REZUMATUL TEZEI DE DOCTORAT

Combinatii complexe ale 1onilor
metalelor esenfiale cu liganzi
heterociclici cu N s1 S. Sinteza,
caracterizarea structurala si
evaluarea activitatii biologice

Doctorand Tamara Liana Topala

Conducatori stiintifici  Prof. Dr. Radu Oprean
Prof. Dr. Gloria Alzuet Pifia

Bniges>
VNIVERSITAT
DGVALENCIA



CUPRINS

INTRODUCERE

STADIUL ACTUAL AL CUNOASTERII
1. Structura, stabilitatea si proprietatile ADN-ului
1.1. Structura ADN-ului
1.2. Interactiunea ADN-ului cu ionii metalici
1.3. Tipuri de interactiuni stabilite intre ADN si complecsi metalici
1.3.1. Interactiuni de natura covalenta
1.3.2. Interactiuni de natura non-covalenta
1.3.2.1. Interactiuni prin intercalare si insertie
1.3.2.2. Interactiuni la nivelul cavitagilor ADN-ului
1.3.2.3. Interactiuni de natura electrostatica

1.4. Actiunea speciilor reactive de oxigen asupra ADN-ului

2. Chimia coordinativa si biochimia cobaltului, nichelului,

cuprului si zincului
3. Sulfonamide
4. Nucleaze naturale si chimice
4.1. Complecsi metalici ca nucleaze chimice
4.1.1. Sistemele cupru-1,10-fenantrolina

4.1.2. Design-ul complecsilor metalelor tranzitionale cu activitate

nucleazica

4.1.3. Scindarea ADN-ului mediatd de complecsi metalici in urma

foto-activarii
5. Albumina serica bovina
5.1. Structura si functiile biologice ale albuminei serice bovine

5.2. Interactiunea complecsilor metalici cu albumina serica bovina

CONTRIBUTII PERSONALE
1. Obiective
2. Sinteza si caracterizarea liganzilor de tip sulfonamide
N-substituite
2.1. Materiale si metode
2.2. Sinteza
2.3. Analiza elementala

2.4. Spectrometrie de masa

15

19
19
23
23
24
25
26
28
30
30

37
39
40
40
41

43

45
45
47

51
53

53
53
55
55



Coordination compounds of essential metal ions with ligands containing N and S. Synthesis, structural
characterization and evaluation of their biological activity

2.5. Spectroscopie IR 55
2.6. Spectroscopie RMN (1H and 13C) 56
3. Complecsi ai cuprului(Il), nichelului(Il), cobaltului(ll) si 59
zincului(I) cu sulfonamide N-substituite. Sinteza si
caracterizare.

3.1. Materiale si metode 59
3.2. Sinteza 59
3.2.1. Complecsi ai N-(piridin-2-il)chinolin-8-sulfonamidei (HL1) 60

3.2.2. Complecsi ai N-(piridin-2-ilmetil)chinolin-8-sulfonamidei (HL2) 60
3.2.3. Complecsi ai N-(2-(piridin-2-il)etil)chinolin-8-sulfonamidei 61

HL3
3.2.4.[Com3>1ec5i ai N-(chinolin-8-il)chinolin-8-sulfonamidei (HL4) 62
3.3. Analiza elementala 63
3.4. Spectrometrie de masa 64
3.5. Analiza cristalografica 65
3.5.1. [Cu(L1)2(fen)] 70
3.5.2. [Cu(L2)Cl]. 73
3.5.3. [Cu(L2)(CsHsCO0)] 75
3.5.4. [Ni(L2)(CsHsCO0)(CH30H)][Ni(L2) (CHsCO0)(CH30H)] 77
3.5.5. [Cu(L3)C]] 80
3.5.6. [Cu(L3)(CsHsCO0)] 82
3.5.7. [Ni(L3)(CsHsC00)] 83
3.5.8. [Co(L3)(CsHsC00)] 85
3.5.9. [Cu(L4)(TFAA)]-%H,0 88
3.5.10. [Cuz(L4)2(u-teref)] 90
3.5.11. [Cu(L4)2] 93
3.5.12. [Co(L4)] 94

