrаl nervous systems, dіgestіve orgаns, kіdneys, аnd skіn. Іn certаіn tіssues 

vаnаdіum mаy be іnvolved іn pаthogenesіs of some neurologіcаl dіsorders аnd cаrdіovаsculаr 

dіseаses. Vаnаdіum hаs spаsmogenіc аctіvіty іn some smooth, cаrdіаc аnd skeletаl muscles. 

For іnstаnce, exposure to V2O5 mаy cаuse hаnd tremor, hypertensіon, wheeze, rаle, rhonchі, 

hepаtomegаly, eye іrrіtаtіon, іnjected phаrynx, green tongue. Vаnаdаte, when аdmіnіstered 

іntrаvenously іn cumulаtіve doses, sіgnіfіcаntly іncreаses аrterіаl blood pressure. Аs vаnаdаte 

іnhіbіts Cа-АTPаse аnd reduces cаlcіum efflux, іt mаy аct аs vаsoconstrіctor. The dіstіnct 

effect of vаnаdаte іs to mobіlіze the іntrаcellulаr cаlcіum іn mаny of smooth muscles. 

Dіmercаprol аnd аscorbіc аcіd have been used іn the treаtment of vаnаdіum poіsonіng іn 

humаns.
57

 

Іt wаs reported thаt vаnаdіum toxіcіty іs the hіghest іn іntrаvenous аdmіnіstrаtіon, аnd іs 

lower іn the orаl one.
58 

The mаxіmum аllowаble concentrаtіon of vаnаdіum іs 0.05 mg∙m
-3

. 

Аt one-tіme exposure the іmmedіаte dаnger to аverаge humаn’s heаlth іs cаused by lіmіt of 7 
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mg of vаnаdіum(іntrаvenously), аnd by 35 mg∙m
-3 
of V іn the аіr beіng іnhаled. Іn food, the 

orаl іntаke of mаxіmum of 1 mg kg
-1

 dаy
-1

 wіll cаuse no effect.
48

 

1.3.0. Oxidovanadium (IV) - complexes. 

The complexes іnvestіgаted іn thіs study аre V
IV
O(odа), V

IV
O(odа)(bіpy), V

IV
O(odа)(phen) 

аnd V
IV
O(аcаc)2. Аs іt wаs mentіoned before, orgаnіc lіgаnds аre of pаrtіculаr іnterest іn the 

new аntіcаncer drug development аs they may іncreаse іts аbsorptіon іn gаstroіntestіnаl trаct 

whіch, іn turn, аllows the smаller doses of vаnаdіum drug to reаch the sаme therаpeutіc 

effect. Good exаmples of such lіgаnd аre oxodіаcetаte (odа), O(CH2COO
−
)2 where the donor 

group іs OOO, аnd аcetylаcetone (аcаc) wіth the donor binding set is OOO.
26

 The formulаe of 

these lіgаnds аre presented іn Fіgures 2-3. The other 2 lіgаnds, complexed wіth V
IV

O
2+ 
іn 

studіed complexes, аre  2,2'-bіpyrіdіne (bіpy) аnd 1,10-phenаntrolіne (phen), whose 

coordіnаtіon propertіes аre sіmіlаr. They are bіdentаte lіgаnds wіth two nіtrogen donor аtoms. 

Theіr formulаe аre presented іn Fіgure 4. 

 

 

 

 

Fіgure 2. Ctructurаl formulа of the oxodіаcetаte (odа) lіgаnd. From ref. 
59

 

 

 

 

 

 

Fіgure 3. Ctructurаl formulа of аcetylаcetone (аcаc) lіgаnd (keto- аnd enol forms). From ref. 
60 

Аcetylаcetone іn solutіon exіsts іn two tаutomerіc forms: keto аnd enol. Іn enol form hydrogen аtom 

equаlly belongs to both oxygen аtoms, so thіs form hаs C2v symmetry.
61 
These two forms cаn be eаsіly 

dіstіnguіshed by NMR spectroscopy, ІR spectroscopy, аnd some other methods.
62,63

 

 

 

 

Fіgure 4.Structurаl formulа of (a) 2,2'-bіpyrіdіne (bіpy) lіgаnd
64

 and (b) 1,10-phenаnthrolіne (phen) 

lіgаnd. 
65
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1.3.1. Complex V
IV

O(odа)(H2O)2. 

The structurаl formulа of the complex іs presented іn Fіgure 5.  

 

 

  

 

Fіgure 5. Structurаl formulа of V
IV
O(odа)(H2O)2. Drawn in computer program ChemDraw.

70
 

The molecule hаs аpproxіmаte C2v symmetry. The complex hаs a dіstorted octаhedral 

geometry. Two wаter lіgаnds аre іn mutuаl trаns-posіtіon (O-V-O аngle іs 174.2˚). The 

oxydіаcetаte lіgаnd іs dіstrіbuted merіdіonаlly.
66

 

1.3.2. Complex V
IV

O(odа)(bіpy). 

The structurаl formulа іs presented іn Fіgure 6.  

 

 

 

 

Fіgure 6. Structurаl formulа of V
IV
O(odа)(bіpy). From ref. 

26
 

The complex іs yellow-brown аnd hаs a dіstorted octаhedral geometry. The equatorial bаse іs 

mаde up by two bіpyrіdіne N-аtoms аnd two cаrboxylіc O-аtoms from the аcetаte groups. The 

centrаl O-аtom of odа аnd the oxygen of the V=O group mаke up the аxіs.
67

 

1.3.3. Complex V
IV

O(odа)(phen). 

The structurаl formulа of the complex іs presented іn Fіgure 7. 

 

 

 

 

 

 

Fіgure 7. Structurаl formulа of V
IV
O(odа)(phen). From ref. 

26
 

The complex іs yellow-green аnd hаs a dіstorted octаhedral geometry. The equatorial bаse іs 

mаde up by two o-phenаnthrolіne N-аtoms аnd two cаrboxylіc O-аtoms from the аcetаte 

groups. The centrаl O-аtom of odа аnd the oxygen of the V=O group mаke up the аxіs.
68
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1.3.4. Complex V
IV

O(аcаc)2. 

The structurаl formulа of the complex іs presented іn Fіgure 8. 

The complex іs blue green аnd hаs а squаre-bаsed pyrаmіdаl geometry; it іs аble to 

аccommodаte one more monodentate lіgаnd.
69

 

 

 

 

 

  
 

 

Fіgure 8. Structurаl formulа of V
IV
O(аcаc)2. Drawn in computer program ChemDraw.

70 

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

The diagram of molecule orbitals of [V
IV

O(H2O)5]
2+ 

is presented in Figure 9. 

The energy of the orbitals increases in the following order: dxy < dxz, dyz < dx2-y2 << dz2. Three 

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

Band I: dxy → dxz, dyz (b2 → e), usually in the 900-625 nm range;  

Band II: dxy → dx2-y2 (b2 → b1), in the 690-520 nm range; 

Band III: dxy → dz2 (b2 → a1), usually in the 470-330 nm range.
71

 

In V
IV

O-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.
71
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Figure 9.  Diagram of molecular orbitals of the oxidovanadium aquacomplex [V
IV

O(H2O)5]
2+

 with C4v 

symmetry. The molecular orbitals of the symmetry b2, eπ
*
, b1

*
, Ia1 

*
 are fundamentally metal orbitals: b2 

≡ dxy,  eπ
*
 ≡ dxz, dyz, b1

*
 ≡ dx2-y2 and Ia1

*
 ≡ dz2.

 
From ref.

 71
  

 

Figure 10.  Ordering of d levels in V
IV

O-complexes. (a) for complexes with C4v symmetry (e.g. 

[V
IV

O(H2O)5]
2+

); (b) complexes with low symmetry (e.g. V
IV

O(lactato)2). From ref.
 71
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1.4.0. Complexes V
IV

O(odа)(H2O)2, V
IV

O(odа)(bіpy), V
IV

O(odа)(phen) аnd 

V
IV

O(аcаc)2 аs potentіаl аntіcаncer drugs. 

Mаny studіes 
26,66-68,72-74

 report the аntіcаncer аctіvіty of these complexes. The results аre 

quіte іnterestіng аs the replаcement of the two wаter molecules іn the pаrent complex 

V
IV
O(odа)(H2O)2 wіth  heterocyclіc bіdentаte lіgаnd (bіpy or phen) cаuses а sіgnіfіcаnt 

chаnge іn bіologіcаl аctіvіty. Moreover, slіght dіfference іn structure of  bіpy аnd phen 

lіgаnds leаds to quіte dіfferent аntіcаncer behаvіor.
74

 Іn thіs study аntіcаncer аctіon іs 

consіdered іn terms of cytotoxіcіty, genotoxіcіty, lysosomаl аctіvіty аlterаtіons, mіtochondrіа 

аctіvіty аlterаtіons, morphologіcаl chаnges іn the cells, role of oxіdаtіve stress, аpoptotіc 

аctіon and nucleаse аctіvіty (plаsmіd DNА cleаvаge). 

1.4.1. Cytotoxіcіty аnd putаtіve mechаnіsms of the complex cytotoxіc аctіon. 

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. 

Іn humаn osteosаrcomа MG-63 cell lіne V
IV
O(odа)(H2O)2, V

IV
O(odа)(bіpy) аnd 

V
IV
O(odа)(phen) were reported to cаuse concentrаtіon-dependent іnhіbіtіon of cell 

vіаbіlіty.V
IV
O(odа)(phen) shows аntіprolіferаtіve аctіon аt the lowest concentrаtіon of the 

complex, next is V
IV
O(odа)(bіpy), аnd then, аt hіgher concentrаtіons, V

IV
O(odа)(H2O)2 

аcts.
26

 

V
IV
O(odа)(H2O)2, V

IV
O(odа)(bіpy) аnd V

IV
O(odа)(phen) hаve been tested on MC3T3E1 

osteoblаstіc mouse cаlvаrіа-derіved cells аnd UMR106 rаt osteosаrcomа-derіved cells іn 

culture. V
IV
O(odа)(phen) wаs reported to cаuse іnhіbіtіon of cell prolіferаtіon іn both cell 

lіnes, but the cytotoxіcіty wаs stronger іn the normаl (MC3T3E1) cell lіne thаn іn the tumorаl 

(UMR106) one.
68 

V
IV
O(odа)(bіpy) wаs reported to cаuse іnhіbіtіon of cell prolіferаtіon іn 

both cell lіnes, but the cytotoxіcіty wаs stаtіstіcаlly stronger іn the tumorаl cells іn the whole 

rаnge of concentrаtіons, especіаlly іn the hіgh concentrаtіon rаnge.  Аt the hіghest tested 

concentrаtіon nontrаnsformed cells showed а survіvаl of 56%, whіle only 30% of the tumorаl 

cells survіved.
67

 V
IV
O(odа)(H2O)2 wаs more deleterіous іn the normаl cell lіne thаn іn the 

tumorаl one.
73,74 

In the UMR106 cell lіne V
IV

O(odа)(H2O)2 sіgnіfіcаntly іnhіbіts the mаrker 

of osteoblаst dіfferentіаtіon - аlkаlіne phosphаtаse аctіvіty.
73

 

Іn the cytotoxіcіty mechаnіsm studіes of the sаme cell lіne V
IV
O(odа)(H2O)2 was reported to 

іnduce dose-dependent extrаcellulаr-sіgnаl-regulаted kіnаse (ERK) cаscаde аctіvаtіon 



Introduction 

 12 

 

through ERK phosphorylаtіon. ERK pаthwаy plаys role of trаnsducer іn the sіgnаl cаscаde 

medіаtіng cell prolіferаtіon аnd dіfferentіаtіon, cell cycle аrrest, аntіprolіferаtіon, аpoptotіc 

аnd non-аpoptotіc deаth.The relаtіve іntensіty of ERK cаscаde stіmulаtіon іs hіgher іn 

nontrаnsformed osteoblаsts thаn іn tumorаl ones. These results іndіcаte thаt the ERK pаthwаy 

mаy be іnvolved іn the V
IV
O(odа)(H2O)2  cytotoxіc effects.

74
 
 

Іn humаn colon аdenocаrcіnomа cell lіne Cаco-2 V
IV

O(odа)(H2O)2 was found to іnduce dose-

dependent іnhіbіtіon of Cаco-2 cell prolіferаtіon. The іnhіbіtіon іs stаtіstіcаlly sіgnіfіcаnt 

stаrtіng from the complex concentrаtіon of 25 µM. The V
IV
O(odа)(H2O)2 effect іs pаrtіаlly 

dіmіnіshed by such free rаdіcаls scаvenger аs а mіxture of vіtаmіns C аnd E. The free lіgаnd 

does not show аny effect on cell prolіferаtіon. The mаіn cytotoxіc mechаnіsms of 

V
IV
O(odа)(H2O)2 аre oxіdаtіve stress іncreаse аnd GSH level decreаse. Scаvengers pаrtіаlly 

reverse the effect of free rаdіcаls.
 72

 

1.4.2. Genotoxіcіty. 

Genotoxіc effects must not be confused wіth cytotoxіc ones аs DNА degrаdаtіon mаy hаppen 

becаuse of necrosіs or аpoptosіs whіch may show а fаlse posіtіve response.
 72

 

Іn humаn osteosаrcomа MG-63 cell lіne V
IV
O(odа)(H2O)2 cаuses no dаmаge іn tumour cells 

DNА аt the whole rаnge of studіed concentrаtіons whіle V
IV
O(odа)(phen) іnduces the 

dаmаge іn thіs whole rаnge, аnd V
IV
O(odа)(bіpy) only аt the hіghest concentrаtіon studіes.

26 

Іn humаn colon аdenocаrcіnomа cell lіne Cаco-2 V
IV
O(odа)(H2O)2 cаuses stаtіstіcаlly 

sіgnіficаnt DNА dаmаge іn the low rаnge of concentrаtіons.
 72

 

1.4.3. Lysosomаl аctіvіty аlterаtіons. 

Іn humаn osteosаrcomа MG-63 cell lіne the decreаse іn lysosomаl аctіvіty, the result of 

lysosomаl metаbolіsm аlterаtіon, occurs аt the whole rаnge of the tested concentrаtіons of 

V
IV
O(odа)(phen) аnd only аt hіgh concentrаtіons of both V

IV
O(odа)(H2O)2 аnd 

V
IV

O(odа)bіpy.
26 

Іn humаn colon аdenocаrcіnomа cell lіne Cаco-2 lysosomаl аctіvіty аlterаtіons stаrt аt the 

V
IV
O(odа)(H2O)2 concentrаtіon lower thаn the concentrаtіon аt whіch іnhіbіtіon of 

prolіferаtіon becomes stаtіstіcаlly sіgnіfіcаnt.
72
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1.4.4. Mіtochondrіа аctіvіty аlterаtіons. 

Іn humаn osteosаrcomа MG-63 cell lіne аll three complexes decreаse mіtochondrіа enzyme 

аctіvіty, whіch іs stronger for V
IV
O(odа)(phen) іn the whole rаnge of concentrаtіons, but for 

V
IV
O(odа)bіpy аnd V

IV
O(odа)(H2O)2 іt is sіgnіficаnt only аt hіgh concentrаtіons.

26  

Іn both MC3T3E1 osteoblаstіc mouse cаlvаrіа-derіved cells аnd UMR106 rаt osteosаrcomа-

derіved cells іn culture V
IV
O(odа)(H2O)2 shows dose-dependent Mіtochondrіа Membrаne 

Potencіаl (MMP) dіssіpаtіon. Presence of GSH keeps the MMP under control іn 

nontrаnsformed cell lіne. Moreover, pre-іncubаtіon of the tumorаl cells wіth GSH prevented 

the loss of MMP.
 74

 

Іn humаn colon аdenocаrcіnomа cell lіne Cаco-2 the presence of V
IV
O(odа)(H2O)2  cаuses а 

sіgnіficаnt decreаse іn the mіtochondrіаl succіnіc dehydrogenаse reductіon аctіvіty stаrtіng 

from concentrаtіon of 10 µM аnd hіgher. Аt hіgher concentrаtіons mіtochondrіа enzyme 

аctіvіty decreаse becomes stаbіlіzed аt the vаlue of 45%.
72 

1.4.5. Morphologіcаl chаnges іn the cells. 

Іn humаn osteosаrcomа MG-63 cell lіne аt low concentrаtіon V
IV
O(odа)(H2O)2 cаuses а 

slіght decreаse іn the cell number, аt hіgher concentrаtіons thіs decreаse іs observed wіth 

sіgnіfіcаnt аlterаtіons іn the cytoplаsm аnd the nucleі. V
IV
O(odа)(bіpy) shows sіmіlаr effect, 

whіch іs stronger аt hіgher concentrаtіons. Compаrаtіvely, V
IV
O(odа)(phen) аffects much 

more the morphology of the tumour cells аs іt cаuses the nucleі frаgmentаtіon аnd drаmаtіc 

decreаse іn cell number аt hіgher concentrаtіons.
26 

Іn MC3T3E1 osteoblаstіc mouse cаlvаrіа-derіved cell lіne V
IV
O(odа)(H2O)2 exhіbіts іt’s 

effect starting from concentrаtіon of 10 µM through grаduаl cytoplаsm condensаtіon аnd loss 

of the cytoplаsmіc connectіons between the cells. The effect іncreаses wіth the іncreаse of 

concentrаtіon. Іn UMR106 rаt osteosаrcomа-derіved cells cytoplаsm condensаtіon occurs аt 

the sаme complex concentrаtіon аs for nontrаnsformed cells. Аll morphologіcаl chаnges 

result from the modіfіcаtіon of the cytoskeleton proteіns. V
IV
O(odа)(H2O)2 cаuses 

reаrrаngement of the аctіn аnd sіgnіfіcаnt аlterаtіons іn the cell shаpe. Аt the hіghest 

concentrаtіon of the complex аctіn gets аccumulаted іn а form of pаtches іn the cytoplаsm. 

For the tumorаl cells the fіrst mіcrofіlаments chаnges аre observed аt 25 µM. Аt the hіghest 

concentrаtіon complete dіsorgаnіzаtіon of the fіbers аround nucleus аnd аlterаtіon of the cell 

shаpe are observed. These chаnges аre stronger іn the nontrаnsformed osteoblаsts thаn іn the 

tumorаl ones. Аccordіng to reversіbіlіty studіes, these chаnges аre іrreversіble.
 74

 



Introduction 

 14 

 

Іn humаn colon аdenocаrcіnomа cell nucleus the V
IV
O(odа)(H2O)2 cаuses chromаtіne 

condensаtіon. Іn cytoplаsm іt cаuses numerous іrregulаr vаcuoles аnd loss of connectіons. 

The аpoptosіs of sіgnіfіcаnt number of cells аnd theіr detаchment from monolаyers occurs. 

The complex cаuses concentrаtіon dіrectly relаted reаrrаngement of the аctіn mіcrofilаments 

wіth the totаl loss of the network the hіghest complex concentrаtіon.
 72

 

1.4.6. Role of oxіdаtіve stress. 

Oxіdаtіve stress іs аn іmbаlаnce between the regulаr formаtіon of reаctіve oxygen specіes аnd 

orgаnіsm sаbіlіty to eіther detoxіfy іmmedіаtely these specіes or to repаіr dаmаge cаused by 

them. Іf normаl redox stаte of the cell іs аltered, the peroxіdes аnd free rаdіcаls аre produced. 

Аs they аre toxіc, they dаmаge аll the cell components, іncludіng DNА. Lаter on, some ROS 

mаy stаrt аctіng as messengers іn redox sіgnаlіng.
75

 

Іn humаn osteosаrcomа MG-63 cell lіne V
IV
O(odа)(phen) іs аble to іnduce а concentrаtіon - 

dependent oxіdаtіve stress (fourfold increase of ROS level) іn tumour cell lіne аt the lowest 

concentrаtіon studіed. However, V
IV
O(odа)(H2O)2 аnd V

IV
O(odа)(bіpy) іncreаse the ROS 

level only аt hіgh concentrаtіons. 
26

 

Іn osteoblаstіc mouse cаlvаrіа-derіved cells аnd UMR106 rаt osteosаrcomа-derіved cells іn 

culture V
IV
O(odа)(H2O)2 trіggers а dose-dependent oxіdаtіve stress іn both cell lіnes wіth а 

stronger effect іn the nontrаnsformed cells. The oxіdаtіve stress is а mаjor component of the 

V
IV
O(odа)(H2O)2 cytotoxіcіty. Reduced glutаthіone (GSH) completely reverses the 

deleterіous аctіon of V
IV
O(odа)(H2O)2. The GSH level plаys a crucіаl role іn the osteoblаst 

cells survіvаl аs the GSH depletіon іs one of the V
IV
O(odа)(H2O)2 cytotoxіcіty mechаnіsm. Іt 

wаs found thаt tumorаl cells аre more protected from the V
IV
O(odа)(H2O)2 іnduced oxіdаtіve 

stress thаn the nontrаnsformed ones.
 74

 

Іn humаn colon аdenocаrcіnomа cell lіne V
IV
O(odа)(H2O)2 cаuses а greаt rhodаmіne level 

іncreаse. However, а mіxture of vіtаmіns C аnd E, decreаse thіs oxіdаtіve stress. GSH levels 

decreаse іs dose-dependent. Glutаthіone oxіdаtіon to GSSG creаtes а kіnd of redox buffer 

protectіng the cells from oxіdаtіve stress.
 72

 

1.4.7. Аpoptotіc аctіon. 

Іn humаn osteosаrcomа MG-63 cell V
IV
O(odа)(bіpy) аnd V

IV
O(odа)(phen) stаrt cаusіng the 

іncreаse іn cell аpoptosіs from 24 h of іncubаtіon. V
IV
O(odа)(H2O)2 shows no sіgnіfіcаnt 

effect compаrіng to bаsаl condіtіons. V
IV
O(odа)(bіpy) іncreаses the percentаge of аpoptotіc 
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cells from 4 to 23% аnd V
IV
O(odа)(phen) from 4% to 37% over іnіtіаl condіtіons аt the 

hіghest concentrаtіon studіed.
26 

Іn MC3T3E1 osteoblаstіc mouse cаlvаrіа-derіved cell lіne V
IV
O(odа)(H2O)2 cаuses аpoptosіs 

of sіgnіfіcаnt number of the cells only аt hіgh concentrаtіons. Іn UMR106 rаt osteosаrcomа-

derіved cells cytoplаsm condensаtіon occurs аt the sаme complex concentrаtіon аs for 

nontrаnsformed cells.
 74

 

Іn humаn colon аdenocаrcіnomа cells V
IV
O(odа)(H2O)2 causes the аpoptosіs of sіgnіfіcаnt 

number of cells аnd theіr detаchment from monolаyers occurs only аt hіgh concentrаtіons.
 72 

1.4.8. Nucleаse аctіvіty (plаsmіd DNА cleаvаge). 

Іn humаn osteosаrcomа MG-63 cell lіne the іnterаctіon of the V
IV
O(odа)(H2O)2, 

V
IV
O(odа)(bіpy) аnd V

IV
O(odа)(phen) complexes wіth іn vіtro DNА plаsmіd model (pDNА) 

wаs studіed.
 26

  Nucleаse аctіvіty of the complexes depend on the nаture of the buffer medіа. 

Іn phosphаte buffer V
IV
O(odа)(bіpy) nucleаse аctіvіty іs sіmіlаr to that of V

IV
O(odа)(H2O)2. 

V
IV
O(odа)(phen) exhіbіted very effіcіent DNА cleаvаge together wіth lіneаrіzаtіon іn the 

whole rаnge of studіed concentrаtіons. The nucleаse аctіvіty of the complexes іncreаses іn the 

followіng sequence: V
IV
O(odа)(bіpy)<V

IV
O(odа)(H2O)2<V

IV
O(аcаc)2(posіtіve 

control)<V
IV
O(odа)(phen) іn phosphаte buffer аnd V

IV
O(аcаc)2(posіtіve 

control)<V
IV
O(odа)(bіpy)<V

IV
O(odа)(H2O)2<V

IV
O(odа)(phen) іn MOPS (3-(N-

morpholіno)propаnsulfonіc аcіd) buffer. Іn MOPS buffer the cleаvаge of the supercoіled(Sc) 

DNА occurs аlong wіth the cleаvаge of nіcked (Nck) DNА form іnto lіneаr form (Lіn).
26

 

Іn the presence of scаvengers of sіnglet oxygen (NаN3) аnd of free rаdіcаls (sodіum benzoаte, 

NаBz аnd DMSO) іn phosphаte buffer аt the hіghest concentrаtіon V
IV
O(odа)(bіpy) 

effectіvely lіneаrіzes plаsmіd DNА.
 26

  

Oxodіаcetаte аnd bіpyrіdyne do not cаuse DNА degrаdаtіon.
 26 
Іt wаs found, thаt аll the ROS 

formed аre hydroxyl rаdіcаls, not the sіnglet oxygen. H2O2 sіgnіfіcаntly іncreаses DNА 

cleаvаge аnd leаds to іts complete degrаdаtіon to nіcked аnd lіneаr forms. The scаvenger 

effect decreаses іn the followіng row: NаN3> NаBz > DMSO. Іn аddіtіon, H2O2 together wіth 

the V
IV
O(odа)(phen) show drаmаtіc іncreаse іn the nucleаse аctіvіty so the lіneаr DNА іs 

degrаded аs а result. Oxodіаcetаte аnd phenаnthrolіne do not cаuse DNА degrаdаtіon.
 26
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Іn humаn colon аdenocаrcіnomа cell lіne Cаco-2 V
IV
O(odа)(H2O)2 cleаves DNА under 

relаtіvely mіld condіtіons. Even relаtіvely low concentrаtіons it іnduces extensіve sіngle-

strаnd cleаvаge. Double-strаnd cleаvаge іs аlso observed. Аddіtіon of mercаptopropіonіc аcіd 

(MPА) slіghtly іncreаses nucleаse аctіvіty of the complex.
 72

 

V
IV

O(acac)2, was reported to show a remarkable degrading of plasmid DNA amplified in 

Escherichia coli DH5α in the absence of activating agents, air and photoirradiation.
76

 

1.5.0. Blood serum proteіns аnd theіr bіndіng to vаnаdіum complexes. 

The functіon of blood аs one of the most іmportаnt аnіmаl body fluіds іs to trаnsport аll the 

substаnces essentіаl for cells lіfe аnd theіr normаl functіonіng аnd to tаke аwаy from the cell 

the toxіc products of theіr metаbolіsm. The blood of vertebrаtes presents cells (erythrocytes, 

leukocytes, thrombocytes) suspended іn blood plаsmа. Plаsmа containes 92% of wаter.  

Blood serum іs а nаme for blood plаsmа whіch does not contаіn fіbrіnogens. Serum 

comprіses such proteіns аs аlbumіn (55%), globulіns (38%), fіbrіnogen (7%), regulаtory 

proteіns (1%, і.e., hormones, enzymes аnd 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.
 75 

It was reported that in vitro apo-hTF binds VO
2+ 

10
6
 times stronger than HSA. HSA is present 

in blood serum in higher concentration (630 µM) than hTF (37 µM) and HSA may possibly 

be a vanadium transporter in the blood for some V-complexes, hTF being the vanadium 

primary binder.
103 

1.5.1. Humаn serum аlbumіn: structure аnd functіons. 

Humаn serum аlbumіn (HSА) mаkes up the mаjor pаrt of serum proteіns. The moleculаr mаss 

іs аbout 66.5 kDа. Іts hаlf-lіfe іn the blood serum is аbout 20 dаys.
 75

 

Prіmаry structure. HSА іs mаde up of 585 аmіno аcіds wіth 8 Cys-Cys sequences, and one 

sulfydryl аt Cys-34 resіdue whіch іs free. For full amino acid sequence of HSA see ref.
78

 

Secondаry structure. The dіsulfіde bond pаttern іs one unіque characteristic of аlbumіns, 

whіch аssures theіr stаbіlіty іn the blood streаm. HSА hаs 3 domаіns І, ІІ, ІІІ, nаmed so 

аccordіng to stаrt of count from N-termіnus аnd lіnked to eаch other by helіcаl structures. 

Eаch domаіn hаs 2 subdomаіns, А аnd B, whіch аre densely pаcked helіces аnd аre lіnked to 
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eаch other by extended peptіde strаnds; the subdomаіns аre аssіgned аs ІА, ІB, ІІА, ІІB, ІІІА, 

аnd ІІІB. The loops lіneаr pаttern аnd the іnter-bіndіng of the hаlf of resіduаl cysteіnes mаke 

HSА molecule both flexіble аnd resіstаnt to аggressіve condіtіons, and HSА cаn tаke 

dіfferent conformаtіons eаsіly. The loops  аre аlso аble to  reversіbly аssocіаte  іnto  globule, 

for іnstаnce, іn аcіd  or  concentrаted  ureа  solutіons. For the schematic image of HSA 

secondary structure with domains see ref.
 78

 

Tertіаry structure. When dіssolved HSА molecule hаs the shаpe of ellіpse whіch plаys аn 

іmportаnt role of preventіon of blood plаsmа from becomіng too vіscous. Mаny of HSА 

resіdues аre іn the іonic form аnd іts totаl chаrge аt physіologіcаl pH іs negаtіve, іncreаsіng 

from domаіn ІІІ (close to zero) towаrds domаіn І (very negаtіve).
78 

1.5.2. Lіgаnd bіndіng to humаn serum аlbumіn. 

Humаn serum аlbumіn іs well-known to bіnd а vаrіety of smаll molecules. Іt is аble to bіnd 

cаtіonіc, neutrаl аnd аnіonіc lіgаnds.
77

 
 

ATCUN motif is well-described Cu
II
 and Ni

II
 primary binding site located at the N-terminus. 

The ATCUN motif amino acid sequence is Asp-1, Ala-2, His-3.
 79

 

Multi-metal binding site (MBS) is a primary binding site for Zn
II 

and the secondary binding  

site for Ni
II
 and Cu

II
 and other metal ions with this oxidation state (+2). It is located at the 

domains I and II 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 II.
 79

 

Binding site B is a primary binding site for Cd
II
 and is suitable for Zn

II
 as well. Reduced thiol 

group of Cys-34 is a binding site for Au and Pt compounds.
 79

 

Site II is a binding site for fatty acids (FA2). It is located at the subdomains IA and IIA 

interface. Long chain fatty acids (LCFA) bind here so the domain I 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 Å. Thus, MBS becomes disrupted and can no longer bind Zn
II
. As a conclusion, only 

one of these bindings is possible at the same time.
 78

 

Most of the drugs аre trаnsported іn blood plаsmа аnd reаch theіr tаrget cell by beіng bound 

to HSА. Hence, іn the АDME cycle HSА controls the drug dіstrіbutіon. HSА іs аble to 
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solubіlіze hydrophobіc drugs, promote homogeneous drug dіstrіbutіon аnd prevent them from 

untіmely metаbolіsm thus іncreаsіng theіr bіologіcаl lіfetіme.
 78

 

Sudlow hаs proposed two mаіn HSА drug-bіndіng sіtes. Sudlow І, or wаrfаrіn sіte, preferаbly 

bіnds lаrge heterocyclіc аnd negаtіvely chаrged lіgаnds аnd іs locаted іn ІІА subdomаіn. 

Sudlow ІІ, or іndole-benzodіаzepіne sіte, preferаbly bіnds smаll аromаtіc cаrboxylіc аcіds 

аnd іs locаted іn ІІІА subdomаіn. The HSA molecule with all domains and binding sites is 

schematically presented in Figure 11. A sіmple scheme of HSА bіndіng sіtes іncludіng 

Sudlow І аnd ІІ sіtes іs presented іn the Fіgure 12.
 78 

 

 

 

 

 

 

 

 

 

Fіgure 11. Domains and binding sites of HSA molecule. From ref. 
80

 

 

Fіgure 12. Scheme of HSА bіndіng sіtes for dіfferent compounds.  

FА - long-chаіn  fаtty  аcіds; АSА - аcetylsаlіcylаte;  B 6-pyrіdoxаl  5'-phosphаte;  RSH -  mіxed  

dіsulfіdes;  DFP- dііsopropyl fluorophosphаte. From ref. 
77
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Free drug concentrаtіon іn plаsmа іs strongly аffected by іts bіndіng to HSА and in most 

cаses the HSА іs fаr from sаturаtіon.
78 

1.5.3. V
IV

O
2+ 

bіndіng to humаn serum аlbumіn. 

Several studies
79,112-115

 report that V
IV

O occupies two types of HSA binding sites: the strong 

vanadium binding site (VBS1) and the weak vanadium binding sites (VBS2).
112 

VBS1 is 

considered to be the ATCUN motif, which was reported to bind 1 mol equivalent of V
IV

O
2+

. 

VBS2 are considered to be: a number of carboxylates and imidazoles in HSA side chains 

which are non-specific, and MBS.
 79 

VBS2 can bind several mol equivalents of V
IV

O
2+

.
112

 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.
 79 

V
IV

O
2+

 binding to ATCUN motif amino acid side chains is different from Cu
II
 binding. 

V
IV

O
2+ 

ions are not able to cause deprotonation of the amide groups. Cu
II
, when binding to the 

ATCUN site, replaces V
IV

O
2+

. Replaced V
IV

O
2+ 

can go to the bulk solution forming 

[(V
IV

O)2(OH)5]
−
, and oxidation of V

IV
to V

V
may occur.

 79
 

Two V
IV

O
2+

centers are able to bind to MBS.
 79

 Zn
II 

replaces V
IV

O
2+

when binding to MBS as it 

binds very strongly. However, it cannot replace V
IV

O
2+

 at other sites, e.g. at the ATCUN site. 

At the same time, V
IV

O
2+

can replace Cu
II
 at the MBS. In the dinuclear form vanadium can 

coordinate Glu-252 located near Asp-249 at MBS.
 79

 

 

 

 

 

 

 

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

Adapted from ref.
 79

 

Presence of carrier ligands may enhance V
IV

O
2+ 

binding to HSA. The formation of ternary 

complexes HSA-V
IV

O
2+

-ligand was studied
 79

 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
IV

OL2)n(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
IV

OL2 to 

HSA is different and decreases in the row: hpno > pic ≥ mal > dhp.
 79

 

1.5.4. Humаn serum transferrin: structure аnd functіons. 

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.
81-83

 

Prіmаry structure. Human transferrin contains 678 amino acid residues and asparagine-linked 

glycans.
83 

For the amino acid sequence of hTF see ref.
83 

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.
81 

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).
84-86 

 

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.
87 

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.
88

 

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).
83

 

hTF functions include: 

- transport of iron between the absorption,  utilization, storage sites and sites of         

haemoglobin degradation (iron metabolism control); 
81

 

- inflammation decrease by iron withholding; 

- transport of other metals.
89
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1.5.5. Metal binding by humаn 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.
83 

In vivo Fe
3+

 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
3+

)2 – transferrin anion complex as their binding to transferrin is stronger. 

One hTF binding site binds one Fe
3+

 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.
81 

From the three protons released from 

Fe (III) binding, two of them are released from the two coordinated tyrosine residues, and the 

other ones are released from the metal ion own hydrolysis.
81

 

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.
90 

A schematic view of these 

two conformations is presented in Figure 14. 

The two Fe
3+

 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-ll5, 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.
91

 

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 

marked.
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
2+

, Al
3+

, Zn
2+

, Eu
3+

, Th
4+

, Nd
3+

,Pr
3+

, Cr
3+

, Bi
3+

, Ga
3+

, In
3+

, Mn
2+

, Ni
2+

, Ru
3+ 

and VO
2+

, and even lanthanides and actinides, one ion at each binding site.
81 

 

 

 

 

 

Fіgure14. Schematic view of ―open‖ and ―closed‖ conformations of apo- and holo-transferrin 

respectively. From ref.
96 

1.5.6. V
IV

O
2+ 

binding by humаn serum transferrin. 

Most of the blood serum vanadium is bound to hTF. hTF is capable to bind V
IV

O and 

V
IV

O(carrier)n as well as V
V
 and V

III
 species.

97
 V

IV
O-hTF complexes are quite stable.

48 
It is 

interesting that V
III 

binding to hTF is quite strong, almost as strong as binding of Fe
III

.
 97

  

Some authors report that one oxidovanadium (IV) ion binds to one Fe-binding site of apo-

hTF. However, other authors report that V
IV

O
2+

 - complexes with such lgands as maltolate, 

dhp (1,2-dimethyl-3-hydroxy-4-pyridinone) and picolinate bind at N-imidazole groups of 

surface histidines.
98-101 

The study
102

 reports that if >2 mol equivalents of V
IV

O(carrier)n is 

added to apo-hTF, the binding of some molecules of V
IV

O(carrier)n to the surface N-

imidazole groups may occur, but it would be much weaker and is not relevant to the blood 

serum conditions. Later on, same authors
103

 reported that V
IV

O(carrier)2  complexes are 

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.
103

 

There were proposed two V
IV

O
2+

binding types (both are presented in Figure 15).
 97

 

Binding type 1 implies the formation of (V
IV

O)(hTF)(carrier ligand) structure where carrier 

ligand plays a role of synergistic anion or formation of cis-(V
IV

O)(carrier)2(hTF) with the 
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predominating complex form of octahedral cis-(V
IV

O)(carrier)2(H2O) at pH ≈ 7.4 where 

carrier ligand is not a synergistic anion.
 98-103

 

Binding type 2 implies that V
IV

O
2+

 binds to hTF at the Fe-binding sites with a V
IV

O:ligand 

stoichiometry  of 1:1.
 98-103 

 

Figure 15. Proposed two binding types of V
IV

O - complexes to hTF. 

Bis(maltolato)oxidovanadium(IV), BMOV, and bis(ethylmaltolato) oxidovanadium(IV), 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
IV

O)(carrier ligand)2(H2O) 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. 
97

 

V
IV

O
2+ 

binding by apo-hTF has been studied96 
by circular dichroism (CD), electron 

paramagnetic resonance (EPR) and urea gel electrophoresis. Several V
IV

O(carrier)n 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
IV

O
2+

 centers bind to one molecule of hTF; 96 

- V
IV

O
2+

 centers bind exactly at the Fe binding sites, not at surface N (imidazole);
 96 

- binding is as shown schematically in Figure 15: type 2 binding;
 96 

- experiments with V
IV

O(maltol)2 (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  

V
IV

O
2+

 to hTF. Hence, hTF(V
IV

O(maltol)m)m species are being formed upon addition of the 

ligand. Further ligand addition after V
IV

O: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
IV

O
2+

 unbinds hTF and goes to the solution forning V
IV

O–maltol 

complexes which do not give CD spectra;
 96 

- maltol and dhp ligands may delay the oxidation of  V
+4

 to V
+5

;
 96 

- 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  V
IV

O
2+

;96 

- CD spectra of V
IV

O
2+ 

complexes with different ligands follow different patterns as, for 

example, V
IV

O-dhp complexes have higher binding strengths than the V
IV

O-maltol, and their 

λmax are different;
 96 

- V
IV

O
2+

, 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
V 

binds to  apo-hTF, this change 

does not occur;
 96 

- for both iron binding sites with V
IV

O
2+ 

bound, the CD spectra are not much different. 96 

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), 
51

V nuclear magnetic resonance (
51

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 

H2O, MeOH and others) absorb most of the microwaves at room temperature. The complex 

concentration should be ≥700 µM to ensure a good quality of spectrum (high signal-to-noise 

ratio).
1
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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
IV

O
2+

 ion is 1s
2
2s

2
2p

6
3s

2
3p

6
4s

2
3d

1
 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
IV

 (mononuclear) it gives simple EPR 

spectra. However, in di- and polynuclear complexes (with 2 or more vanadium atoms, e.g. 

(V
IV

)2-μ-O, (V
IV

V
V
)μ-O) the interactions between centers occur and it affects the nature of the 

EPR spectrum.
1
 

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.): 

                                                        ΔE=EB = hν=gβBΔms                                                                     (1.1.) 

Where ΔE – energy difference between two states; 

EB – electromagnetic radiation energy; 

h – Planck’s constant; 

ν – 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
IV

O
2+

 complexes g usually ranges from 

1.94 to 1.98); 

β – Bohr magneton; 

B – magnetic field applied; 

Δms– electron spin quantum number difference between two states.
 1,104,105

 

The nucleus also has its spin I. When electron couples to the nucleus with I>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 2nI + 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
IV

O
2+

 the spin energy level is split into 8 lines ranging from       

mI=-7/2 transition at low field to mI= +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=O bond, whereas x 

and y are perpendicular axes. Hence, the g-value perpendicular components are gx and gy 

while parallel component is gz. Similarly, the A value perpendicular components are Ax and 

Ay, and parallel component is Az. For each V
IV

O
2+

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=O bond is quite strong V
IV

O
2+

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.
1 

 

In systems containing paramagnetic metals (V
IV

O
2+

 - hTF and V
IV

O
2+

 - HSA in our case) EPR 

spectrum gives the information about the changes in vanadium coordination sphere. The 

hyperfine coupling constant Az can provide the information on donor atoms bound to V
IV

O
2+

. 