3.6. Modalitati de coordinare a ionilor metalici in seria liganzilor de tip 96
sulfonamide N-substituite

3.7. Spectroscopie IR 97
3.8. Spectroscopie UV-Viz 100
3.8.1. Spectroscopie UV-Viz de reflexie difuza 102
3.8.2. Spectroscopie UV-Viz in solutie 103
4. Studiul interactiunii ADN-complecsi metalici 107
4.1. Studii de spectroscopie de fluorescenta 107
4.1.1. Introducere 107
4.1.2. Obiectiv 108
4.1.3. Materiale si metode 108

4.1.4. Rezultate si discutii 109



Tamara Liana Topald

4.2. Studii de denaturare termici a ADN-ului 114
4.2.1. Introducere 114

4.2.2. Obiectiv 115

4.2.3. Materiale si metode 115

4.2.4. Rezultate si discutii 116

5. Studii de activitate nucleazica 123
5.1. Evaluarea activitatii nucleazice a complecsilor metalici 123
5.1.1. Introducere 123

5.1.2. Obiectiv 124

5.1.3. Materiale si metode 124

5.1.4. Rezultate si discutii 126

5.1.4.1. Evaluarea activitatii nucleazice a complecsilor metalici 126
in prezenta agentilor reducatori (acid ascorbic si/sau
HzOz)

5.1.4.2. Evaluarea activitdii nucleazice a complecsilor metalici 131
in absenta agentilor reducatori

5.1.4.3. Scindarea ADN-ului mediata de complecsii metalici in 132
urma foto-activarii cu radiatie UVA

5.2. Studiul mecanismului de scindare a ADN-ului mediatd de complecsii 136

metalici

5.2.1. Introducere 136

5.2.2. Obiectiv 138

5.2.3. Materiale si metode 138

5.2.4. Studiul mecanismului scindarii ADN-ului in prezenta agentilor 139
reducatori

5.2.5. Studiul mecanismului scindarii ADN-ului in urma foto-activarii 144
cu radiatie UVA

5.2.6. Mecanism propus pentru scindarea ADN-ului mediata de 145
complecsii metalici
5.2.6.1. Mecanismul scinddrii ADN-ului in prezenta agentilor 146
reducatori
5.2.6.2. Mecanismul scindarii ADN-ului in urma foto-activarii 148
cu radiatie UVA
6. Studiul interactiunii albumina serica bovina-complecsi 149

metalici

6.1. Introducere 149
6.2. Obiectiv 150
6.3. Materiale si metode 150
6.4. Rezultate si discutii 150
7. Concluzii generale 159
8. Originalitatea tezei si contributii inovatoare 163

REFERINTE 165



Coordination compounds of essential metal ions with ligands containing N and S. Synthesis, structural
characterization and evaluation of their biological activity 5

Cuvinte-cheie: complecsi ai metalelor tranzitionale, sulfonamide N-substituite,
nuleaze chimice, interactiune cu ADN-ul, mecanism oxidativ de degradare a ADN-ului,
scindarea ADN-ului in urma iradierii cu lumind UVA, interactiune cu albumina sericd
bovind

Stadiul actual al cunoasterii

Odata cu identificarea ADN-ului ca principala tinta de actiune pentru numeroase
substanfe medicamentoase utilizate in prezent in terapie, inclusiv complecsi metalici,
mecanismul de interactiune al acestora cu acidul nucleic a fost intens studiat.
Substante cu masa moleculara mica si care au proprietatea de a interactiona cu ADN-ul
pot modifica si/sau inhiba functiile acidului nucleic, perturband sinteza de proteine,
expresia genica sau replicarea, un pas critic in diviziunea celularal 2. Proteinele
plasmatice sunt responsabile de transportul, distributia si excretia la nivelul
organismului a unui numar extrem de mare de substante, atit endogene, cat si
xenobiotice3. De aceea, evaluarea interactiunii cu aceasta clasa de proteine reprezinta
un pas critic in dezvoltarea de noi molecule cu potential terapeutic. Albumina serica
bovina (ASB) este des utilizatda ca model in astfel de studii, In special datorita
similitudinii pe care aceasta o prezinta fata de albumina de origine umana*.