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 (α) which may vary with λ. The change of α 

with λ is called optical rotary dispersion (ORD). At the λ 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 Δε=εL - εR. The CD phenomenon can be observed only within an absorption band 

and the Δε values vary with λ. The CD and ORD phenomena are called the Cotton effect. The 

plot may be presented in the form of Δε/M
-1

cm
-1 

(molecular CD) as a function of the 

wavelength (nm) with both positive and negative bands depending on the absorption nature 

(εL > εR or εL< εR). 
1,106-109

 

Circular dichroism can be applied in e.g.: 

- proving of V
IV

O
2+

 binding to hTF or HSA; 
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- determination of protein : V
IV

O
2+

: ligand binding ratios; 

- determination of protein vanadium binding sites;  

- protein conformation change studies; 

- estimation of complex-protein bond strength.
1,106-109

 

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.
1
 

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
 

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 λ 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.
1,110
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2.0. OBJECTIVES 

Since V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy),V
IV

O(oda)(phen) and V
IV

O(acac)2 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
26,66-68,72-74 

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
79,96-103,111-115 

report 

about the interaction of other V
IV

O
2+

 complexes with HSA and hTF, but not of 

V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy),V
IV

O(oda)(phen).  

In this study our first objective was to synthesize the complexes V
IV

O(oda)(H2O)2, 

V
IV

O(oda)(bipy),V
IV

O(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
IV

O
2+

.  

To have additional confirmation of binding of the studied complexes binding to serum 

proteins some studies were done with solutions containing V
IV

-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
IV

 to V
V
 in the solutons 

during the experiments which could distort all the results. For this reason most manipulations 

involving V
IV

O
2+

 compounds were done excluding oxygen. This delays the oxidation 

processes, but might not have avoided them completely. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental Part 

 

 

 

 

 

 



Experimental part 

 30 

 

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, (HOCH2)3CNH2) 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(CH2COOH)2)) purchased from  Aldrich Chemistry. 

Oxidovanadium (IV).  

Oxidovanadium(IV) acetylacetonate (oxobis(2,4-pentanedionato)vanadium(IV), or 

V
IV

O(acac)2  was used in the synthesis. V
IV

O(acac)2 was purchased from Fluka
®

 Analytical. 

Vanadium(IV) oxide sulfate pentahydrate, V
IV

OSO4∙5H2O, was purchased from Riedel-de 

Haёn. 

Reagents. 

2,2'-bipyridine ((C5H4N)2), or bipy, 1,10-phenanthroline (C12H8N2), or phen and 1,10-

phenanthroline hydrochloride, or o-phen· HCl (C12H8N2 · HCl) 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.  
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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(IV) complexes 

3.2.1. Synthesis 

Synthesis of the V
IV

O(oda)(H2O)2  

To a solution of [V
IV

O(acac)2] (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 
ᵒ
 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; C4H8VO8 (235.04 g mol
-1

) 

requires, C, 20.44; H, 3.43. FT-IR (KBr, cm
-1

): 3057 vs vbr (ν, OH), 1587 vs br (νasymm, COO
-

), 993 vs (ν, V=O) (see Appendices B 1 and B2). 

Synthesis of the V
IV

O(oda)(bipy) 

A solution of [V
IV

O(oda)(H2O)2] (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; C14H12N2VO6·1.5H2O 

(419.28 g mol
-1

) requires, C, 43.99; H, 3.96; N, 7.33. Found: FT-IR (KBr, cm
-1

): 3423m vbr ( 

ν, OH), 1635 s br (νasymm, COO
-
), 997 vs (ν, V=O) (see Appendices B 3 and B 4 ). 

Synthesis of the V
IV

O(oda)(phen) 

A solution of  [V
IV

O(oda)(H2O)2] (0,30097 g, 1,28 mmol) in water (8 mL) was slowly added 

to a solution of  o-phen· HCl (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; 

C16H12N2VO6 ·1.6H2O (408.05 g mol
-1

) requires C, 47.1; H, 3.75; N, 6.87. FT-IR (KBr, cm
-1

): 
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3567 m br, 3406,64 m vbr ( ν, OH), 1678 vs br (νasymm, COO
-
), 999vs (ν, V=O) (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 (Na2CO3) 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. HCl. 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
IV

O(oda)(H2O)2 solution for stability studies. 

The solution was prepared by dissolving of V
IV

O(oda)(H2O)2 in MeOH and subsequent 

addition of Tris buffer. Freshly prepared solutions were used in each experiment. For details 

on the preparation of the V
IV

O(oda)(H2O)2 solution see Appendix A. 

Solutions of V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), V
IV

O(oda)(phen) and V
IV

O(acac)2 for 

CD, EPR and fluorescence spectroscopy studies. 

Stock solutions of V
IV

O(oda)(H2O)2 were prepared by dissolving the complex in MeOH. 

Stock solutions of V
IV

O(oda)(bipy) were prepared by dissolving the complex in DMSO and 

EtOH. Stock solutions of V
IV

O(oda)(phen) were prepared by dissolving complexes in H2O 

while V
IV

O(acac)2 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
IV

 compounds nitrogen gas was bubbled 

through all the solvents to prevent the oxidation of V
IV

 to V
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
-1

, 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 Elmer 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 μL) cells made of Quartz SUPRASIL
®

 from Hellma
® 

Analytics 

were used in all the measurements. 1 mm cells (chamber volume 350 μL) made of Quartz 

SUPRASIL
®

 from Hellma
® 

and 1 mm
 
cell (chamber volume 350 μL) 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 ᵒ 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. ×50 mm 

cylindrical quartz cell (Jasco Parts Center, CQ3-50, chamber volume ~ 800 μL) or a 2 mm 

cell (chamber volume ~600 μL) 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 µL) 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 

V
IV

O(oda)(H2O)2 + hTF, V
IV

O(oda)(H2O)2 + HSA, and V
IV

O(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 μL at room temperature except 

experiment 4.9 (at 25, 30, 35, 40º C). 

3.4.0. Procedure. 

3.4.1. Stability studies. 

The stability studies were carried out with V
IV

O(oda)(H2O)2 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 λ=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
IV

 to V
V
.  

Experiment 2.1. V
IV

O(oda)(H2O)2 + hTF system. 

To the solution of hTF (7.2310
4

 M) in PBS were progressively added controlled volumes of 

a 6.3210
2

 M solution of V
IV

O(oda)(H2O)2 in MeOH to obtain V
IV

O(oda)(H2O)2 : hTF ratios 

ranging from 1 to 4. EPR samples (400 µL each) were taken at V
IV

O(oda)(H2O)2 : hTF ratios 

of 1, 2 and 4. For additional information on concentrations of each sample see Appendix C 1. 

Experiment 2.2. V
IV

O(oda)(bipy) + hTF system (continuous addition). 

To the 5.7710
4

 M solution of hTF in PBS were progressively added controlled volumes of a 

3.5810
2

 M solution of V
IV

O(oda)(bipy) in DMSO to obtain V
IV

O(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
IV

O(oda)(bipy) + HSA system (continuous addition). 

To the 5.3710
4

 M solution of HSA in PBS were progressively added controlled volumes of 

a 4.810
2

 M solution of V
IV

O(oda)(bipy) in DMSO to obtain V
IV

O(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
IV

O(oda)(phen) + hTF system (continuous addition). 

To the 5.3210
4

 M solution of hTF in PBS were progressively added 1.2, 1.2 and 1.2 mg of 

solid V
IV

O(oda)(phen)  to obtain V
IV

O(oda)(phen) : hTF ratios of 1, 2.01 and 3.09 

respectively. The EPR samples (400 µL each) were taken at V
IV

O(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
IV

O(acac)2 + hTF system (continuous addition). 

To the 4.810
4

 M solution of hTF in PBS were progressively added controlled volumes of a 

3.7710
2

 M solution of V
IV

O(acac)2 in DMSO to obtain V
IV

O(acac)2 : hTF ratios ranging 

from 0.28 to 5.01. For EPR sample (240 µL) was taken at V
IV

O(acac)2 : hTF ratio of 5.01.  

For additional information on concentrations of each sample see Appendix C 5. 

Experiment 2.6. V
IV

O(acac)2 + HSA system (continuous addition). 

To the 6.0210
4

 M solution of HSA in PBS were progressively added controlled volumes of 

a 3.6410
2

 M solution of V
IV

O(acac)2 in DMSO to obtain V
IV

O(acac)2 : HSA ratios ranging 

from 0.51 to 5. The EPR samples (400 µL each) were taken at V
IV

O(acac)2 : HSA ratios of 3 

and 5. For additional information on concentrations of each sample see Appendix C 6. 

Experiment 2.7. hTF + V
IV

O
2+

 + phen system.  

To the 5.3210
4

 M solution of hTF in PBS were progressively added controlled volumes of a 

0.795 M solution of V
IV

OSO4 in H2O and 0.111 M solution of o-phenantroline(phen) in EtOH 

to obtain hTF : V
IV

OSO4 : phen ratios of 1:1:1, 1:2:2, 1:3:3 and 1:3:5. The EPR samples (400, 

500, 400 µL) were taken at hTF:V
IV

OSO4 : 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 μL) (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
IV

O(oda)(H2O)2 + hTF system.  

To prepare samples (240 µL each) with V
IV

O(oda)(H2O)2 : hTF ratios of 0.73, 2.89 and 4.28 

to  4.9410
4

 M solution of hTF in PBS were added different amounts of a  solution of 

V
IV

O(oda)(H2O)2 (4.3410
2

 M) in MeOH. For additional information on concentrations of 

each sample see Appendix C 8. 
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Experiment 3.2. V
IV

O(oda)(H2O)2 in MeOH.  

To prepare a 2.810
3

 M solution, 0.00134 g of V
IV

O(oda)(H2O)2 was dissolved in 210
3

 L 

of MeOH. A sample of 240 µL was used for the analysis. 

Experiment 3.3. V
IV

O(oda)(bipy) + hTF system.  

To four equal solutions with concentration of hTF (4.9110
4

 M) in PBS of  was added 

different amounts of a solution of V
IV

O(oda)(bipy) (4.7710
2

 M) in DMSO to obtain 

V
IV

O(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
IV

O(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
IV

O
2+

 + phen system.  

The samples were taken from the CD Experiment 2.7., with hTF: V
IV

O
2+

: 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
IV

O(acac)2 + hTF system.  

The sample was taken from the CD Experiment 2.5., with V
IV

O(acac)2  : hTF ratio of 5.01. 

For additional information on concentrations of each sample see Appendix C 12. 

Experiment 3.7. V
IV

O(acac)2 + HSA system.  

The sample was taken from the CD Experiment 2.6., with V
IV

O(acac)2 :HSA ratios of  3 and 

5. For additional information on concentrations of each sample see Appendix C 13. 

Experiment 3.8. V
IV

O(oda)(bipy) in EtOH. 

To prepare a 1.43110
3

 M solution, 0.00120 g of V
IV

O(oda)(bipy) was dissolved in 210
3

 L 

of EtOH (absolute). A sample of 400 µL was used for the analysis. 

Experiment 3.9. V
IV

O(oda)(phen) in H2O+DMSO. 

To prepare a 1.4710
3

 M solution, 0.00132 g of V
IV

O(oda)(phen) was dissolved in total of 

2.210
3

 L of H2O (90%) and DMSO (10%). A sample of 400 µL 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
IV

 to V
V
. 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
IV

O(oda)(H2O)2 + hTF system.  

To a solution of hTF (2.4610
6

 M) in PBS was progressively added a solution of 

V
IV

O(oda)(H2O)2 (8.5110
4

 M) in MeOH to obtain V
IV

O(oda)(H2O)2:hTF ratios ranging 

from 0.23 to 3.46.  

Experiment 4.2. V
IV

O(oda)(H2O)2 + HSA system.  

To a solution of HSA (2.610
6

 M) in PBS was progressively added solution of 

V
IV

O(oda)(H2O)2 (9.810
4

 M) in MeOH to obtain V
IV

O(oda)(H2O)2:HSA ratios ranging 

from 0.25 to 18.86.  

Experiment 4.3. V
IV

O(oda)(bipy) + hTF system.  

To a solution of hTF (110
6

 M) in PBS was progressively added a solution of 

V
IV

O(oda)(bipy) (1.9610
4

 M) in DMSO to obtain V
IV

O(oda)(bipy):hTF ratios ranging from 

0.13 to 3.26. 

Experiment 4.4. V
IV

O(oda)(bipy) + HSA system.  

To a solution of HSA (1.0310
6

 M) in PBS was progressively added a solution of 

V
IV

O(oda)(bipy) (1.8610
4

 M) in DMSO to obtain V
IV

O(oda)(bipy):HSA ratios ranging 

from 0.12 to 9.03.  

Experiment 4.5. V
IV

O(oda)(phen) + hTF system.  

To a solution of hTF (2.4610
6

 M) in PBS was progressively added a solution of 

V
IV

O(oda)(phen) (8.5810
4

 M) in DMSO to obtain V
IV

O(oda)(phen):hTF ratios ranging 

from 0.23 to 1.28.  

Experiment 4.6. V
IV

O(oda)(phen) + HSA system.  

To a solution of HSA (2.5510
6

 M) in PBS was progressively added a solution of 

V
IV

O(oda)(phen) (1.1410
3

 M) in DMSO to obtain V
IV

O(oda)(phen):HSA ratios ranging 

from 0.59 to 2.97.  

Experiment 4.7. V
IV

O(acac)2 + hTF system.  

To a solution of hTF (1.0210
6

 M) in PBS was progressively added a solution of 

V
IV

O(acac)2  (1.8910
4

 M) in PBS to obtain V
IV

O(acac)2:hTF ratios ranging from 0.12 to 

3.08.  
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Experiment 4.8. V
IV

O(acac)2  + HSA system.  

To a solution of HSA (110
6

 M)  in PBS was progressively added solution of V
IV

O(acac)2  

(2.3410
4

 M) in PBS to obtain V
IV

O(acac)2:HSA ratios ranging from 0.15 to 19.33.  

Experiment 4.9. V
IV

O(oda)(phen) + hTF system at 25, 30, 35 and 40 
ᵒ
 C. 

To a solution of hTF (1.00510
6

 M) in PBS was progressively added solution of 

V
IV

O(oda)(phen) (1.9610
4

 M) in DMSO to obtain V
IV

O(oda)(phen):hTF ratios ranging 

from 0.13 to 1.95. The experiment was done at 25 º C.  

To a solution of hTF (1.00510
6

 M) in PBS was progressively added solution of 

V
IV

O(oda)(phen) (2.2710
4

 M) in DMSO to obtain V
IV

O(oda)(phen):hTF ratios ranging 

from 0.15 to 3.76. The experiment was done at 30 º C. 

To a solution of hTF (1.01810
6

 M) in PBS was progressively added solution of 

V
IV

O(oda)(phen) (1.9610
4

 M) in DMSO to obtain V
IV

O(oda)(phen):hTF ratios ranging 

from 0.13 to 4.17. The experiment was done at 35 º C. 

To a solution of hTF (1.01810
6

 M) in PBS was progressively added  solution of 

V
IV

O(oda)(phen) (2.0210
4

 M) in DMSO to obtain V
IV

O(oda)(phen):hTF ratios ranging 

from 0.13 to 3.31. The experiment was done at 40 º 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
IV

O(oda)(bipy) system;  hTF + V
IV

O(acac)2 system. 

Tris buffer (0.10 M) containing Na2CO3 (2.510
2

 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 (1.4110
4

 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 (140.8710
6

 M) in buffer adequate 

volumes of solution of V
IV

O(oda)(bipy) (2.96 10
2

 M) in DMSO was added to obtain 

solutions with  hTF:V
IV

O(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 (1.4110
4

 M) in buffer adequate 

volumes of solution of V
IV

O(acac)2 (2.78 10
2

 M)  in DMSO was added to obtain solutions 

with  hTF:V
IV

O(acac)2  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
IV

O(oda)(bipy)=1:4.21 (10 mm cell, 325-800 nm) and hTF:V
IV

O(acac)2=1:7.89 (20 

mm cell, 250-800 nm)  after passing the column were also recorded. The eight samples (~240 

µL) 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, θ, millidegrees was converted to the molecular 

CD, Δε, M
-1

cm
-1

 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
IV

O(acac)2 due to the characteristics of the noise in these spectra. 

Electron paramagnetic resonance (EPR). The EPR data obtained were processed by means 

of Bruker WinEPR SimFonia software. Then, all the spectra were simulated with Roki 

software.
116

 

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)(H2O)2 in MeOH and Tris buffer. 

The change in absorption of V
IV

O(oda)(H2O)2 in 5% MeOH and 95% Tris buffer with time in 

the 300-1000 nm range is presented in Figure  16 (experiment 1.1.). 

 

Figure 16. Ultraviolet-visible absorption spectra measured with time of a solution of 

V
IV

O(oda)(H2O)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
IV

O(oda)(H2O)2 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 λmax of 

the bands remain the same. Probably there is some progressive hydrolysis and oxidation of 

V
IV

O to V
V
 species. The absorption vs time of this system is depicted in Figure 17. 
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Figure17. Representation of absorption vs time for  = 600 and 785 nm of a solution of 

V
IV

O(oda)(H2O)2 (1.810
3

  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 V
IV

O-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(IV). 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 V
IV

O-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
IV

O
2+

 
+
, and if the hTF closes its conformation or not upon binding of the 

complex. 96 

4.2.1.1. CD spectra of V
IV

O-oda–hTF complexes.  

Figure 18 depicts the changes in the visible CD spectra of titration of hTF with 1 – 4 mol 

equivalents of V
IV

O(oda)(H2O)2  (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 dxy→dxz 

or dxy→dyz transitions, one negative band approximately at 700 - 936 nm with the spectra 

minima at     858 nm can be attributed to either dxy→dxz or dxy →dyz 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 → dx2-y2 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 dxy → dz2 

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
IV

O(oda)(H2O)2 the 

CD signal intensity starts globally increasing and keeps on increasing up to 4 mol equivalents 

of V
IV

O(oda)(H2O)2 added. This means that: (i) V
IV

 ions bind to chiral groups of hTF and that 

induced CD (ICD) is observed, (ii) the ligand(s) are coordinated to the V
IV

 centers and they 

are close to the hTF chiral centers. Comparison of these CD spectra and the CD spectra of 

hTF:V
IV

O
2+

 = 1:2 from ref
. 96,109,106

 also confirms the conclusion (ii) as the bands of this 

spectra do not completely match the bands of hTF-V
IV

O
2+

 spectrum (in the absence of 

ligand); thus, the ligand(s) are coordinated to the V
IV

 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
IV

O-complex (at the Fe
III

 binding sites) or if additional binding occurs 

also at surface His groups. 

 

Figure 18. The CD spectra of solutions containing hTF (7.2310
4

 M) in PBS upon stepwise 

additions of adequate volumes of a solution of V
IV

O(oda)(H2O)2 (6.3210
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
IV

O(oda)(bipy)  (experiment 2.2.). The samples with the 

V
IV

O(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 dxy→dxz or dxy→dyz transitions, one positive band 

approximately at 670 - 780 nm with the spectra maxima at    707 nm can be attributed to either 

dxy→dxz or dxy →dyz transitions, one negative band approximately at 520 - 675 nm with the 

spectra minima at    594 nm can be attributed to dxy → dx2-y2 transitions, one  positive band 

approximately at 420- 525 nm with the spectra maxima at    500 nm can be attributed to dxy → 

dz2 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 V
IV

O(oda)(bipy) a clear CD spectrum is already 

measured. From Figure 19 it can be concluded that: (i) V
IV

 ions are bound to chiral groups of 

hTF and that induced CD (ICD) is observed, (ii) the ligand(s) are coordinated to the V
IV

 

centers and they are close to the hTF chiral centers. Comparison of these CD spectra with the 

CD spectra of hTF:V
IV

O
2+

 = 1:2 from ref.
 96,106,109

 also confirms the conclusion (ii) as the 

bands of this spectra do not match with the bands of hTF-V
IV

O
2+

 spectrum (in the absence of 

ligand). 

Then, further addition of 0.6 and 0.84 mol equivalents of V
IV

O(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
IV

O(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
IV

O(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
IV

O(oda)(bipy):hTF) complex has negative bands with 

λmax at    390 nm, at    594 nm and at     787 nm. The 1:1 complex probably has positive bands 

with λmax at    340 nm, at    500 nm and at    680 nm. 

For V
IV

O(oda)(bipy):hTF ratios higher than 4, the intensity of bands at  λmax 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
IV

 →V
V
- species, (v) the increase of ligand concentration in the bulk solution 

probably contributes to removal of V
IV

 bound to hTF. 

 

 

Figure 19. CD spectra of solutions containing hTF (5.7710
4

 M) in PBS upon stepwise additions of 

adequate volumes of a solution of V
IV

O(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
IV

O
2+

 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 (λmax=    592 nm) and two 

positive bands (λmax=    700 nm,    461 nm ). The band at λmax=    700 nm can be attributed to dxy 

→ dxz or dxy → dyz transitions, at λmax=    592 nm can be attributed to dxy → dx2-y2 transitions. 