Structura ADN-ului prezinta numeroase situsuri de legare, atat pentru substante
endogene, cat si pentru xenobiotice. Legarea unor factori inhibitori sau activatori ai
transcriptiei, polimerazelor, nucleazelor etc. este esenfiald pentru reglarea si
desfagurarea normald a functiilor ADN-ului. In acelasi timp, interactiunea moleculei
acidului nucleic cu diferite xenobiotice la nivelul unor situsuri specifice poate duce la
degradarea reversibila sau ireversibila a ADN-ului®.

Molecula de ADN se caracterizeaza printr-o deosebitd stabilitate fata de
procesele hidrolitice intracelulare, fenomen esenfial pentru asigurarea integritatii
materialului genetic, dar ce reprezintd si o mare provocare in obtinerea de nucleaze
chimice eficiente. Nucleazele chimice au aparul din nevoia cercetatorilor de a crea
molecule care sa mimeze functiile indeplinite de nucleazele naturale. Scindarea
moleculei de ADN {si gaseste aplicatii atat in biotehnologie, unde este necesara pentru
studierea moleculei de acid nucleic, cat si In medicina, atat timp cat scindarea
moleculei de ADN aduce dupi sine moartea celuleié. in ultimele decenii, studiile s-au
indreptat spre sinteza de complecsi mono- si polinucleari ai metalelor tranzitionale si
ai lantanidelor, avand proprietatea de a media scindarea moleculei de acid nucleic? 8.
Mecanismele de degradare a ADN-ului initiate de complecsii metalici s-au dovedit a fi
de natura hidrolitica si/sau oxidativa. Scindarea pe cale oxidativa a acidului nucleic a
atras atentia cercetatorilor prin posibilitatea utilizarii acestor complecsi in tratamente
antivirale, antibacteriene si antitumorale? 10.11,

Terapia fotodiamica reprezinta una dintre cele mai promitatoare si studiate
directii de cercetare in tratamentul diferitelor tipuri de tumori. Desi majoritatea
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compusilor luati in studiu sunt molecule oganice, tot mai multi compusi coordinativi se
evidentiaza ca potentiali agenti fotosensibilizanti!2 13,

Cele mai multe domenii de cerecetare referitoare la dezvoltarea de
medicamente antineoplazice au in vedere obtinerea de compusi cu eficienta si
siguranta ridicate. Complecsii metalelor esentiale aduc avantajul de a fi mai bine
tolerati de catre organism si oferd posibilitatea obtinerii unui profil farmacologic
imbunatatit. Ionii de Cu?*, Ni2*, Co?* si Zn?* sunt constituenti naturali ai unor
numeroase structuri biologice, in special enzime, prezinta potentiale redox accesibile
la nivel biologic si afinitate relativ mare fata de bazele azotate din structura ADN-ului,
ceea ce 1i transforma in alternative viabile pentru sinteza de nucleaze chimicel* 15,

Contributii personale

Principalul obiectiv al studiilor efectuate a fost sinteza si caracterizarea
structurald a unor noi sulfonamide N-substituite si a complecsilor binari sau ternari ai
acestra cu ionii de Cu?+, Ni%*, Co?* si Zn2*. S-a urmarit investigarea afinitatii compusilor
coordinativi fatda de ADN-ul dublu catenar si fata de albumina serica bovina. S-a avut in
vedere, de asemenea, evaluarea activitafii nucleazice a complecsilor, atat in prezenta si
in absenta unor agenti reducatori, cat si in urma foto-activarii.

Sinteza si caracterizarea liganzilor de tip sulfonamide N-substituite

Sulfonamidele N-substituite prezinta o mare capacitate coordinativa fata de
ionii metalici, prin atomii de N si O din gruparea sulfonamidica, dar si prin diferite
grupari functionale care pot fi grefate la nivelul substituentilor.

Au fost sintetizate 4 noi sulfonamide N-subsituite, derivati de 8-chinolinsulfonil:
N-(piridin-2-il)chinolin-8-sulfonamida (HL1), N-(piridin-2-ilmetil)chinolin-8-
sulfonamida (HL2), N-(2-(piridin-2-il)etil)chinolin-8-sulfonamida (HL3) si N-(chinolin-
8-il)chinolin-8-sulfonamida (HL4). Metodele utilizate pentru caracterizarea structurala
a sulfonamidelor au fost analiza elementald, spectrometria de masa, spectroscopia IR si
spectroscopia RMN (1H RMN si 13C RMN).

Complecsi ai cuprului(Il), nichelului(ll), cobaltului(ll) si zincului(ll) cu
sulfonamide N-substituite. Sinteza si caracterizare.

Din multitudinea de compusi obtinuti, au fost alesi pentru studii aprofundate 14
complecsi metalici. Analiza cristalografica prin difractie cu raze X a fost posibild pentru
toti complecsii, cu exceptia compusului [Cuz(L2)2S04]. In lucrarea de fatd sunt descrise
sructurile cristaline a 12 dintre compusii coordinativi sintetizati, unul dintre cristale
fiind in curs de rezolvare ([Zn(L3)(CeHsCOO)]). Analiza cristalograficd a furnizat
informatii foarte detaliate legate de structura complecsilor, a confirmat structura
liganzilor si a permis desprinderea unor concluzii legate de modul de coordinare al
acestora. Complecsii au fost caracterizati, de asemenea, prin analiza elementals,
spectrometrie de masa si spectroscopie IR si UV-Viz.
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Utilizand ligandul HL1 a fost obtinut complexul ternar [Cu(L1)2(fen)], singurul
ce contine ca si coligand molecula de 1,10-fenantrolind, cunoscuta pentru proprietatea
sa de a se intercala intre perechi de baze adiacente din structura ADN-ului. Complexul
prezinta o geometrie octaedrica distorsionatd, ionul de Cu(Il) fiind inconjurat de 6
atomi de azot: atomii de N sulfonamidici, cei piridinici si cei doi atomi de N apartinand
moleculei de coligand.

Ligandul HL2, coordinand ionii metalici prin atomul de N sulfonamidic, atomul
de N piridinic si cel chinolinic, a generat 4 compusi coordinativi: complexul dinuclear
[Cuz(L2)2S04], polimerul [Cu(L2)Cl],, [Cu(L2)(Ce¢HsCO0)] si
[Ni(L2)(C¢HsCOO0)(CH30H)][Ni(L2)(CH3CO0)(CH30H)]. in complexul [Cu(L2)Cl]s, cu
geometrie de octaedru distorsionat, unul dintre atomii de oxigen realizeaza legatura
intre unitdtile monomerice prin coordinarea a doi ioni de Cu?* vecini. Complexul
[Cu(L2)(C¢HsCOO)], prezentind o geometrie de piramida patratd distorsionata,
deschide seria compusilor de tip metal-ligand-benzoat. Complexul
[Ni(L2)(CsHsCOO)(CH30H)][Ni(L2)(CH3CO0)(CH30H)] se distinge prin cele doua
unitati cristalografic independente, ambele cu geometrie octaedricd, dar avand
coliganzi deferifi.