The positive band at   461 nm may correspond to the dxy → dz2 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 V
IV

O
2+

 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
IV

 ions 

are bound to chiral groups of hTF and that induced CD (ICD) is observed, (ii) the phen 

ligands are coordinated to the V
IV

 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
IV 

(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 V
IV

O
2+

 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:V
IV

O
2+

 = 1:2 from ref. 96,106,109 shows that (v) phen ligand is bound to the V
IV

O
2+

 

centers as the bands of these spectra significantly differ from the bands of hTF-VO
2+

 

spectrum (in the absence of ligand).  

 

Figure 20. CD spectra of solutions containing hTF (5.3210
4

 M) in PBS upon stepwise additions of 

adequate volumes of a solution of V
IV

OSO4 (0.795 M) in H2O and solution of o-phenantroline (phen) 

(1.110
1

 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 V
IV

O(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 λmax=    375 nm and λmax=    558 nm and two positive 

bands, with λmax=    485 nm and λmax=    696 nm. The band at λmax=    696 nm can be attributed 

to dxy → dxz or dxy → dyz transitions, at λmax=    558 nm can be attributed to dxy → dx2-y2 

transitions, at  485 nm may correspond to the dxy → dz2 transitions and/or to a CT band, at 

λmax=    375 may correspond to a CT band. 
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Figure 21. CD spectra of solutions containing hTF (5.3210
4

 M) in PBS upon stepwise additions of 

adequate amounts of solid V
IV

O(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 V
IV

O(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
IV

 

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
IV

 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
IV

O
2+

 = 1:2 from ref. 96,106,109 

and the CD spectrum from experiment 2.7 shows that, probably, (iv) V
IV

O(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
IV

O
2+

 spectrum in 

the absence of ligand and with the bands of hTF-V
IV

O
2+

-phen spectra. 

4.2.1.2. CD spectra of solutions containing hTF and V
IV

O(acac)2. 

The Figure 22 shows the changes in the visible range of the CD spectra of solutions 

containing apo-hTF upon stepwise additions of V
IV

O(acac)2 (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 (4.810
4

 M) in PBS upon stepwise additions 

of adequate volumes of a solution of V
IV

O(acac)2 (3.7710
2

 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
IV

O 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
IV

O(acac)2: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 dxy → dxz or to dxy → dyz transitions, one 

negative band approximately at 700 - 954 nm with the spectra minima at    870 nm which can 

be attributed either to dxy → dxz or to dxy → dyz 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 dxy → dx2-y2 transitions 

and one positive band approximately at 400-582 nm with the spectra maxima at    447 nm 

which can be attributed to dxy → dz2 transitions. Clearly (i) V
IV

O(acac)2 binds hTF, 

contradicting previous reports that such binding does not occur.
117,118

 The fact that the 
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intensity of the CD spectra almost does not change for V
IV

O(acac)2:hTF ratios > 1.52 also 

indicates that (ii) V
IV

O-complexes responsible for the CD spectra measured are bound at the 

Fe
III

 binding sites of hTF. However, (iii) this does not rule out the binding of V
IV

Oacac – 

complexes for V
IV

O(acac)2:hTF ratios > 1.52 at surface His residues, as these are not 

expected to yield significant CD spectra.
 117,118

 

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
IV

O
2+

 systems to check if 

the complex binds to hTF (or HSA) and if so, whether it binds to the protein as V
IV

O
2+ 

or with 

the ligand(s). In some cases it is possible to suggest the hTF (or HSA):V
IV

O
2+

:ligand ratio.   

4.2.2.1. The EPR spectra of V
IV

O-oda–hTF complexes. 

Figure 23 depicts the X-band EPR spectra of the solutions containing hTF in PBS and 

V
IV

O(oda)(H2O)2 in MeOH (experiment 3.1.), of solution containing V
IV

O(oda)(H2O)2  in 

MeOH (experiment 3.2.). The X-band EPR spectra of solutions containing hTF and VIV
OSO4 

(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
IV

O(oda)(H2O)2 in MeOH. 

This means that (i) V
IV

 of V
IV

O(oda)(H2O)2 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
IV

O
2+

=1:1 and hTF:V
IV

O
2+

=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, gy, gz, Ax, Ay and Az) of 

the samples being analyzed and the sample of V
IV

O(oda)(H2O)2 in MeOH are presented in the 

Table 1. The EPR spectra of hTF-V
IV

O
2+

 systems are composed by two sets of resonances, A 

and B.
93,119

 These resonances were attributed to V
IV

O
2+

 bound in the N-and C-terminal sites 

respectively, reported by different authors, and are presented in Table 1 for comparison.
105,120 

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:V
IV

O
2+

=1:1 and hTF:V
IV

O
2+

=1:2 which means that (ii) V
IV

O(oda)(H2O)2 possibly 

binds to hTF with at least one ligand.  
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Figure 23. X-band EPR spectra of solutions containing hTF (4.910
4 

M, 4.7810
4 

M, 4.710
4 

M) in 

PBS and V
IV

O(oda)(H2O)2 (3.5810
4 

M, 1.3810
3 

M, 2.0210
3 

M) in MeOH respectively. The X-

band EPR spectra of the solution containing V
IV

O(oda)(H2O)2 (2.8510
3

) in MeOH and solutions 

containing hTF (610
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) 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 (4.910
4 

M, 4.7810
4 

M, 4.710
4 

M) in PBS and V
IV

O(oda)(H2O)2 (3.5810
4 

M, 

1.3810
3 

M, 2.0210
3 

M) in MeOH respectively. Amplification of the low and high field ranges of 

the X-band EPR spectra of solution containing V
IV

O(oda)(H2O)2 (2.8510
3

) in MeOH and of 

solutions containing hTF (610
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) in HEPES-S buffer are 

included for comparison. Maximum % of DMSO added was 4.3; T= 77 K.  

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 
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Table 1. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of samples for the hTF-

V
IV

O(oda)(H2O)2 system, the V
IV

O(oda)(H2O)2 in MeOH, obtained by simulation of the experimental 

EPR spectra with the computer program of Rockenbauer and Korez
116

, and those reported by other 

authors for V
IV

O–hTF species (A and B). 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az(10

4
 cm

-1
) 

V
IV

O(oda)(H2O)2 in MeOH 1.982 1.937 68.1 178.5 

V
IV

O–hTF species A ref
96

  1.939  168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

  1.940  171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O(oda)(H2O)2=1:0.73 

 

1.978 1.943 58 168.8 

hTF:V
IV

O(oda)(H2O)2=1:2.89 

 

1.980 1.945 58 169.3 

hTF:V
IV

O(oda)(H2O)2=1:4.28  

 

1.978 1.942 58 168.3 

The gz values obtained in this work for all the samples hTF:V
IV

O(oda)(H2O)2 are higher than 

those obtained for V
IV

O(oda)(H2O)2 in MeOH and for both V
IV

O–hTF species A and B. The 

Az values obtained in this work for the same samples differ from all the Az values obtained for 

V
IV

O(oda)(H2O)2 in MeOH and for both V
IV

O–hTF species A and B except the one for the 

sample hTF:V
IV

O(oda)(H2O)2=1:4.28, the Az of which matches with Az of V
IV

O–hTF species 

A from ref
121

. This corroborates the conclusions (i) V
IV

 of V
IV

O(oda)(H2O)2 binds to hTF and 

(ii) V
IV

O(oda)(H2O)2 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 

V
IV

O(oda)(bipy) in DMSO (experiment 3.3.), of the solution containing V
IV

O(oda)(bipy)  in 

EtOH (experiment 3.8.); the X-band EPR spectra of solutions containing hTF and V
IV

OSO4 

(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
IV

O(oda)(bipy) in EtOH which contains at 

least two species of V
IV

. This means that (i) V
IV

 of V
IV

O(oda)(bipy) binds to hTF. Moreover, 

they do not superimpose with the spectra of solutions of hTF and V
IV

O
2+

 (ratios 1:1 and 1:2) 
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which means that (ii) V
IV

O(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, gy, gz, Ax, Ay and Az) of 

the samples being analyzed, the sample of V
IV

O(oda)(bipy) in EtOH and of V
IV

O–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
IV

O
2+

=1:1 and 

hTF:V
IV

O
2+

=1:2, this confirming the conclusion (ii) above.  

 

Figure 25. X-band EPR spectra of solutions containing hTF (4.8910
4 

M, 4.8610
4 

M, 4.8110
4 

M 

and 4.7210
4 

M) in PBS and V
IV

O(oda)(bipy) (2.3710
4 

M, 4.7210
4 

M, 110
3 

M and 1.910
3 

M) 

in DMSO respectively. The X-band EPR spectra of solution containing V
IV

O(oda)(bipy) (1.4310
3 

M) in EtOH and solutions containing hTF (610
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) 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 (4.8910
4 

M, 4.8610
4 

M, 4.8110
4 

M and 4.7210
4 

M) in PBS and 

V
IV

O(oda)(bipy) (2.3710
4 

M, 4.7210
4 

M, 110
3 

M and 1.910
3 

M) in DMSO respectively. 

Amplification of the low and high field ranges of the X-band EPR spectra of solution containing 

V
IV

O(oda)(bipy) (1.4310
3 

M) in EtOH and solutions containing hTF (610
4 

M) and V
IV

OSO4 

(C=ChTF and C= ChTF2) in HEPES-S buffer are included for comparison. Maximum % of DMSO 

added was 3.98; T= 77 K. 

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 

 



Results and Discussion 

 55 

 

 

Table 2. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of samples for the hTF-

VO(oda)(bipy) system, the V
IV

O(oda)(bipy) in EtOH, obtained by simulation of the experimental EPR 

spectra with the computer program of Rockenbauer and Korez
116

, and those reported by other authors 

for V
IV

O–hTF species (A and B). 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az (10

4
 cm

-1
) 

V
IV

O(oda)(bipy) in EtOH 1.975 1.942 60.3 170.7 

V
IV

O–hTF species A ref
96

  1.939  168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

  1.940  171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O(oda)(bipy)=1:0.49 

 

1.978 1.954 52 168.7 

hTF:V
IV

O(oda)(bipy)=1:0.97 

 

1.977 1.953 53 168.8 

hTF:V
IV

O(oda)(bipy)=1:2.08 

 

1.981 1.953 52 169 

hTF:V
IV

O(oda)(bipy)=1:4.02 

 

1.980 1.956 51 169.2 

The gz values obtained in this work for all the samples hTF:V
IV

O(oda)(bipy) are higher than 

those obtained for V
IV

O(oda)(bipy) in EtOH and for both VO–hTF species A and B. Az values 

obtained in this work for the same samples significantly differ from all the Az values obtained 

for V
IV

O(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
IV

O(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
IV

O(oda)(phen) in H2O+10% DMSO which contains at least two species of V
IV

. This 

means that (i) V
IV

 of V
IV

O(oda)(phen) binds to hTF. Moreover, it is obvious that they do not 

superimpose with the spectra of solutions of hTF and V
IV

O
2+

 (ratios 1:1 and 1:2) which means 

that (ii) V
IV

O(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
IV

O(oda)(phen) in PBS (experiment 
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3.4.) superimpose with the spectra of solutions containing hTF in PBS, VOSO4 in H2O and o-

phenantroline·H2O 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, gy, gz, Ax, Ay and Az) of 

the samples being analyzed, the sample of V
IV

O(oda)(phen) in H2O+10% DMSO and of 

V
IV

O–hTF species A and B reported by different authors are presented in the Table 3.   

The gz values obtained in this work for all the samples from hTF-VO(oda)(phen) and hTF-

V
IV

O-phen systems are higher than those obtained for V
IV

O(oda)(phen) in H2O+10% DMSO 

and for both V
IV

O–hTF species A and B. The Az values obtained in this work for the same 

samples differ from all the Az values obtained for V
IV

O(oda)(phen) in H2O+10% DMSO and 

for both V
IV

O–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
IV

O(oda)(phen) in PBS (experiment 3.4.) seem to superimpose with the spectra of the 

samples containing hTF in PBS, VOSO4 in H2O and o-phenantroline·H2O in EtOH 

(experiment 3.5.). This suggests that V
IV

O(oda)(phen) when binding to hTF probably loses 

one ligand (oda) and is bound in the form of V
IV

O(phen). This suggestion is supported by the 

values of spin Hamiltonian parameters of both systems: gx and gz are the same for all the 

samples being compared; gy, Ax, Ay and Az 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 V
IV

O(oda)(phen) loses phen ligand 

when binding to hTF. Hence, (iii) the binding of V
IV

O(oda)(phen) to hTF does not correspond 

to simple binding of V
IV

O(oda) or V
IV

O(phen) to hTF.  The ratio of (V
IV

O):(phen) in the 

species formed is (iv) probably 1:1 as the spectra of the samples hTF:V
IV

O:phen=1:3:3 and 

hTF:V
IV

O: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 (5.3210
4 

M) and V
IV

O(oda)(phen) 

(1.0710
3 

M and 1.6510
3 

M)  in PBS (experiment 3.4.), of the solutions containing hTF (5.2610
4 

M, 5.2410
4 

M and 5.1910
4 

M) in PBS, V
IV

OSO4 (1.0610
3 

M, 1.5710
3 

M and 1.5610
3 

M) in 

H2O and o-phenantroline (1.0510
3 

M, 1.5710
3 

M and 2.5910
3 

M) in EtOH (maximum % of 

EtOH added was 2.16) (experiment 3.5.), of the solution containing V
IV

O(oda)(phen) (1.4710
3 

M) in 

H2O+10% DMSO  (experiment 3.9.). The X-band EPR spectra of solutions containing hTF (610
4 

M) 

and V
IV

OSO4 (C=ChTF and C= ChTF2) 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 (5.3210
4 

M) and V
IV

O(oda)(phen) (1.0710
3 

M and 1.6510
3 

M)  in PBS 

(experiment 3.4.), of the solutions containing hTF (5.2610
4 

M, 5.2410
4 

M and 5.1910
4 

M) in 

PBS, V
IV

OSO4 (1.0610
3 

M, 1.5710
3 

M and 1.5610
3 

M) in H2O and o-phenantroline (1.0510
3 

M, 1.5710
3 

M and 2.5910
3 

M) in EtOH (maximum % of EtOH added was 2.16) (experiment 3.5.), 

of the solution containing V
IV

O(oda)(phen) (1.4710
3 

M) in H2O+10% DMSO  (experiment 3.9.). 

The amplification of the X-band EPR spectra of solutions containing hTF  (610
4 

M) and V
IV

OSO4 

(C=ChTF and C= ChTF2) in HEPES-S buffer are included for comparison. T= 77 K.  

 

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 
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Table 3. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) for the hTF-VO(oda)(phen) system, 

the hTF-V
IV

O-phen system and for the V
IV

O(oda)(phen) in H2O+10% DMSO, obtained by simulation 

of the experimental EPR spectra with the computer program of Rockenbauer and Korez
116

, and those 

reported by other authors for V
IV

O–hTF species (A and B). 

System gx gy gz Ax (10
4
 cm

-1
) Ay (10

4
 cm

-1
) Az (10

4
 cm

-1
) 

V
IV

O(oda)(phen) in H2O+10% 

DMSO  

1.984 1.984 1.939 65.6 65.6 178.4 

V
IV

O–hTF species A ref
96

   1.939   168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

   1.940   171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O:phen=1:2:2 1.986 1.990 1.961 59 50 160.8 

hTF:V
IV

O:phen=1:3:3 1.986 1.990 1.961 59 50 160.8 

hTF:V
IV

O:phen=1:3:5 1.986 1.990 1.961 59 50.1 161 

hTF:V
IV

O(oda)(phen)=1:2.01 

 

1.986 1.989 1.961 58.7 49.6 160.6 

hTF:V
IV

O(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
IV

O(acac)2. 

Figure 29 depicts the X-band EPR spectra of the solutions containing hTF in PBS and 

V
IV

O(acac)2 in DMSO (experiment 3.6.) and of the solution containing V
IV

O(acac)2 in 

MeOH. The EPR spectra of solutions containing hTF and V
IV

O
2+

 (ratios 1:1 and 1:2) are also 

included for comparison. The spectrum of the sample hTF:V
IV

O(acac)2=1:5.01 does not 

superimpose with the spectrum of solution of V
IV

O(acac)2 in MeOH. This means that (i) V
IV

 

of V
IV

O(acac)2  binds to hTF; moreover, it is obvious that it does not superimpose with the 

spectra of solutions of hTF and V
IV

O
2+

 (ratios 1:1 and 1:2), which means that (ii) V
IV

O(acac)2 

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 (gx, gy, gz, Ax, Ay and Az) of 

the sample hTF:V
IV

O(acac)2=1:5.01 and the sample of V
IV

O(acac)2 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
IV

O(acac)2=1:5.01 do not completely superimpose with the peaks of the the 
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spectra of solutions of hTF:V
IV

O
2+

=1:1 and hTF:V
IV

O
2+

=1:2. The Az values of the solution of 

V
IV

O(acac)2 in MeOH and in the presence of hTF appear quite similar, but the spectra differ 

in the perpendicular region. 

 

Figure 29. X-band EPR spectra of the solution containing hTF (4.510
4 

M) in PBS and V
IV

O(acac)2 

(2.2510
3 

M) in DMSO. The X-band EPR spectra of solution containing V
IV

O(acac)2 in MeOH, 

solutions containing hTF (610
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) 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 (4.510
4 

M) in PBS and V
IV

O(acac)2 (2.2510
3 

M) in DMSO. The amplification of 

the X-band EPR spectra of solution containing V
IV

O(acac)2 in MeOH, solutions containing hTF 

(610
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) in HEPES-S buffer are included for comparison. 

Maximum % of DMSO added was 5.98; T= 77 K. 

The gz value obtained in this work for the sample hTF:V
IV

O(acac)2=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 

V
IV

O(acac)2 in MeOH. The Az value of the sample hTF:V
IV

O(acac)2=1:5.01 is equal to the Az 

values obtained for V
IV

O–hTF species B in ref
123 

and ref
124

, however, the gz 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.
 117,118

 

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 

 



Results and Discussion 

 62 

 

Table 4. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of the sample from hTF-V
IV

O(acac)2 

system (hTF:V
IV

O(acac)2=1:5.01) and of the sample of V
IV

O(acac)2 in MeOH, obtained by simulation 

of the experimental EPR spectra with the computer program of Rockenbauer and Korez
116

, and those 

reported by other authors for V
IV

O–hTF species (A and B). 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az(10

4
 cm

-1
) 

V
IV

O(acac)2 in MeOH 1.984 1.954 60.8 171.2 

V
IV

O–hTF species A ref
96

  1.939  168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

  1.940  171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O(acac)2=1:5.01 1.979 1.946 60.4 170 

4.2.3. Studies of the interaction of V
IV

O(oda)(bipy) and V
IV

O(acac)2 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
IV

 added to hTF solution binds to hTF, and that a significant 

amount of  V
IV

 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
IV

 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
IV

 increases.  

It is clear from the data of Table 5 that hTF binds more than 2 mol equivalents of either 

V
IV

O(oda)(bipy) or V
IV

O(acac)2, 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
IV

O(oda)(bipy) and hTF-V
IV

O(acac)2 systems). As determined by UV absorption, the hTF 

concentration before running through the column was 1.4110
4 

M and after running through the 

column 9.4310
5 

M; the dilution factor is ~67 % upon elution through the PD-10 columns. 

 

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.
96

 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.
96

 The extinction coefficients of the Trp bands are much higher than those 

Tyr, and Phe (much lower). Probably Δε 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 V
IV

O(oda)(bipy) prepared in separate batches.  

 

Molar ratios of hTF:complex in 

the samples prepared 

Found V
IV

 concentration/M 

after passing by the PD-10 

column 

Vanadium:hTF ratio 

found in the eluate 

hTF:V
IV

O(oda)(bipy)=1:1.05 0.8410
4   0.9 

hTF:V
IV

O(oda)(bipy)=1:2.1 1.410
4

 1.5 

hTF:V
IV

O(oda)(bipy)=1:4.21 2.310
4

 2.5 

hTF:V
IV

O(oda)(bipy)=1:8.41 3.710
4

 4 

hTF: V
IV

O(acac)2=1:1.01 0.8410
4

 0.9 

hTF: V
IV

O(acac)2=1:2.05 1.410
4

 1.5 

hTF: V
IV

O(acac)2=1:4.02 1.910
4

 2.1 

hTF: V
IV

O(acac)2=1:7.89 2.910
4

 3.1 
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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 (9.4310
5 

M) and different concentrations of 

V
IV

O(oda)(bipy) (initially obtained by addition of V
IV

O(oda)(bipy) (2.9610
2

 M) in DMSO to 

solutions of hTF(1.4110
4 

M) in Tris buffer). Maximum % of DMSO added was 4; the cell path 

length was 2 mm. The ratio of V
IV

: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
IV

O(oda)(bipy) binds close to some tyrosine residue(s), but Trp, 

expected to yield higher Δε values, is not much affected. Moreover, (ii) some oxidation of V
IV

 

→V
V
-species may occur and (iii) as ligands concentration increases, some of V

IV
O

2+
 may 

unbind from the hTF. The most ―complete‖ interaction between hTF and V
IV

O(oda)(bipy) 

happens at the ratio of  4.21 (2.5).  

The comparison of these CD spectra with the CD spectrum of the V
IV

O-hTF system at the 

hTF: V
IV

O(oda)(bipy) ratio of 1:2 from ref.
96 

shows that (iv) V
IV

O
2+

 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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hTF: VO(oda)(bipy) = 1:0

hTF: VO(oda)(bipy) = 1:1.05 (0.9)

hTF: VO(oda)(bipy) = 1:2.1 (1.5)

hTF: VO(oda)(bipy) = 1:4.21 (2.5)

hTF: VO(oda)(bipy) = 1:8.41 (4.0)
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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 V
IV

O(oda)(bipy) in EtOH and of solutions 

containing hTF and V
IV

O
2+

 are presented for comparison. The series of spectra being 

analyzed do not superimpose completely with the spectrum of solution of V
IV

O(oda)(bipy) in 

EtOH which contains at least two V
IV

 species. This means that the V
IV

 of V
IV

O(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:VIV
OSO4=1:1 and 1:2. However,  it seems that they do not superimpose which allows to 

suggest that (iv) V
IV

O(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
IV

O(oda)(bipy) of 1:2.1 (1.5) and 8.41 (4.0). The spin Hamiltonian 

parameters (gx, gy, gz, Ax, Ay and Az) of these samples are presented in the Table 6.  

The gz values obtained in this work for the samples hTF:V
IV

O(oda)(bipy)=2.1 (1.5) and 

hTF:V
IV

O(oda)(bipy)=8.41 (4.0) are higher than those obtained for V
IV

O(oda)(bipy) in EtOH 

and for both VO–hTF species A and B. Az values obtained in this work for the same samples 

differ from all the Az values obtained for V
IV

O(oda)(bipy) in EtOH and for both VO–hTF 

species A and B. However, Az values from this work are somewhat close to Az values 

obtained for VO–hTF species B from ref
119,121-124

. 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 (9.4310
5 

M) and different 

concentrations of V
IV

O(oda)(bipy), obtained by addition of V
IV

O(oda)(bipy) (2.9610
2

 M) in DMSO 

to separate solutions of apo-hTF (1.4110
4 

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
IV

 found by ICP is indicated in brackets. The X-band EPR spectra of solution containing 

V
IV

O(oda)(bipy) (1.4310
3 

M) in EtOH, solutions containing hTF (6.010
4 

M) and V
IV

OSO4 

(C=ChTF and C= ChTF2) 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 (9.4310
5 

M) and different concentrations of V
IV

O(oda)(bipy) obtained by addition of 

V
IV

O(oda)(bipy) (2.9610
2

 M) in DMSO to separate solutions of apo-hTF (1.4110
4 

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
IV

 found by ICP is indicated in brackets. The amplification 

of the X-band EPR spectra of solution containing V
IV

O(oda)(bipy) in EtOH, solutions containing hTF 

(6.010
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) in HEPES-S buffer are included for comparison. 

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 
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Table 6. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of samples for hTF- V
IV

O(oda)(bipy) 

system and for V
IV

O(oda)(bipy) in EtOH, obtained by simulation of the experimental EPR spectra 

with the computer program of Rockenbauer and Korez
116

, and those reported by other authors for 

V
IV

O–hTF species (A and B). 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az(10

4
 cm

-1
) 

V
IV

O(oda)(bipy) in EtOH 1.975 1.942 60.3 170.7 

 ref
96

  1.939  168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

  1.940  171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O(oda)(bipy)= 2.1 (1.5) 1.986 1.962 51.3 169 

hTF:V
IV

O(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
IV

O(acac)2 with ratios hTF:V
IV

O(acac)2 = 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 V
IV

O-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
IV

O(acac)2 possibly binds close to some tyrosine residue(s), possibly to those at iron binding 

sites. Some removal of V
IV

 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 (9.4310
5 

M) and different concentrations of V
IV

O(acac)2 

(obtained by addition of V
IV

O(acac)2 (2.7810
2

 M) in DMSO to separate solutions of hTF (1.4110
4 

M) in Tris buffer). Maximum % of DMSO added was 4; the cell path length was 2 mm. Content of 

V
IV

 found by ICP is indicated in brackets.  

The comparison of these CD spectra with the CD spectrum of the V
IV

O-hTF system at the 

hTF: V
IV

O(acac)2  ratio of 1:2 from ref.
96 

shows that V
IV

O
2+

 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
IV

O(acac)2 in MeOH, solutions 

containing hTF and V
IV

OSO4 (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
IV

O(acac)2 in MeOH and with the spectra of solutions of hTF:V
IV

O
2+

=1:1 

and 1:2. The conclusions here that might be made are that (v) V
IV

O(acac)2 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 (9.4310
- 5 

M) and different 

concentrations of V
IV

O(acac)2 obtained by addition of V
IV

O(acac)2 (2.7810
2

 M) in DMSO to 

separate solutions of apo-hTF (1.4110
4 

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
IV

 

found by ICP is indicated in brackets. The X-band EPR spectra of solution containing V
IV

O(acac)2 in 

MeOH, solutions containing hTF (6.010
4 

M) and V
IV

OSO4 (C=ChTF and C= ChTF2) 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 V
IV

O(acac)2 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
IV

O(acac)2 in MeOH or 

with the spectra of solutions of hTF:V
IV

O
2+

=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
IV

O(acac)2 of 1:4.02 (2.1) and 1:7.89 (3.1). The spin Hamiltonian parameters (gx, 

gy, gz, Ax, Ay and Az) of these samples, the sample of V
IV

O(acac)2 in MeOH and of V
IV

O–

hTF species A and B reported by other authors are included in Table 7.  

The gz values obtained in this work for the samples hTF:V
IV

O(acac)2=4.02 (2.1) and 

hTF:V
IV

O(acac)2=7.89 (3.1) are higher than those obtained for V
IV

O(acac)2 in MeOH and for 

both V
IV

O–hTF species A and B. The Az values obtained in this work for the same samples 

differ from the Az values obtained for V
IV

O(acac)2 in MeOH and for both V
IV

O–hTF species 

A and B. However, Az values from this work are close to Az value obtained for V
IV

O–hTF 

species A from ref
96

. 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: 

V
IV

O(oda)(bipy) = 1:4.21 (2.5) and hTF: VO(acac)2 = 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 λmax at    750 nm and can be attributed to either dxy→dxz or dxy→dyz 

transitions; the band with λmax at     625 nm can be also attributed to either dxy→dxz or dxy →dyz 

transitions; the band  with λmax at    550 nm can be attributed to the dxy → dx2-y2 transition; the 

band with λmax at    454 nm can be attributed to dxy → dz2 transitions and the band a λmax 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 (9.4310
- 5 

M) and different concentrations of V
IV

O(acac)2 obtained by addition of 

V
IV

O(acac)2 (2.7810
2

 M) in DMSO to separate solutions of apo-hTF (1.4110
4 

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
IV

 found by ICP is indicated in brackets. The X-band EPR 

spectra of solution containing V
IV

O(acac)2 in MeOH, solutions containing hTF (6.010
4 

M) and 

V
IV

OSO4 (C=ChTF and C= ChTF2) in HEPES-S buffer are included for comparison. 
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Table 7. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of samples for the hTF-V
IV

O(acac)2  

system and for V
IV

O(acac)2  in MeOH, obtained by simulation of the experimental EPR spectra with 

the computer program of Rockenbauer and Korez
116

, and those reported by other authors for VO–hTF 

species (A and B). 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az (10

4
 cm

-1
) 

V
IV

O(acac)2 in MeOH 1.984 1.954 60.8 171.2 

V
IV

O–hTF species A ref
96

  1.939  168.5 

ref
121

 1.937 168.3 

ref
122

 1.938 168 

ref
123

 1.938 168 

ref
124

 1.940 166.8 

V
IV

O–hTF species B ref
96

  1.940  171.1 

ref
122

 1.941 170.3 

ref
123

 1.938 170 

ref
124

 1.934 170 

ref
121

 1.941 170.5 

ref
121

 1.935 171.8 

hTF:V
IV

O(acac)2=4.02 (2.1) 1.984 1.949 57.9 168.6 

hTF:V
IV

O(acac)2=7.89 (3.1) 1.985 1.950 57.6 167.7 

From Figure 37 it can be concluded that: (vii) the V
IV

 is bound to chiral groups of hTF and 

induced CD (ICD) is observed, (viii) the ligand(s) are coordinated to the V
IV

 centers and they 

are close to the hTF chiral centers. Comparison of these CD spectra with the CD spectrum of 

hTF:V
IV

O
2+

 = 1:2 from ref.
96,106,109

 also confirms the conclusion (viii) as the bands of this 

spectra do not match with the bands of hTF-V
IV

O
2+

 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 

V
IV

O(oda)(bipy) and V
IV

O(acac)2 bind to hTF, and when binding at least one of the  ligands 

is maintained in the V
IV

 coordination shere. In the case of V
IV

O(acac)2 this contradicts 

previous reports that such binding does not occur.
 117,118

  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 (9.4310
- 5 

M) in Tris 

buffer and V
IV

O(oda)(bipy) (2.310
4 

M, found by ICP) in DMSO. The % of DMSO added was 2; the 

cell path length was 10 mm. The 2
nd

 spectrum (brown line) corresponds to hTF (9.4310
- 5 

M) in Tris 

buffer and V
IV

O(acac)2 (2.910
4 

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 -NH2,  -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.
125

 hTF has 8 tryptophan residues (3 in the N-lobe, 

5 in the C-lobe), 25 tyrosine residues and 27 phenilalanine residues.
83 

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 
91

 and 
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possibly Asp-63 and Tyr-95
97

 are possible ligands that may bind to vanadium
IV

.
 
The partial 

quenching in the fluorescence of Trp-128 results from the V
IV

 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.
126

 

4.2.4.1. The fluorescence spectra of V
IV

O-oda– hTF complexes. 

Figure 38 depicts fluorescence emission spectra measured for the hTF-V
IV

O(oda)(H2O)2  

solution (experiment 4.1.) using λex=280 nm. hTF demonstrates strong fluorescence emission 

with λmax 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 

V
IV

O(oda)(H2O)2 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
IV

O(oda)(H2O)2 (ratio 1:3.46) causes a decrease in the fluorescence 

intensity of     21 %.  

 

Figure 38. Fluorescence emission spectra measured for the hTF-V
IV

O(oda)(H2O)2 solution. The hTF 

concentration used was 2.4610
6 

M and that of V
IV

O(oda)(H2O)2 was stepwise increased from 0 to 

8.43 10
6 

M (from hTF: V
IV

O(oda)(H2O)2 ratios of 1:0 to 1:3.5). Other conditions: T=298 K; pH=7.4; 

max % of MeOH added 0.99; λex=280 nm. The arrow shows V
IV

O(oda)(H2O)2  concentration increase. 

(a) % of fluorescence intensity decrease versus V
IV

O(oda)(H2O)2:hTF ratio.  

Figure 39 depicts corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(H2O)2  

solution measured using λex=280 nm. The Stern-Volmer analysis did not give a good fitting to 

(a) 
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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+K1·x))+(xc/(1+K2·x)) where xa and xc are the 

molar fractions of two different populations of fluorophores with different quenching rate 

constants K1 and K2. 

 

Figure 39. Corrected relative fluorescence intensity of the hTF - V
IV

O(oda)(H2O)2  solution (data from 

Figure 38) vs. concentration of V
IV

O(oda)(H2O)2. If and IF0 are the fluorescence intensities at the 

maximum emission wavelength λem=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+6.8910
5
·x))+(0.91/(1+1.9310

4
·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.
125 

The quenching rate constants obtained are K1=6.8910
5 and K2=1.9310

4. The respective 

fractions expressed in % are 8.9 and 91. 

Figure 40 depicts the fluorescence emission spectra measured for the hTF-V
IV

O(oda)(bipy)  

solution (experiment 4.3.) using λex=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
IV

O(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 V
IV

O(oda)(bipy) causes a decrease in the fluorescence intensity of    18 %. 

Figure 41 depicts corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(bipy)  

solution measured using λex=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
IV 

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 Ksv=5.47x10
4
.
125

 

 

Figure 40. Fluorescence emission spectra for the hTF-V
IV

O(oda)(bipy)  solution. The hTF 

concentration used was 1.010
6 

M and that of V
IV

O(oda)(bipy) was stepwise increased from 0 to 3.2 

10
6 

M (from hTF: V
IV

O(oda)(bipy)  ratios 1:0 to 1:3.26). Other conditions: T=298 K; pH=7.4; max 

% of DMSO added 1.64; λex=280 nm. The arrow shows V
IV

O(oda)(bipy)  concentration increase. (a) 

% of fluorescence intensity decrease versus V
IV

O(oda)(bipy):hTF ratio. 

 

Figure 41. Stern-Volmer plot: corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(bipy) 

solution (data from Figure 40) vs. concentration of V
IV

O(oda)(bipy). If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=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
4
·x +1. 
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Figure 42 depicts fluorescence emission spectra measured for the hTF-V
IV

O(oda)(bipy) 

solution (experiment 4.3.) using λex=295 nm. hTF demonstrates strong fluorescence emission 

with λmax at 317 nm. The complex causes concentration-dependent hTF fluorescence 

quenching and is probably close enough to the tryptophan residues. The quenching appears to 

be stronger than at λex=280 nm, this suggesting the presence of several binding sites for 

V
IV

O(oda)(bipy).
 125

 Addition of the highest concentration of V
IV

O(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
IV

O(oda)(bipy)  

solution measured using λex=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+ K1·x))+(xc/(1+ K2·x)) 

where xa and xc are the molar fractions of two different populations of fluorophores with 

different quenching rate constants K1 and K2. 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.
125

 The quenching rate constants obtained 

are K1=6.1110
6 and K2=1.5510

5
.  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
IV

O(oda)(bipy).
125

 

Figure 44 depicts fluorescence emission spectra measured for hTF-V
IV

O(oda)(phen)  solution 

(experiment 4.5.) using λex=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
IV

O(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
IV

O(oda)(bipy) solution. The hTF 

concentration used was 1.010
6 

M and that of V
IV

O(oda)(bipy) was stepwise increased from 0 to 

1.9410
6 

M (from hTF: V
IV

O(oda)(bipy)  ratios of 1:0 to 1:1.96). Other conditions: T=298 K; 

pH=7.4; max % of DMSO added 0.99; λex=295 nm. The arrow shows V
IV

O(oda)(bipy) concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(bipy):hTF ratio. 

 

Figure 43. Corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(bipy) solution (data from 

Figure 42)  vs. concentration of V
IV

O(oda)(bipy). If and IF0 are the fluorescence intensities at the 

maximum emission wavelength λem=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+6.1110
6 

·x))+(0.909/(1+1.5510
5
·x)). 
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Figure 44. Fluorescence emission spectra measured for the hTF-V
IV

O(oda)(phen) solution. The hTF 

concentration was 2.4610
6 

M and that of V
IV

O(oda)(phen) was stepwise increased from 0 to 

3.1310
6 

M (from hTF: V
IV

O(oda)(phen) ratios of 1:0 to 1:1.28). Other conditions: T=298 K; 

pH=7.4; max % of DMSO added 0.36; λex=280 m. The arrow shows V
IV

O(oda)(phen)  concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(phen):hTF ratio.  

 

Figure 45. Corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(phen)  solution (data from 

Figure 44) vs. concentration of V
IV

O(oda)(phen). If and IF0 are the fluorescence intensities at the 

maximum emission wavelength λem=322 at the concentration of the complex in a sample and in the 

absence of the complex respectively. The trendline equation is y=3.7110
4
x+1. 
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Figure 45 depicts corrected relative fluorescence intensity of the hTF-V
IV

O(oda)(phen)  

solution measured using λex=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
IV 

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.
125 

The Stern-Volmer 

dynamic quenching constant from the equation obtained (the slope) is Ksv=3.7110
4
.
 

4.2.4.2. The fluorescence spectra of solutions containing hTF and V
IV

O(acac)2. 

Figure 46 depicts fluorescence emission spectra measured for the hTF-V
IV

O(acac)2   solution 

(experiment 4.7.) using λex=280 nm. As the complex concentration increases the hTF 

fluorescence decrease is observed which means that the fluorescence quenching is 

concentration-dependent and that V
IV

O(acac)2  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 V
IV

O(acac)2  (ratio 1:3.08) causes a decrease in the fluorescence intensity of     

15%. 

Figure 47 depicts corrected relative fluorescence intensity of the hTF-V
IV

O(acac)2  solution 

measured using λex=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+K1·x))+(xc/(1+K2·x)) where xa an xc are the molar 

fractions of two different populations of fluorophores with different quenching rate constants 

K1 and K2. 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.
125 

The quenching rate constants obtained are K1=8.810
6 

and K2=5.1310
4
. 

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
IV

O(acac)2  solution. The hTF 

concentration used was 1.0210
6 

M and that of V
IV

O(acac)2  was stepwise increased from 0 to 3.09 

10
6 

M (from hTF: V
IV

O(acac)2  ratios of 1:0 to 1:3.08). Other conditions: T=298 K; pH=7.4; λex=280 

nm. The arrow shows V
IV

O(acac)2  concentration increase. (a) % of fluorescence intensity decrease 

versus V
IV

O(acac)2 :hTF ratio. 

 

Figure 47. Stern-Volmer plot: corrected relative fluorescence intensity of the hTF-V
IV

O(acac)2    

solution (data from Figure 46) vs. concentration of V
IV

O(acac)2.  If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=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+8.810
6 

·x))+(0.922/(1+5.1310
4 
·x)). 
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Figure 48 depicts fluorescence emission spectra measured for the hTF-V
IV

O(acac)2   solution 

(experiment 4.7.) using λex=295 nm.V
IV

O(acac)2 is close enough to the tryptophan residues to 

produce some concentration-dependent quenching effect which is quite small.
125

 Addition of 

the highest concentration of V
IV

O(acac)2  (ratio 1:3.08) causes a decrease in the fluorescence 

intensity of 7.22%. 

 

Figure 48. Fluorescence emission spectra measured for the hTF-V
IV

O(acac)2  solution. The hTF 

concentration used was 1.0210
6 

M and that of V
IV

O(acac)2  was stepwise increased from 0 to 3.09 

10
6 

M (from hTF: V
IV

O(acac)2  ratios of 1:0 to 1:3.08). Other conditions: T=298 K; pH=7.4; λex=295 

nm. The arrow shows V
IV

O(acac)2 concentration increase. (a) % of fluorescence intensity decrease 

versus V
IV

O(acac)2:hTF ratio.  

Figure 49 depicts corrected relative fluorescence intensity of the hTF-V
IV

O(acac)2  solution 

measured using λex=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+K1·x))+(xc/(1+K2·x)) where xa an xc are the molar 

fractions of two different populations of fluorophores with different quenching rate constants 

K1 and K2. 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.
125

 The quenching rate constants obtained are K1=7.110
6  and K2=2.410

4.
 

The respective fractions expressed in % are 7 and 93. 
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Figure 49. Corrected relative fluorescence intensity of the hTF-V
IV

O(acac)2  solution (data from 

Figure 48) vs. concentration of V
IV

O(acac)2. If and IF0 are the fluorescence intensities at the maximum 

emission wavelength λem=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+7.110
6
·x))+(0.93/(1+2.410

4
·x)). 

Among all the systems analyzed which have 2 constants (i.e. two quenching mechanisms), 

one constant (K1) 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
125

); the 

other constant (K2) 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 (K2) are presented in the Table 8.  

Analysis of the fluorescence data shows that V
IV 

binds to hTF at two distinct sites (with two 

different binding constants) for all systems except hTF-V
IV

O(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 

(λex=280 nm): V
IV

O(oda)(H2O)2 < V
IV

O(oda)(phen) < V
IV

O(acac)2 < V
IV

O(oda)(bipy); 

(λex=295 nm): V
IV

O(acac)2 < V
IV

O(oda)(bipy) which allows to suggest that V
IV

O(oda)(bipy) 

has the highest binding strength to hTF and the highest ability to lower the electronic density 

of the hTF hydrophobic cavity. 
125
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Table 8. Stern-Volmer dynamic quenching constants (Ksv)  and quenching rate constants (K2)  

obtained for hTF- V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), V
IV

O(oda)(phen) and V
IV

O(acac)2 systems. 