Ligandul HL3 este tridentat, ionii metalici fiind coordinati prin cei trei atomi de
N din structura (Nswfonamidic: Nehinolinic $1 Npiridinic). Utilizand acest ligand, au fost obtinuti
compusii din seria [M(L3)(CsHsCOO)] (M = Co?*, Ni?*, Cu?* si Zn?*), toti prezentand
geometrii de piramide patrate (geometrie presupusa pentru complexul de Zn?*). A fost
obtinut, de asemenea, complexul [Cu(L3)Cl], singurul cu geometrie plan patrata
puternic distorsionata.

in cazul tuturor complecsilor obtinuti cu ligandul HL4, sulfonamida deprotonata
este tridentatd si coordineaza ionii metalici prin atomii de azot din structura
(Nsulfonamidic i cei doi atomi de N chinolinici). Au fost sintetizati complecsii binari
[Co(L4)2] si [Cu(L4):], caracterizati de geometrii ocatedrice si complexul dinuclear cu
punte tereftalat [Cuz(L4).(u-teref)], in care ambii ioni Cu(ll) se afld intr-o inconjurare
de piramida patrata. S-a obtinut, de asemenea, complexul [Cu(L4)(TFAA)]-%H:0, ce
contine doud unitati structurale distincte, cu aceeasi geometrie de piramida patrats,
dar diferentiindu-se prin lungimile legaturilor si valorile unghiurilor ce definesc
poliedrul de coordinare.

Analiza cristalografica a scos in evidenta prezenta legaturilor intramoleculare si
intermoleculare de tip m-m, stabilite intre inelele aromatice din structurile liganzilor
sulfonamidici si cele ale coliganzilor. Pentru majoritatea complecsilor, au fost
indentificate legaturi de tip chinolind-chinolind, chinolnd-fenantrolind si/sau chinolind-
fenil. Tn cazul compusilor [Cu(L1)z(fen)] si [Cuz(L4)2(p-teref)], s-au remarcat si
interactiuni de tip chelat-fenantrolind, chelat-chinolind, si/sau chelat-chelat (ciclul
chelat contindnd si ionul metalic central). La stabilizarea structurilor cristaline
contribuie, de asemenea, legaturi intra- si intermolculare de tip C-H..m si legdturi de
hidrogen.
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Caracterizarea complecsilor metalici in solutie s-a realizat cu scopul de a
identifica speciile responsabile de activitatea biologicad. Rezultatele oferite de
spectrometria de masa si spectroscopia UV-Viz indicad mentinerea speciei complexe in
solutie (cu exceptia compusului [Cu(L1)2(fen)], ce pierde o molecula de ligand).

Studiul interactiunii ADN-complecsi metalici

O prima etapa in procesul de scindare a moleculei de ADN o reprezinta
interactiunea eficienta intre compusul coordinativ si acidul nucleic. Mecanismele
posibile de interactiune ADN-complex sunt: intercalare intre perechi de baze azotate
adiacente, interactiuni cu cavitdtile ADN-ului si interactiuni de naturd electrostaticd
stabilite cu grupdrile fosfat din sheletul dublului helix.

Studii de spectroscopie de fluorescentd

Studiile s-au bazat pe urmadrirea stingerii fluorescentei aductului ADN-bromura
de etidiu In prezenta complecsilor metalici.

Bromura de etidiu (EtBr) este un cunoscut agent de intercalare, ce prezinta
fluorescentd intensi doar fiind protejat intre perechile de baze azotate ale ADN-ului. Tn

prezenta unui alt compus cu afinitate pentru molecula de acid nucleic, se poate observa
o diminuare a fluorescentei aductului ADN-EtBr. Acest fenomen poate fi rezultatul unei
competitii pentru situsurile de legare ale ADN-ului, Inlocuirii moleculelor de EtBr
intercalate in structura ADN-ului de catre molecule de complex, al deformarii dublului
helix cu expunerea moleculei de EtBr la actiunea O, sau a solventului sau a unui
transfer electronic EtBr-Cu?+.

in cazul tuturor complecsilor metalici studiati s-a observat o diminuare
moderata a intensitatii fluorescentei aductului ADN-EtBr, fenomen corelat cu o
interactiune limitata Intre compusii coordinativi si acidul nucleic. Valorile constantelor
Stern-Volmer, ce caracterizeaza aceasta stingere a fluorescentei in prezenta
complecsilor metalici, se situeaza in intervalul 2x103 - 2x10% M-, fiind comparabile cu
cele raportate in literatura pentru complecsi cu structuri asemanatoare.