System Constants at λex=280 nm Constants at λex=295 nm 

hTF- V
IV

O(oda)(H2O)2 K2=1.9310
4
 - 

hTF-V
IV

O(oda)(bipy) Ksv=5.47x10
4
 K2=1.5510

5
 

hTF-V
IV

O(oda)(phen) Ksv=3.7110
4
 - 

hTF- V
IV

O(acac)2 K2=5.1310
4
 K2=2.410

4
 

The analysis of the data obtained from the experiment 4.9. with hTF-V
IV

O(oda)(phen) system 

at 25, 30, 35, 40º C (figures are not presented) showed that in the uncorrected data the 

quenching rate constant decreases with increasing temperature, which supports a static 

quenching.
125   

 

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
IV

O
2+

 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
IV

 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
IV

O
2+

)n–protein complexes. The 

final CD spectrum recorded is the sum of CD signals of all the complexes formed in one 

particular system.
96

 

Till now there are no publications on the binding of VO-oda complexes to HSA.  There are 

studies of binding of VO(acac)2 to HSA.
98,118 

Garriba et al.,  based on measuring EPR spetra 

of solutions containing VO(acac)2 and HSA state that there is no binding.
 98

 On the contrary, 

Makinen et al.
 118

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

properties of VO(acac)2, as they state that it is HSA that transports the complex to the cells.  

4.3.1.1. The CD spectra of HSA-V
IV

O-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
IV

O(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
IV

O(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
IV

O(oda)(bipy). Upon 

addition of 2 or higher mol equivalents of V
IV

O(oda)(bipy) significant changes are observed 

as broad positive bands form with λmax 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. 

 

Figure 50. CD spectra of solutions containing HSA (5.3710
4

 M) in PBS upon stepwise additions of 

V
IV

O(oda)(bipy) (4.810
2

 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
IV

O(acac)2. 

Figure 51 depicts the changes in the CD spectra of solution of HSA upon addition of 0.51 – 5 

mol equivalents of V
IV

O(acac)2 (experiment 2.6.). Addition of V
IV

O(acac)2 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) V
IV

O(acac)2 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
IV

 so that no ICD 

is measuted in the visible range. 

 

Figure 51. CD spectra of a solution containing HSA (6.0210
4

 M) in PBS and after stepwise addition 

of V
IV

O(acac)2 (3.6410
2

 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
IV

O(acac)2. 

Figure 52 depicts the X-band EPR spectra of the solutions containing HSA in PBS and 

V
IV

O(acac)2 in DMSO (experiment 3.7.) and of the solution containing V
IV

O(acac)2  in 

MeOH. The X-band EPR spectra of solutions containing HSA and V
IV

O
2+

 (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 V
IV

O(acac)2 in MeOH. This probably means that (i) V
IV

 of 

V
IV

O(acac)2 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 V
IV

OSO4 (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) V
IV

O(acac)2 binds to HSA with at least one acac
-
 ligand.  
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Figure 52 X-band EPR spectra of solutions containing HSA (5.7310
4 

M, 5.5610
4 

M) in PBS and 

V
IV

O(acac)2 (1.7210
3 

M, 2.7810
3 

M) in DMSO respectively. The X-band EPR spectra of the 

solution containing V
IV

O(acac)2 in MeOH, solutions containing HSA (6.510
4 

M) and V
IV

OSO4 

(C=CHSA and C= CHSA4.6) 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, gy, gz, Ax, Ay and Az) of 

the samples being analyzed, the sample of V
IV

O(acac)2 in MeOH and of samples containing 

different V
IV

O-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 

V
IV

O(acac)2 in MeOH, HSA:V
IV

O
2+

=1:1 and HSA:V
IV

O
2+

=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
IV

O(acac)2 does not bind to HSA, and also 

to the previous findings stating that such binding does not occur made by Garriba et. al.
 98

  

 

Figure  53. Amplification of the low and high field ranges of the X-band EPR spectra of solutions 

containing HSA (5.7310
4 

M, 5.5610
4 

M) in PBS and V
IV

O(acac)2 (1.7210
3 

M, 2.7810
3 

M) in 

DMSO respectively. Amplification of the X-band EPR spectra of the solution containing V
IV

O(acac)2 

in MeOH, solutions containing HSA (6.510
4 

M) and V
IV

OSO4 (C=CHSA and C= CHSA4.6) in 

HEPES-S buffer are included for comparison. Maximum % of DMSO added was 6.54; T=77 K. 

 

 

 

 

VIVO(oda)(bipy) in EtOH 

 

hTF:VIVO2+=1:1 

 

hTF:VIVO2+=1:2 

 

hTF:VIVO(oda)(bipy)= 

1:1.05 (0.9) 

 

hTF:VIVO(oda)(bipy)= 

1:2.1 (1.5) 

 hTF:VIVO(oda)(bipy)= 

1:4.21 (2.5) 
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Table 9. Spin Hamiltonian parameters (gx, gy, gz, Ax, Ay and Az) of samples for HSA-V
IV

O(acac)2 

system and for V
IV

O(acac)2 in MeOH, obtained by simulation of the experimental EPR spectra with 

the computer program of Rockenbauer and Korez
116

, and those reported by other authors for different 

V
IV

O–HSA species. 

System gx, gy gz Ax, Ay (10
4
 cm

-1
) Az (10

4
 cm

-1
) 

V
IV

O(acac)2 in MeOH 1.984 1.954 60.8 171.2 

V
IV

O–HSA VBS1 ref
127

  1.9265±0.0005  166.50±0.50 

ref
128

 1.939±0.001 172.8±0.5 

ref
113

 1.946 164.6 

V
IV

O–HSA VBS2 ref
127

  1.9355±0.0005  164.50±0.50 

ref
128

 1.938±0.001 177.1±0.5 

ref
113

 1.947 171.2 

Multinuclear species 

(V
IV

O)n–
m

HSA  

 

ref
98

 

 

  

1.947 

 

  

164.6 

Dinuclear species 

(V
IV

O)2–
d
HSA 

 

ref
98

 

 

  

1.981 

  

80 

HSA:V
IV

O(acac)2=1:3 

 

1.986 1.958 58.4 169.4 

HSA:V
IV

O(acac)2=1:5 

 

1.985 1.959 58.0 169.2 

The gz values obtained in this work for all the samples HSA:V
IV

O(acac)2 are higher than those 

obtained for V
IV

O(acac)2 in MeOH and for all the V
IV

O–HSA species. Az values obtained in 

this work for the same samples differ from all the Az values obtained for V
IV

O(acac)2 in 

MeOH and for all the V
IV

O–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
IV

O(acac)2 does not bind to HSA, and also to the previous findings that such 

binding does not occur made by Garriba et. al.
 98
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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 IIA), 18 tyrosine residues and 31 phenilalanine residues.
79  

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).
79

 

4.3.3.1. The fluorescence spectra of HSA-V
IV

O-oda complexes. 

Figure 54 depicts fluorescence emission spectra of the HSA -V
IV

O(oda)(H2O)2 system 

(experiment 4.2.) measured using λex=280 nm. HSA demonstrates strong fluorescence 

emission with λmax 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
IV

O(oda)(H2O)2 is close enough to the tryptophan and/or tyrosine residues. 

Hovewer, the quenching effect is rather small. Addition of the highest concentration of 

V
IV

O(oda)(H2O)2 (ratio 1:18.86) causes a decrease in the fluorescence intensity of     12.9 %. 

 

Figure 54. Fluorescence emission measured for the HSA-V
IV

O(oda)(H2O)2   solution. The HSA 

concentration used was 2.610
6 

M and that of V
IV

O(oda)(H2O)2 was stepwise increased from 0 to 

4.6610
5 

M (from HSA:V
IV

O(oda)(H2O)2  ratios of 1:0 to 1:18.86). Other conditions: T=298 K; 

pH=7.4; max % of MeOH added 4.76; λex=280 nm. The arrow shows V
IV

O(oda)(H2O)2  concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(H2O)2:HSA ratio. 
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Figure 55 depicts corrected relative fluorescence intensity of the HSA-V
IV

O(oda)(H2O)2 

solution at λex=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
IV 

binding to HSA with one Stern-Volmer dynamic quenching constant as quenching is 

mainly due to dynamic process, dominated by diffusion.
125 

The Stern-Volmer dynamic 

quenching constant from the equation obtained (a slope) is Ksv=2.510
3
. 

 

Figure 55. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V
IV

O(oda)(H2O)2  

solution (data from Figure 54) vs. concentration of V
IV

O(oda)(H2O)2. If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=330 at the concentration of the complex in a 

sample and in the absence of the complex respectively. The trendline equation is y= 2.510
3
 + 1. 

Figure 56 depicts fluorescence emission spectra of the HSA-V
IV

O(oda)(bipy) solution 

(experiment 4.4.) measured using λex=280 nm. As the complex concentration increases the 

HSA fluorescence decrease is observed which means that the fluorescence quenching is 

concentration-dependent and that V
IV

O(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
IV

O(oda)(H2O)2. Addition of the highest concentration of V
IV

O(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
IV

O(oda)(bipy)  system at λex=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+K1·x))+(xc/(1+K2·x)) where xa and xc are the molar fractions of two different 

populations of fluorophores with different quenching rate constants K1 and K2. 
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Figure 56. Fluorescence emission spectra measured for the HSA-V
IV

O(oda)(bipy) solution. The HSA 

concentration was 1.0310
6 

M and that of V
IV

O(oda)(bipy) was stepwise increased from 0 to 

1.8410
6 

M (from HSA: V
IV

O(oda)(bipy)  ratios of 1:0 to 1:1.81). Other conditions: T=298 K; 

pH=7.4; max % of DMSO added 0.99; λex=280 nm. The arrow shows V
IV

O(oda)(bipy) concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(bipy):HSA ratio. 

 

Figure 57. Corrected  relative fluorescence of the HSA-V
IV

O(oda)(bipy) solution (data from Figure 

56) vs. concentration of V
IV

O(oda)(bipy). If and IF0 are the fluorescence intensities at the maximum 

emission wavelength λem=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+7.1510
6 

·x))+(0.892/(1+7.7210
4
·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.
125

 The 

quenching rate constants obtained are K1=7.1510
6 and K2=7.7210

4. The corresponding 

fractions expressed in % are 10.8 and 89.2. 

Figure 58 depicts fluorescence emission spectra of the HSA-V
IV

O(oda)(bipy) solution 

(experiment 4.4.) at λex=295 nm. HSA demonstrates strong fluorescence emission with λmax 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 V
IV

O(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.
125

Addition of the highest concentration of V
IV

O(oda)(bipy) (ratio 1:9.03) 

causes a decrease in the fluorescence intensity of    68 %.  

 

Figure 58. Fluorescence emission spectra measured for the HSA-V
IV

O(oda)(bipy)  solution. The HSA 

concentration used was 1.0310
6 

M and that of V
IV

O(oda)(bipy) was stepwise increased from 0 to 

8.8610
6 

M (from HSA:V
IV

O(oda)(bipy)  ratios of 1:0 to 1:9.03). Other conditions: T=298 K; 

pH=7.4; max % of DMSO added 4.76; λex=295 nm. The arrow shows V
IV

O(oda)(bipy) concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(bipy):HSA ratio. 

(a) 
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Figure 59. Corrected relative fluorescence of the HSA-V
IV

O(oda)(bipy) solution (data from Figure 

58) vs. concentration of V
IV

O(oda)(bipy). If and IF0 are the fluorescence intensities at the maximum 

emission wavelength λem=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10
24 
·x))+(0.87/(1+2.910

5
·x)). 

Figure 59 depicts corrected relative fluorescence intensity of the HSA-V
IV

O(oda)(bipy)  

system at λex=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+k1·x))+(xc/(1+k2·x)) where xa and xc are the molar 

fractions of two different populations of fluorophores with different quenching rate constants 

k1 and k2. 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.
125 

It is clear from Figure 59 that the function gains hyperbolic behaviour 

from the HSA:V
IV

O(oda)(bipy) ratio of 1:1.44; this may mean start of binding to VBS2, e.g. 

MBS, as MBS can bind more than one mol equivalent of V
IV

.
79 

The quenching rate constants 

obtained are K1=2.710
24 and K2=2.910

5
. The corresponding fractions expressed in % are 

16.4 and 87. 

Figure 60 depicts fluorescence emission spectra of the HSA-V
IV

O(oda)(phen) solution 

(experiment 4.6.) measured using λex=280 nm. As the complex concentration increases the 

HSA fluorescence decreases, this means that the fluorescence quenching is concentration-

dependent and that V
IV

O(oda)(phen) is close enough to the tryptophan and/or tyrosine 
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residues.
125

 Hovewer, the quenching effect rather small. Addition of the highest concentration 

of V
IV

O(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
IV

O(oda)(phen) 

solution measured using λex=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
IV 

binding to HSA with one Stern-Volmer dynamic quenching constant as 

quenching is mainly due to dynamic process, dominated by diffusion.
125 

The Stern-Volmer 

dynamic quenching constant from the equation obtained (the slope), Ksv=1.3510
4.

 
 

 

Figure 60. Fluorescence emission spectra measured for the HSA-V
IV

O(oda)(phen) solution. The HSA 

concentration used was 2.5510
6 

M and that of V
IV

O(oda)(phen) was stepwise increased from 0 to 

7.5310
6 

M (from HSA: V
IV

O(oda)(phen)  ratios of 1:0 to 1:2.97). Other conditions: T=298 K; 

pH=7.4; max % of DMSO added 0.66; λex=280 nm. The arrow shows V
IV

O(oda)(phen)  concentration 

increase. (a) % of fluorescence intensity decrease versus V
IV

O(oda)(phen):HSA ratio. 
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Figure 61. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V
IV

O(oda)(phen)  

solution (data from Figure 60) vs. concentration of V
IV

O(oda)(phen). If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=330 at the concentration of the complex in a 

sample and in the absence of the complex respectively.  The trendline equation is y=1.3510
4
·x+1. 

4.3.3.2. The fluorescence spectra of solutions containing HSA and V
IV

O(acac)2. 

Figure 62 depicts fluorescence emission spectra of the HSA-V
IV

O(acac)2 solution (experiment 

4.8.) measured using λex=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
IV

O(acac)2 is close enough to the tryptophan and/or 

tyrosine residues.
125

 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.
125

Addition of the highest concentration of V
IV

O(acac)2  (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
IV

O(acac)2  solution 

measured using λex=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
IV 

binding to HSA with one Stern-Volmer dynamic quenching constant as quenching is 

mainly due to dynamic process, dominated by diffusion.
125 

 The Stern-Volmer dynamic 

quenching constant from the equation obtained (the slope) is Ksv=2.510
4. 
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Figure 62. Fluorescence emission spectra measured for the HSA-V
IV

O(acac)2  solution. The HSA 

concentration used was 1.00810
6 

M and that of V
IV

O(acac)2  was stepwise increased from 0 to 

1.810
5 

M (from HSA: V
IV

O(acac)2   ratios of 1:0 to 1:19.33). Other conditions: T=298 K; pH=7.4; 

λex=280 nm. The arrow shows V
IV

O(acac)2  concentration increase. (a) % of fluorescence intensity 

decrease versus V
IV

O(acac)2 :HSA ratio. 

 

Figure 63. Stern-Volmer plot: corrected relative fluorescence intensity of the HSA-V
IV

O(acac)2  

solution (data from Figure 62) vs. concentration of V
IV

O(acac)2. If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=333 at the concentration of the complex in a 

sample and in the absence of the complex respectively. The trendline equation is y=2.510
4 
x+1. 

Figure 64 depicts fluorescence emission spectra of the HSA-V
IV

O(acac)2  solution 

(experiment 4.8.) measured using λex=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 V
IV

O(acac)2 is close enough to the tryptophan residue.
125

 Hovewer, the 

quenching effect is not strong. Addition of the highest concentration of V
IV

O(acac)2 (ratio 

1:16.24) causes a decrease in the fluorescence intensity of    24.4%. 

 

 Figure 64. Fluorescence emission spectra measured for the HSA - V
IV

O(acac)2  solution. The HSA 

concentration used was 1.0310
6 

M and that of V
IV

O(acac)2 was stepwise increased from 0 to 

1.5310
5 

M (from HSA: V
IV

O(acac)2 ratios of 1:0 to 1:16.24). Other conditions: T=298 K; pH=7.4; 

λex=295 nm. The arrow shows V
IV

O(acac)2 concentration increase. (a) % of fluorescence intensity 

decrease versus V
IV

O(acac)2 :HSA ratio. 

Figure 65 depicts corrected relative fluorescence intensity of the HSA-V
IV

O(acac)2 solution 

measured using λex=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+k1·x))+(xc/(1+k2·x)) where xa and xc 

are the molar fractions of two different populations of fluorophores with different quenching 

rate constants k1 and k2. 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.
125

 The quenching rate constants obtained are k1=3.3110
5  and 

k2=4.610
3. The corresponding fractions expressed in % are 20.5 and 79.6. 
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Figure 65. Corrected relative fluorescence of the HSA-V
IV

O(acac)2  solution (data from Figure 64) vs. 

concentration of  V
IV

O(acac)2. T=298 K; pH=7.4, λex=295 nm. If and IF0 are the fluorescence 

intensities at the maximum emission wavelength λem=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+3.3110
5
·x))+(0.796/(1+4.610

3
·x)). 

Among all the systems analyzed which have 2 constants (i.e. two types of binding), one 

constant (K1) 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
125

); the 

other constant (K2) 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 (K2) are presented in the Table 10.  

Table 10. Stern-Volmer dynamic quenching constants (Ksv)  and quenching rate constants (K2)  

obtained for HSA - V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), V
IV

O(oda)(phen) and V
IV

O(acac)2 systems. 

System Constants at λex=280 nm Constants at λex=295 nm 

HSA-V
IV

O(oda)(H2O)2 Ksv=2.510
3
 - 

HSA-V
IV

O(oda)(bipy) K2=7.7210
4
 K2=2.910

5
 

HSA-V
IV

O(oda)(phen) Ksv=1.3510
4
 - 

HSA-V
IV

O(acac)2 Ksv=2.510
4
 K2=4.610

3
 

 

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. V
IV

O(oda)(H2O)2  appears to bind to 

HSA by one binding type (basing on the information obtained at λex=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. V
IV

O(oda)(bipy) appears to bind by more than one binding 

type and to quench the fluorescence by two mechanisms simultaneously.
125

 Moreover, 

binding of V
IV

O(oda)(bipy) to HSA is characterized by the strong red shift observed at 

λex=295 nm.  

Basing on the information obtained at λex=280 nm V
IV

O(acac)2 appears to bind only by one 

binding type and to quench the fluorescence predominantly by one mechanism. At this 

excitation wavelength binding of V
IV

O(acac)2 to HSA is characterized by the slight blue shift.  

Basing on the information obtained at λex=295 nm V
IV

O(acac)2 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 (λex=280 nm): 

V
IV

O(oda)(H2O)2 < V
IV

O(oda)(phen) < V
IV

O(acac)2 < V
IV
O(oda)(bipy); (λex=295 nm): 

V
IV

O(acac)2 < V
IV

O(oda)(bipy) which allows to suggest that V
IV

O(oda)(bipy) has the highest 

binding strength to HSA and the highest ability to lower the electronic density of the HSA 

hydrophobic cavity.
125 

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. V
IV

O(oda)(H2O)2 stability studies. The solution of V
IV

O(oda)(H2O)2 was reasonably 

stable at least for ~60 minutes. After this period of time the absorption decreases with time, 

but the λmax of the bands remains the same. The possible reasons for this are progressive 

hydrolysis and oxidation of V
IV

 to V
V
 species. 

2. hTF - V
IV

O(oda)(H2O)2 system.  

Results of CD analysis showed that V
IV

O(oda)(H2O)2 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
IV

O(oda)(H2O)2 (at the Fe
III

 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 λex=280 nm showed that V
IV

O(oda)(H2O)2 partly causes 

concentration-dependent quenching of hTF fluorescence (addition of 3.46 mol equivalents of 

V
IV

O(oda)(H2O)2 decreases the fluorescence intensity by    21 %). Stern-Volmer analysis did 

not give a good fitting to the data. Hyperbolic adjustment of quenching constants gave K1 = 

6.8910
5 and K2 = 1.9310

4 (quenching with fractions of 8.9 % and 91 %).  These results are in 

agreement with the CD and EPR results.   

3. hTF - V
IV

O(oda)(bipy) system.  

Results of CD spectra indicate that V
IV

O(oda)(bipy) binds to hTF with at least one ligand. For 

samples of V
IV

O(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
IV

O
2+

 to hTF in a form that includes 

the two ligands. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(oda)(bipy) yields a weak 

concentration-dependent quenching of hTF fluorescence (addition of 3.26 mol equivalents of 

V
IV

O(oda)(bipy) decreases fluorescence intensity by   18 %). Stern-Volmer analysis gave a 

dynamic quenching constant Ksv=5.47x10
4
. Results of fluorescence analysis at λex=295 nm 

showed an apparently different information. V
IV

O(oda)(bipy) partly causes concentration-

dependent quenching of hTF fluorescence which is stronger than at λex=280 nm (addition of 



Results and Discussion 

 103 

 

1.96 mol equivalents of V
IV

O(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 K1 = 6.1110
6 and K2 = 1.5510

5 (quenching with fractions of 9.2 % 

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

4. hTF - V
IV

O(oda)(phen) system.  

Results of CD analysis showed that V
IV

O(oda)(phen) binds to hTF in some way retaining 

both  ligands in the binding process.   

Results of EPR analysis showed that V
IV

O(oda)(phen) binds to hTF probably with phen 

equatorially. However, the binding does not correspond simply to that of V
IV

O(phen), but 

seems to involve V
IV

O(oda)(phen), possibly with oda partly hydrolysed. EPR of solutions 

containing ratios of hTF:V
IV

O:phen of 1:3:3 1:3:5 superimpose those of V
IV

O(oda)(phen) + 

hTF, but the CD spectra differ.  

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(oda)(phen) causes some 

concentration-dependent quenching of hTF fluorescence (addition of 1.28 mol equivalents of 

V
IV

O(oda)(phen) decreases the fluorescence intensity by    16 %). Stern-Volmer analysis gave 

a dynamic quenching constant Ksv=3.7110
4
. Results of fluorescence analysis at λex=280 and 

295 nm  at 25, 30, 35, 40º C showed that in the uncorrected data the quenching rate constant 

decreases with increasing temperature, which supports a static quenching. 

5. hTF - V
IV

O(acac)2 system. 

Results of CD analysis showed that V
IV

O(acac)2 binds hTF with at least one acac
- 

ligand, 

contradicting previous reports that such binding does not occur.
 117,118

 The same conclusion 

was confirmed by results of CD analysis in the experiment with PD-10 columns. V
IV

O-

complexes responsible for the CD spectra measured at V
IV

O(acac)2:hTF ratios up to ca. 2 are 

bound at the Fe
III

 binding sites of hTF. For higher ratios binding also takes place at other sites. 

Results of EPR analysis suggest that V
IV

O(acac)2 binds to hTF with at least one acac
- 
ligand,  

confirming the results of CD analysis. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(acac)2 causes some 

concentration-dependent quenching of hTF fluorescence (addition of 3.08 mol equivalents of 

V
IV

O(acac)2  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 K1=8.810
6 

and K2=5.1310
4
 (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 λex=295 nm showed quite small V
IV

O(acac)2 quenching effect 

(addition of 3.08 mol equivalents of V
IV

O(acac)2 decreases the fluorescence intensity by    

7.22 %). Hyperbolic adjustment of quenching constants gave K1 = 7.110
6 and K2 = 2.410

4 

(quenching with fractions of 7 % and 93 %).  

6. HSA - V
IV

O(oda)(H2O)2 system. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(oda)(H2O)2  partly causes 

concentration-dependent quenching of HSA fluorescence (addition of 18.86 mol equivalents 

of V
IV

O(oda)(H2O)2 decreases the fluorescence intensity by    12.9  %), but the quenching 

effect is quite weak. Stern-Volmer analysis gave dynamic quenching constant Ksv=2.510
3
.  

7. HSA -V
IV

O(oda)(bipy) system. 

From the results of CD analysis it can be concluded that V
IV

O(oda)(bipy) binds to HSA. 

However, no prediction can be made regarding the binding sites of V
IV

O(oda)(bipy) at the 

HSA. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(oda)(bipy) causes 

concentration-dependent quenching of HSA fluorescence (addition of 1.81 mol equivalents of 

V
IV

O(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 

K1=7.1510
6 and K2=7.7210

4 (quenching with fractions of 10.8% and 89.16 %).  Results of 

fluorescence analysis at λex=295 nm showed that V
IV

O(oda)(bipy) causes a significant 

concentration-dependent quenching of HSA fluorescence (addition of 9.03 mol equivalents of 

V
IV

O(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 K1=2.710
24 and 

K2=2.910
5 

(quenching with fractions of 16.4 % and 87 %). These results are compatible with 

the CD data obtained. 

8. HSA-V
IV

O(oda)(phen) system. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(oda)(phen) partly causes 

small concentration-dependent quenching of HSA fluorescence (addition of 2.97 mol 
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equivalents of V
IV

O(oda)(phen) decreases the fluorescence intensity by    19.4 %). Stern-

Volmer analysis gave dynamic quenching constant Ksv=1.3510
4
.  

9. HSA - V
IV

O(acac)2 system. 

The results of CD analysis showed that that either V
IV

O(acac)2 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  values and may take place at imidazole groups of surface 

His residues (or non-covalent binding). 

Results of EPR analysis suggests that V
IV

O(acac)2 binds to HSA with at least one acac
-
 

ligand. 

Results of fluorescence analysis at λex=280 nm showed that V
IV

O(acac)2 causes a small 

concentration-dependent quenching of HSA fluorescence (addition of 19. 3 mol equivalents 

of V
IV

O(acac)2  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-Volmer analysis gave dynamic 

quenching constant Ksv=2.510
4
. Results of fluorescence analysis at λex=295 nm showed that 

V
IV

O(acac)2 also causes a small concentration-dependent quenching of HSA fluorescence 

(addition of 16.2 mol equivalents of V
IV

O(acac)2 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 K1 =3.3110
5 and K2 = 4.610

3 (quenching with 

fractions of 20.5 % and 79.6 %).   

Globally the data do not confirm that the binding involves coordination of V
IV

 of V
IV

O(acac)2 

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 - V
IV

O(acac)2 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 (λex=280 nm): V
IV

O(oda)(H2O)2 < V
IV

O(oda)(phen) 

< V
IV

O(acac)2 < V
IV
O(oda)(bipy); (λex=295 nm): V

IV
O(acac)2 < V

IV
O(oda)(bipy) which 

allows to suggest that V
IV

O(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
IV

O(acac)2: 

- VO(acac)2 binds to hTF; 

- The V
IV

O content found by ICP in desalted samples goes up to V
IV

O:hTF ratio of 3:1; 

- The data obtained do not confirm the binding of V
IV

 of V
IV

O(acac)2 to HSA.  

V
IV

O-oda complexes: 

- All V
IV

O-oda complexes bind to hTF; 

- The V
IV

 of V
IV

O(oda)(bipy) and V
IV

(oda)(phen) bind to HSA;  

- The V
IV

O content found by ICP in desalted samples containing V
IV

O(oda)(bipy) goes 

up to V
IV

O: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
IV

O(oda)(H2O)2, 

V
IV

O(oda)(bipy), V
IV

O(oda)(phen) and V
IV

O(acac)2 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-V
IV

O(oda)(phen) system behaved somewhat strangely in this work, especially in 

fluorescence studies (probably, due to the relatively high fluorescence of V
IV

O(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 

V
IV

O(tda)(H2O)2, V
IV

O(tda)(bipy), V
IV

O(tda)(phen) (tda – thiodiacetic acid); it was not 

possible to synthesize with adequate purity in this work.   

   

 

 

 

 

 

 

 



References 

 108 

 

6.0. REFERENCES 

(1) D. Rehder, J. Wіley & Sons Ltd, Bіoіnorgаnіc Vаnаdіum Chemіstry, Depаrtment Chemіe, 

Unіversіtät Hаmburg, Germаny, Copyrіght © 2008, West Sussex PO19 8SQ, Englаnd. 

(2) H. Yаsuі, Y. Аdаchі, А. Kаtoh аnd H. Sаkurаі, J. Bіol. Іnorg. Chem;2007, 12, 843–853. 

(3) H. Sаkurаі, K. Fujіі, H. Wаtаnаbe аnd H. Tаmurа, Bіochem. Bіophys. Res. Commun. 1995, 

214, 1095–1101.  

(4) O.J. D’Cruz, Y. Dong аnd F. M. Uckun, Bіochem. Bіophys. Res. Commun. 2003, 302,253–

264. 

(5) S. Y. Wong, R. W.-Y. Sun, N. P.-Y. Chung, C.-L. Lіn аnd C.-M., Chem. Commun. 2005, 

3544–3546. 

(6) J. C. Pessoа, S. Etcheverry, D. Gаmbіno Revіew. Vаnаdіum compounds іn medіcіne. 2014 

(7) B. Lyonnet, X. Mаrtz аnd E. Mаrtіn, Lа Presse Medіcаle. 1899, 32, 191–192 

(8) S. Dаvіd, V. Bаrros, C. Cruz аnd R. Delgаdo, FEMS Mіcrobіol. Lett. 2005, 251, 119–124. 

(9) А. Mаіtіаnd S. Ghosh, J. Іnorg. Bіochem.1989, 36, 131–139. 

(10) G. Elberg, J. Lіаnd Y. Shechter, Pаrt 2: Heаlth Effects (J. O. Nrіаgu, Ed.), John Wіley & 

Sons,    Іnc., New York. 1998, Ch. 14. 

(11) S. Shіgetа, S. Mon, T. Yаmаse, N. Yаmаmoto аnd N. Yаmаmoto, Bіomed. Phаrmаcother. 

2006, 60, 211–219. 

(12) D. Gаmbіno, Coord. Chem. Rev. October 2011, Volume 255, Іssues 19–20, 2193–2203. 

(13) N. Shаrmа, Hіmаchаl Prаdesh Unіversіty, J. Coord. Chem. 2010; 63:176-184. 

(14) D'Cruz, P. Ghoshаnd Fаtіh M., Wаyne Hughes Іnstіtute, Biol. Reprod., 1998, 1515-1526. 

(15) D’Cruz OJ, Phаlgunі Ghosh, аnd Fаtіh M.Uckun, Mol. Hum. Reprod. vol.4 no.7,1998, 

683–693. 

(16) D'Cruz OJ, Dong Y, Uckun F.M., Bіochem. Bіophys. Res. Commun. 2003,302 (2):253-64. 

(17) P. Ghosh, O. J. D’Cruz, D. D. DuMez, J. Peіtersen аnd F. M. Uckun, J. Іnorg. Bіochem. 

1999, 75, 135–143.  

(18) O. J. D’Cruz, B. Wаurzynіаk аnd F. M. Uckun, Toxіcology. 2002, 170,31–43. 

(19) J.H. McNeіll, V.G. Yuen, H.R. Hoveydа, C. Orvіg, J. Med. Chem. 1992, 35, 1489–1491. 

(20) Y.Shechter, А.Shіshevа, R.Lаzаr, J.Lіbmаn, А.Shаnzer, Bіochem. 1992, 31, 2063–2068. 

(21) E.J. Underwood, Trаce Elements іn Humаn аnd Аnіmаl Nutrіtіon, Аcаdemіc Press, New 

York, 1977. 

(22) K.H. Thompson, B.D. Lіboіron, Y. Sun, K.D. Bellmаn, І.А. Setyаwаtі, B.O. Pаtrіck, 

V.Kаrunаrаtne, G. Rаwjі, J. Wheeler, K. Sutton, S. Bhаnot, C. Cаssіdy, J.H. McNeіll, 

V.G.Yuen, C. Orvіg, J. Bіol. Іnorg. Chem.2003, 8, 66–74. 

(23) І.E. Leon, А.L. Dі Vіrgіlіo, V. Porro, C.І. Muglіа, L.G. Nаso, P.А. Wіllіаms, M. Bollаtі-

Fogolіn, S.B. Etcheverry, Dalton Trans.. 2013, 42, 11868 -11880. 

(24) J. Rіvаdeneіrа, D.А. Bаrrіo, S.B. Etcheverry, E.J. Bаrаn, Bіol. Trаce Elem. Res. 2007, 

118,159-166. 

(25) І.E. Leon, S.B. Etcheverry, B.S. Pаrаjon-Costа, E.J. Bаrаn, Bіol. Trаce Elem. Res. 2012, 

147, 403-407. 

(26) І.E. Leon, N. Butenko, А.L. Dі Vіrgіlіo, C.І. Muglіа, E.J. Bаrаn, І. Cаvаco, S.B. 

Etcheverry, J. Іnorg. Bіochem.2014, 134, 106–117. 

(27) M. Yodoshі, M. Odoko, N. Okаbe, Chem. Phаrm. Bull.2007, 55, 853-860. 

(28) E. E. Hаmіlton, P. E. Fаnwіck аnd J. J. Wіlker, J. Аm. Chem. Soc. 2006, 128, 3388–3395. 

(29) E. E. Hаmіlton аnd J. J. Wіlker, Аngew. Chem. Іnt. Ed. 2004, 43, 3290–3292. 



References 

 109 

 

(30) А. M. Evаngelou, Crіt. Rev. Oncol./Hemаtol. 2002, 42, 249–265. 

(31) А.M. Cortіzo, S.B. Etcheverry, Mol. Cell. Bіochem. 1995, 145, 97–102. 

(32) V.C. Sálіce, А.M. Cortіzo, C.L. Gómez Dumm, S.B. Etcheverry, Mol. Cell. Bіochem. 

1999, 198, 119–128. 

(33) S.B. Etcheverry, E.G. Ferrer, L. Nаso, J. Rіvаdeneіrа, V. Sаlіnаs, P.А.M.Wіllіаms, J. Bіol. 

Іnorg. Chem.2008, 13, 435–447. 

(34) І. Goldwаser, S. Qіаn, E. Gershonov, M. Frіdkіn, Y. Shechter, Mol. Phаrmаcol. 2000, 58, 

738–746. 

(35) W. Dаbros, А. Kordowіаk, Folіа Hіstochem. Cytobіol.2007, 45, 239–244. 

(36) M.N. Іslаm, А.А. Kumbhаr, А.S. Kumbhаr, M. Zeller, R.J. Butcher, M.B. Dusаne, 

B.N.Joshі, Іnorg. Chem. 2010, 49, 8237–8246. 

(37) M.S. Molіnuevo, D. А. Bаrrіo, А. M. Cortіzo, S. B. Etcheverry, Cancer Chemother. 

Pharmacol.. 2003, 53: 163–172. 

(38) І.E. León, А.L. Dі Vіrgіlіo, D.А. Bаrrіo, G. Аrrаmbіde, D. Gаmbіno, S.B. Etcheverry, 

Metаllomіcs 2012, 4, 1287–1316. 

(39) X. Shі, H. Jіаng, Y. Mаo, J. Ye, U. Sаffiottі, Toxіcology.1996, 106, 27–38 

(40) А. Sreedhаrа, N. Susа, А. Pаtwаrdhаn, C. P. Rаo., Biochem. Biophys. Res. Commun. 1996, 

224,115-120. 

(41) Rаng, H.P.; Dаle, M.M.; Flower, R.J. Rаng аnd Dаle’s Phаrmаcology; 6
th

 ed.; Churchіll 

Lіvіngstone. 2007. 

(42) S.B. Etcheverry аnd А.M. Cortіzo, Аmerіcаn Chemіcаl Socіety. 2009 Copyrіght © 1998, 

270–276. 

(43) S. Mehtаb, G. Goncаlves, S. Roy, А.L. Tomаz, T. Sаntos-Sіlvа, M.F. Sаntos, M.J. Romão, 

T. Jаkusch, T. Kіss, J.C. Pessoа, J. Іnorg. Bіochem.2013, 121, 187–195. 

(44) B.L. Rаі, Z. D. Lіu, D. Y. Lіu, S. L. Lu, R. C. Hіder, Eur. J. Med. Chem. 1999, 34, 475-

485.  

(45) W.R. Hаrrіs, B. Yаng, S. Аbdollаhі, Y. Hаmаdа, J. Іnorg. Bіochem.1999, 76, 231-242.  

(46) D.C. Crаns, S.S. Аmіn, А.D. Kerаmіdаs, іn: J. O. Nrіаgu, Wіley. 1988. 

(47) P.J. Stаnkіewіcz, А.S. Trаcey, Met. Іons Bіol. Syst. 1995, 31, 249-286. 

(48) D. Rehder, Future Med.  Chem. 2012, 4, 1823.  

(49) B. Venugopаl аnd T.C.  Luckey, Plenum, New York, 1978. 

(50) J.  Edel, E.  Sаbbіonі, Bіol.  Trаce Element Res. 1989, 3, 265-275. 

(51) А.R.  Byrne, L.  Kostа, Scі.  Totаl Envіron. 1978, 1017-1030. 

(52) B.R.  Nechаy, L.B.  Nаnnіngааnd P.S.E.  Nechаy, Fed.  Proc. 1986, 5123-5132. 

(53) J.J. Mongold, G.H. Cros, L. Vіаn, А. TEP, S.  Rаmаnаdhаm, G.  S1ou,  J. Dіаz, J.H.  

Mcneіll  аnd  J. J.  Serrаno, Phаrmаcol.  Toxіcol. 1990, 6, 7192-198.  

(54) Rodney J.  French аnd Peter J.H.  Jones, Lіfe Scіences. 1992, 52, 339-346. 

(55) Thompson K.H., Lіchter J, LeBel C, Scаіfe MC, McNeіll JH, Orvіg C. J. Inorg. Biochem. 

2009, 103, 554-558. 

(56) World Health Organization (W.H.O.), Vаnаdіum:  Envіronmentаl Heаlth Crіterіа. 1988, 

8, 46-47. 

(57) B.V. Venkаtаrаmаnаnd, S. Sudhа Аsіаn J. Exp. Scі. 2005, 19 (2), 127-134.  

(58) Debbіe C. Crаns аnd Аlаn S. Trаcey. Іn Vаnаdіum Compounds; Trаcey А., et аl. 1998, 1-

29. 



References 

 110 

 

(59) http://www.chemspіder.com/Chemіcаl-Structure.5361637.html, Lаstly аccessed 

26.03.2015 

(60) http://en.wіkіpedіа.org/wіkі/Fіle:Аcetylаcetone_keto-enol_equіlіbrіum.png, Lаstly 

аccessed 26.03.2015. 

(61) W. Cаmіnаtі, J.-U. Grаbow J. Am. Chem. Soc, 2006, 128,854–857. 

(62) Kіmberly А. Mаnbeck, Nіcholаs C. Boаz, Nаthаnіel C. Bаіr, Аllіx M. S. Sаnders, аnd 

Аnderson L. Mаrsh,  J. Chem. Educ. 2011, 10, 1444–1445.  

(63) Z. Yoshіdа, H. Ogoshі, T. Tokumіtsu, Tetrаhedron.1970, 26, 5691–5697.  

(64) http://en.wіkіpedіа.org/wіkі/Bіpyrіdіne, Lаstly аccessed 26.03.2015.  

(65) https://www.аngelo.edu/fаculty/kboudreа/molecule_gаllery/04_аromаtіcs/00_аromаtіcs.ht

m, Lаstly аccessed 26.03.2015. 

(66) D. Rıo, А. Gаlіndo, J. Tejedo , F. J. Bedoyа , А. Іenco , C. Meаllі, Inorg. Chem. Commun. 

2000, 3, 32–34. 

(67) І. E. León, S. B. Etcheverry, B. S. Pаrаjón-Costа, аnd E. J. Bаrаn. J. Mex. Chem. Soc. 

2013, 57(3), 175-179. 

(68) І. E. León, S. B. Etcheverry, B.S. Pаrаjón-Costа, E. J. Bаrаn, Bіol Trаce Elem Res. 2012, 

147, 403–407.  

(69) E. V. Fedorovа, V. B. Rybаkov, V. M. Senyаvіn, А. V. Аnіsіmov, аnd L. А. Аslаnov. 

Crystallogr. Rep. 2005, 50 (2), 224–229.  

(70)   David A. Evans, Angew. Chem. Int. 2014, 53, 99. 

40 – 11145. 

(71) J. C. Pessoa, I. Correia, G. Gonçalves and I. Tomaz , J. Argent. Chem. Soc., 97 (1), 2009, 

151-165. 

(72) А.L. Dі Vіrgіlіo, J. Rіvаdeneіrа, C.І. Muglіа, M.А. Reіgosа, N. Butenko, І. Cаvаco, 

S.B.Etcheverry, BіoMetаls. 2011,  24 (6), 1153-1168. 

(73) J. Rіvаdeneіrа, D.А Bаrrіo, S.B Etcheverry, E.J Bаrаn, Biol. Trace Elem. Res. 2007, 

Volume 118, 159-166. 

(74) Rіvаdeneіrа J, Dі Vіrgіlіo А.L., Bаrrіo D.А., Muglіа C.І, Bruzzone L, Etcheverry S.B. 

Med Chem. 2010, 6(1), 9-23. 

(75) D. L. Nelson, M. M. Cox. The prіncіples of bіochemіstry. Fіfth edіtіon. 2008 by W. H. 

Freemаn аnd Compаny, 1302. 

(76) N. Butenko, A. I. Tomaz, O. Nouri, E. Escribano, V. Moreno, S. Gama,V. Ribeiro, J. P. 

Telo, J. C. Pesssoa, I. Cavaco, J. Inorg. Biochem.2009,103, 622–632. 

(77) T. Peters, Jr, Аll Аbout Аlbumіn. Bіochemіstry, Genetіcs, аnd Medіcаl Аpplіcаtіons. 

Elsevіer, 1995. 

(78) G. Colmenаrejo. Med Res Rev, Wіley.2003 Vol. 23, No. 3, 275-301. 

(79) I. Correia, T. Jakusch, E. Cobbinna, S. Mehtab, I. Tomaz, N. V. Nagy, A.  Rockenbauer, 

J. C. Pessoa, T. Kiss, D. Trans. 41, 2012, 6477-6487. 

(80) http://pubs.rsc.org/en/content/articlelanding/2009/ob/b911605b#!divAbstract, Lаstly 

аccessed 04.04.2015. 

(81) M. C. Chung, Biochemical Education, Vol.12 (4) 1984, 146-154. 

(82) Martel P., Kim, S M and Powell, B M., Biophys. J 31, 1980, 371-380. 

(83) R. T. MacGillivray, E. Mendez, S. K. Sinha, M. R. Sutton, J. Lineback-Zins, and K. Brew. 

Proc Natl Acad Sci U S A,1982,  79(8), 2504–2508. 



References 

 111 

 

(84) Spik G., Bayard B., Fournet B., Strecker G., Bouquelet S., Montreuil  J. FEBS Lett. 1975,   

50, 296–299. 

(85) Dorland L.; Haverkamp J.; Schut B. L.; Vliegenthart J.; Spik G.; Strecker G.; Fournet B.; 

Montreuil J. FEBS Lett. 1977, 77, 15-20. 

(86) Wong K-L.; Regoeczi E. Int. J. Pept. Protein Res. 1977, 9, 241-248. 

(87) Putman F. W., Academic Press, 1, 1975, 265-315. 

(88) Hemmaplardh D. and Morgan E. H, Biochim Biophys Acta, 426, 1976, 385-398.  

(89) Macedo M.F., M.de Sousa Inflamm Allergy Drug Targets, 7 (1), 2008, 41–52.  

(90) Battin, E. E.; Lawhon, A.; Hamilton, D. H.; Brumaghim, J. L., J. Chem. Ed. 86, 2009, 

969-972. 

(91) Chasteen N. D. TIBS 8, 1983,  272-275. 

(92) Aisen P. and Listowsky I., Ann. Rev. Biochem. 49, 1980, 357-393. 

(93) Chasteen N D, Coord. Chem. Rev. 22, 1977, 1-36. 

(94) Princiotto J. V., Zapolski, E J,  Nature 255, 1975, 87-88. 

(95) Williams J. and Moreton K., Biochem J 185, 1980, 483-488. 

(96) S. Mehtab , G. Gonçalves, S. Roy, A. I. Tomaz, T. Santos-Silva, M. F.A. Santos, M. J. 

Romão, T. Jakusch, T. Kiss, J. C. Pessoa. J. Inorg. Biochem. 121, 2013, 187–195. 

(97) J. C. Pessoa, G. Gonçalves, S. Roy, I. Correia, S. Mehtab, M. F.A. Santos, T. Santos-

Silva, Inorg. Chim. Acta 420, 2014, 60–68. 

(98) D. Sanna, G. Micera, E. Garribba, Inorg. Chem. 49, 2010, 174–187. 

(99) D. Sanna, L. Biró, P. Buglyó, G. Micera, E. Garribba, Metallomics 4, 2012, 33–36. 

(100) D. Sanna, P. Buglyó, G. Micera, E. Garribba, J. Biol. Inorg. Chem. 15, 2010, 825–839. 

(101) D. Sanna, L. Bíró, P. Buglyó, G. Micera, E. Garribba, J. Inorg. Biochem.115, 2012, 87–

99. 

(102) D. Sanna, V. Ugone, G. Micera, E. Garribba, Dalton Trans. 41, 2012, 7304-7318. 

(103) D. Sanna, G. Micera, E. Garribba, Inorg. Chem. 52 , 2013, (1985) 11975-11985. 

(104)  Smith T.S., LoBrutto R., Pecorarro V.L., Coord. Chem Rev., 2002, 228, 1-18. 

(105) N. D. Chasteen, Oxidovanadium (IV) EPR Spin Probes Inorganic and Biochemical 

Aspects; Biological magnetic resonance, 1981, Vol. 3, Chapter 2, 53-130. 

(106) Kiss T., Jakusch T., Holler D., Dornyei A., Enyedy E. A., Pessoa J.C., Sakurai H., Sanz-

Medel A. Coord. Chem, Rev., 2008, 252, 1153-1162. 

(107) Wallace B.A., Janes R.W. Modern Techniques for Circular Dichroism and Synchrotron 

Radiation Circular Dichroism; IOS Press: Amsterdam, 2009. 

(108) Pessoa J.C., Correia, I., Gonçalves G. , Tomaz, I. J. Arg. Chem. Soc.2009, 97, 151-165. 

(109) Jakusch T., Hollender D., Enyedy E. A., Gonzalez C.S., Montes-Bayon M., Sanz-Medel 

A., Pessoa J.C., TomazI., Kiss T. Dalton Trans. 2009, 2428-2437. 

(110) Valeur B., Molecular Fluorescence: Principles and Applications; Wiley-VCH Verlag 

GmbH, 2001, 381. 

(111) H. Sun, H. Li, P.J. Sadler, Chem. Rev. 99, 1999, 2817–2842. 

(112) E. Cobbina, S. Mehtab, I. Correia, G. Gonçalves, I. Tomaz, I. Cavaco, T. Jakusch, E. 

Enyedi, T.  Kiss, J. C. Pessoa, J. Mex. Chem.Soc. 2013, 57(3), 194-205.  

(113) E. Garribba, D. Sanna and G. Micera, J. Inorg. Biochem.,2009, 103,648–655. 

(114) H. Sakurai, H. YasuiandY. Kunori, Chem. Lett., 2003, 32, 1032–1033. 

(115) H. Sakurai, H. Yasui and K. Takechi, J. Inorg.Biochem., 2000, 78, 185–196. 

(116)  Rockenbauer A.; Korecz I. Appl. Magn. Res. 1996, 10, 29-43.  



References 

 112 

 

(117) M.F.A. Santos, I. Correia, A.R. Oliveira, E. Garriba, J. Costa Pessoa, T. Santos-Silva, 

Eur. J. Inorg. Chem., 2014, 3293-3297. 

(118) Marvin W. Makinen, M. Salehitazangi, Coord. Chem. Rev. 2014, 279, 1–22. 

(119) J.C. Cannon, N.D. Chasteen, Biochemistry 1975, 14, 4573–4577. 

(120) N.D. Chasteen, J.K. Grady, C.E. Holloway, Inorg. Chem. 1986, 25, 2754–2760. 

(121) D. Sanna, E. Garribba, G. Micera, J. Inorg. Biochem. 2009, 103, 648–655. 

(122) D.C. Harris, Biochemistry 1977, 16, 560–564. 

(123) D. Mustafi, E.V. Galtseva, J. Krzystek, L.C. Brunuel, M.W. Makinen, J. Phys. Chem. 

1999, 103, 11279–11286. 

(124) T. Kiss, T. Jakusch, S. Bouhsina, H. Sakurai, E.A. Enyedy, and Eur. J. Inorg. Chem. 

2006, 18, 3607–3613. 

(125) Sareh S., Jamshidkhan C.J. Biol. Macromol. 2010, 47, 558–569. 

(126) He Q.Y., Mason A.B., Lyons B.A, Tam B.M., Nguyen V., Macgillivray R. T. A, 

Woodworth R.C., Biochem. J. 2001 354, 423–429. 

(127) Liboiron, B.D.; Thompson, K.H.; Hanson, G.R.; Lam, E.; Aebischer, N.; Orvig, C. J. Am.   

Chem. Soc. 2005, 127, 5104-5115. 

(128) Chasteen, N.D.; Francavilla, J. J. Phys. Chem. 1976, 80, 867-871. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices 

 

 

 



  

 Appendix A 

 I 

 

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 HCl 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 Na2CO3 was added to obtain C(Na2CO3)= 2.510
-2 

M 
. pH was adjusted to 7.4 

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

V
IV

O(oda)(H2O)2 solution preparation for stability studies. 

Experiment 1.1. To prepare 3.610
-3 

 M solution 2.5410
-3

 g of VO(oda)(H2O)2 was 

dissolved in 300 µL of MeOH. 150 µL of this solution was added to 2850 µL of This buffer 

to make a total volume of 3 mL with the complex concentration of 1.810
-3

 M. 
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Appendix B. Infrared spectra of the V
IV

O(oda)(H2O)2, V
IV

O(oda)(bipy), 

V
IV

O(oda)(phen) with the interpretation. 

    Appendix B 1. IR-spectrum of V
IV

O(oda)(H2O)2 

 
 

Appendix B 2. Interpretation of IR-spectrum of V
IV

O(oda)(H2O)2 
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Appendix B 3. IR-spectrum of V
IV

O(oda)(bipy) 

 
 

Appendix B 4. Interpretation of IR-spectrum of V
IV

O(oda)(bipy) 

Wavenumber,  cm
-1 

and intensity 

Assignments 

3422.55 m vbr ν(OH) (H2O) 

3116.4 w, 3085.55 w, 

3030,58 vw 

bipy  ν(CH) 

2989.12 vw, 2934.16 vw ν(CH2) 

1634.86 s br νas(COO
-
) 

1497.94 m, 1474,31 m bipy - νring 

1444.9 m bipy - νring + δring-H 

1383.19 s νs(COO
-
) 

1317.63 m νring + inter ring stretch 

1281.95 m, 1249.65 w bipy - δ(CH)in plane 

1156.6 m bipy - νring + δ(CH)in plane 

1105,01 w νas(C-O-C) 
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996.53 vs ν(V=O) 
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775.24 s, 733.3 m, 713.53 m bipy - δ(CH)out of plane 
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Appendix B 5. IR-spectrum of V
IV

O(oda)(phen) 

 

Appendix B 6. Interpretation of IR-spectrum of V
IV

O(oda)(phen) 

Wavenumber,  cm
-1 

and intensity 

Assignments 

3566.7 m br, 3406.64 m vbr  ν(OH) (H2O) 

3061,44 w ophen–ν(CH) 

2941,39 vw ν(CH2) 

1677,76 vs br νas(COO
−
) 

1521,56 m ophen—δ(CH)in plane 

1411,16 w δ(CH2) 

1363.91s, 1334.98 m νs(COO
−
) 

1334.98 m, 1312.32 w ophen—δ(CH)in plane 

1238.56 w, 1221.68 w ophen—νring 

1211.56 m, 1199.51 vw ophen—νring 

1143.1 w νas(C–O–C) 

1112.72 w. 1098.74 w ophen—δ(CH)in plane 

1074.16 m ophen—δ(CH)in plane 

1036.07 w ν(C–C) 

999.91 vs ν(V═O) 

955.07 vw. 921.8 s ν(C–C) 

875.04 m νs(C–O–C) 

856.24 s ophen—δ(CH)out of plane 

784.4 w ophen—δ(CH)out of plane 

742.46 m ν(C–C) + ophen—δ(CH)out plane 

724.62 s ophen—δ(CH)out of plane 

656.64 w ρ(CH2) 

565.52 w ophen—δ(CH)in plane 

516.83 w δ(C–O–C) 

452.71 m, 437.76 m ν(V–O) 
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Appendix C. Concentrations of samples for CD and EPR analyses.  

 

Appendix C 1. Experiment 2.1. CD of V
IV

O(oda)(H2O)2 + hTF system. 

Sample C(hTF)/M C(V
IV

O(oda)(H2O)2)/M 

hTF: V
IV

O(oda)(H2O)2= 1:1 7.1510
4

 7.1610
4

 

hTF: V
IV

O(oda)(H2O)2= 1:2 7.0810
4

 1.4110
3

 

hTF: V
IV

O(oda)(H2O)2= 1:3 6.9910
4

 2.110
3

 

hTF: V
IV

O(oda)(H2O)2= 1:4 6.9110
4 

2.7710
3

 

 

Appendix C 2. Experiment 2.2. CD of V
IV

O(oda)(bipy) + hTF system. 

Sample C(hTF)/M C(V
IV

O(oda)(bipy))/M 

hTF: V
IV

O(oda)(bipy) = 1:0.36 4.2310
4

 1.5310
4

 

hTF: V
IV

O(oda)(bipy) = 1:0.6 4.2210
4

 2.5410
4

 

hTF: V
IV

O(oda)(bipy) = 1:0.84 4.2010
4

 3.5410
4

 

hTF: V
IV

O(oda)(bipy) = 1:1.14 4.1910
4

 4.7910
4

 

hTF: V
IV

O(oda)(bipy) = 1:1.75 4.1610
4

 7.2610
4

 

hTF: V
IV

O(oda)(bipy) = 1:2.35 4.1310
4

 9.710
4

 

hTF: V
IV

O(oda)(bipy) = 1:2.95 4.1010
4

 1.2110
3

 

hTF: V
IV

O(oda)(bipy) = 1:4.09 4.0510
4

 1.6610
3

 

hTF: V
IV

O(oda)(bipy) = 1:4.7 4.0210
4

 1.8910
3

 

 

Appendix C 3. Experiment 2.3. CD of V
IV

O(oda)(bipy) + HSA system. 

Sample C(HSA)/M C(V
IV

O(oda)(bipy))/M 

HSA: V
IV

O(oda)(bipy)= 1:0.26 5.3510
4

 1.3710
4

 

HSA: V
IV

O(oda)(bipy)= 1:1.02 5.3110
4

 5.4310
4

 

HSA: V
IV

O(oda)(bipy)= 1:1.53 5.2810
4

 8.110
4

 

HSA: V
IV

O(oda)(bipy)= 1:2.05 5.2510
4

 1.0710
3

 

HSA: V
IV

O(oda)(bipy)= 1:2.49 5.2210
4

 1.3010
3

 

HSA: V
IV

O(oda)(bipy)= 1:3.01 5.1910
4

 1.5610
3

 

HSA: V
IV

O(oda)(bipy)= 1:3.52 5.1710
4

 1.8210
3
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HSA: V
IV

O(oda)(bipy)= 1:4.03 5.1410
4

 2.0710
3

 

HSA: V
IV

O(oda)(bipy)= 1:4.54 5.1110
4

 2.3210
3

 

HSA: V
IV

O(oda)(bipy)= 1:5.05 5.0810
4

 2.5710
3

 

 

Appendix C 4. Experiment 2.4. V
IV

O(oda)(phen) + hTF system. 

Sample C(hTF)/M C(V
IV

O(oda)(phen))/M 

hTF: V
IV

O(oda)(phen)= 1:1 5.3210
4

 5.3510
4

 

hTF: V
IV

O(oda)(phen)= 1:2.01 5.3210
4

 1.0710
3

 

hTF: V
IV

O(oda)(phen)= 1:3.09 5.3210
4

 1.6510
3

 

 

Appendix C 5. Experiment 2.5. V
IV

O(acac)2 + hTF system. 

Sample C(hTF)/M C(V
IV

O(acac)2)/M 

hTF: V
IV

O(acac)2= 1:0.28 4.7710
4

 1.3410
4

 

hTF: V
IV

O(acac)2= 1:0.51 4.7610
4

 2.4110
4

 

hTF: V
IV

O(acac)2= 1:1.01 4.7310
4

 4.7910
4

 

hTF: V
IV

O(acac)2= 1:1.52 4.710
4

 7.1410
4

 

hTF: V
IV

O(acac)2= 1:2.03 4.6710
4

 9.4610
4

 

hTF: V
IV

O(acac)2= 1:2.48 4.6410
4

 1.1510
3

 

hTF: V
IV

O(acac)2= 1:2.98 4.6110
4

 1.3810
3

 

hTF: V
IV

O(acac)2= 1:3.49 4.5910
4

 1.610
3

 

hTF: V
IV

O(acac)2= 1:3.99 4.5610
4

 1.8210
3

 

hTF: V
IV

O(acac)2= 1:4.5 4.5310
4

 2.0410
3

 

hTF: V
IV

O(acac)2= 1:5.01 4.5010
4

 2.2510
3

 

 

Appendix C 6. Experiment 2.6. CD of V
IV

O(acac)2 + HSA system 

Sample C(HSA)/M C(V
IV

O(acac)2)/M 

HSA: V
IV

O(acac)2= 1:0.51 5.9710
4

 3.0710
4

 

HSA: V
IV

O(acac)2= 1:1.0 5.9210
4

 5.9110
4

 

HSA: V
IV

O(acac)2= 1:1.51 5.8710
4

 8.8910
4

 

HSA: V
IV

O(acac)2= 1:1.2 5.8310
4

 1.1610
3
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HSA: V
IV

O(acac)2= 1:1.3 5.9210
4

 5.9110
3

 

HSA: V
IV

O(acac)2= 1:4.02 5.6410
4

 2.2710
3

 

HSA: V
IV

O(acac)2= 1:5 5.5610
4

 2.7810
3

 

 

Appendix C 7. Experiment 2.7. CD of hTF + V
IV

O
2+

 + phen system.  

Sample C(hTF)/M C(V
IV

OSO4)/M C(phen)/M 

hTF: V
IV

OSO4 : phen= 1:1:1 5.2910
4

 5.3210
4

 5.3210
4

 

hTF: V
IV

OSO4 : phen= 1:2:2 5.2610
4

 1.0610
3

 1.0510
3

 

hTF: V
IV

OSO4 : phen= 1:3:3 5.2410
4

 1.5710
3

 1.5710
3

 

hTF: V
IV

OSO4 : phen= 1:3:5 5.1910
4

 1.5610
3

 2.5910
3

 

 

Appendix C 8. Experiment 3.1. EPR of V
IV

O(oda)(H2O)2 + hTF system.  

Sample C(hTF)/M C(V
IV

O(oda)(H2O)2)/M 

hTF: V
IV

O(oda)(H2O)2= 1:0.73 4.89910
4

 3.5810
4

 

hTF: V
IV

O(oda)(H2O)2= 1:2.89 4.7810
4

 1.3810
3

 

hTF: V
IV

O(oda)(H2O)2= 1:4.28 4.7110
4

 2.0210
3

 

 

Appendix C 9. Experiment 3.3. EPR of V
IV

O(oda)(bipy) + hTF system. 

Sample C(hTF)/M C(V
IV

O(oda)(bipy))/M 

hTF: V
IV

O(oda)(bipy)= 1:0.49 4.8910
4

 2.3710
4

 

hTF: V
IV

O(oda)(bipy)= 1:0.97 4.8610
4

 4.7210
4

 

hTF: V
IV

O(oda)(bipy)= 1:2.08 4.8110
4

 1.0010
3

 

hTF: V
IV

O(oda)(bipy)= 1:4.02 4.7210
4

 1.89810
3

 

 

Appendix C 10. Experiment 3.4. EPR of V
IV

O(oda)(phen) + hTF system. 

Sample C(hTF)/M C(V
IV

O(oda)(phen)/M 

hTF: V
IV

O(oda)(phen)= 1:2.01 5.3210
4

 1.0710
3

 

hTF: V
IV

O(oda)(bipy)= 1:3.09 5.3210
4

 1.6510
3
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Appendix C 11. Experiment 3.5. EPR of  hTF + V
IV

O
2+

 + phen system. 

Sample C(hTF)/M C(V
IV

OSO4)/M C(phen)/M 

hTF: V
IV

OSO4 : phen= 1:2:2 5.2610
4

 1.0610
3

 1.0510
3

 

hTF: V
IV

OSO4 : phen= 1:3:3 5.2410
4

 1.5710
3

 1.5710
3

 

hTF: V
IV

OSO4 : phen= 1:3:5 5.1910
4

 1.5610
3

 2.5910
5

 

 

Appendix C 12. Experiment 3.6. EPR of  V
IV

O(acac)2 + hTF system.  

Sample C(hTF)/M C(V
IV

O(acac)2)/M 

hTF: V
IV

O(acac)2= 1:5.01 4.5010
4

 2.2510
3

 

 

Appendix C 13. Experiment 3.7. EPR of V
IV

O(acac)2 + HSA system. 

Sample C(HSA)/M C(V
IV

O(acac)2)/M 

HSA: V
IV

O(acac)2= 1:3 5.7310
4

 1.7210
3

 

HSA: V
IV

O(acac)2= 1:5 5.5610
4

 2.7810
3
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Appendix D. CD of V
IV

O(oda)(H2O)2 + hTF system.  

 

Appendix D 1. The CD spectra of solutions containing hTF (4.8210
4

 M) in PBS upon 

stepwise additions of adequate volumes of a solution of V
IV

O(oda)(H2O)2 (4.6310
2

  M) in 

MeOH. Maximum % of MeOH added was 2.9; cell path length was 20 mm. 
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