Studii de denaturare termicd a ADN-ului

Denaturarea termicd a ADN-ului (temperatura la care are loc tranzitia de la
structura dublu catenara la cea monocatenara) este influentata de catre interactiunea
diversilor compusi cu molecula de acid nucleic. ATm reprezinta variatia ,temperaturii
de topire” a ADN-ului (temperatura la care 50% din ADN se gaseste sub forma
denaturata) si reflectd intensitatea interactiunii ADN-complex. Studiile au constat in
urmarirea absorbantei ADN-ului dublu catenar (la 260 nm) In absenta si In prezenta
complecsilor, in intervalul de temperatura 25 - 75°C.

Rezultatele indicd, in cazul tuturor complecsilor, o crestere moderatd a
temperaturii de topire a ADN-ului, sugerand o interactiune ADN-complex de
intensitate modesta. Se disting complecsii de nichel,
[Ni(L2)(CsHsCOO)(CH30H)][Ni(L2)(CH3CO0)(CH30H)] si [Ni(L3)(CsHsCOO0)], ce s-au
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dovedit a fi cei mai eficienti in stabilizarea moleculei de ADN (ATm = 14°C), in
conditiile n care raportul de concentratii a fost [ADN]:[Complex] = 2:1.

Studii de activitate nucleazica

n vederea evaludrii capacititii complecsilor de a media scindarea moleculei de
ADN, s-a utilizat o separare electroforetica orizontald in gel de agaroza si plasmidul
pUC18.

In_prezenta agentilor reducdtori (acid ascorbic si/sau H;0;), complecsii

[Cu(L1)2(fen)] si [Cuz(L2)2SO4] s-au dovedit a fi nucleaze chimice eficiente, iar
complecsii [Cu(L2)Cl], si [Cu(L3)(C¢HsCOO)] prezintd activitate moderati. in cazul
celorlal{i compusi, nu s-a observat clivarea ADN-ului in intervalul de concentratii
studiat. Un comportament foarte interesant a fost observat in cazul complecsilor
[Cu(L4)(TFAA)]-%H20 si [Cuz(L4)2(u-teref)], pentru care studiile indica un potential de
a proteja ADN-ul fatd de scindarea indusa de ionii liberi de Cu?+.

Activitatea nucleazica in_absenta agentilor reducdtori a fost evaluata pentru
complecsii de Co?*, Ni2+ si Zn2*, acesti ioni fiind adesea asociati cu procese nucleolitice
de natura hidrolitici!¢ 17. Tn conditiile experimentale luate in lucru, acesti compusi nu

au dus la scindarea moleculei de ADN.
A fost evaluata, de asemenea, abilitatea complecsilor de a induce clivarea

moleculei de acid nucleic ca urmare a foto-activdrii cu lumind UVA (365 nm).
Rezultatele indica faptul ca doi dintre compusi, [Cu(L1)2(fen)] si [Cu(L3)(CeHsCOO)],
prezinta activitate nucleazica in aceste conditii. Complecsii [Cu(L4)(TFAA)]-%H-0 si
[Cuz(L4)2(p-teref)] prezintd, si in acest caz, o capacitate de a proteja ADN-ul fata de
procesele nucleolitice. Tn cazul celorlalti complecsi nu a fost observatd scindarea
ADN-ului 1n conditiile experimentale luate in studiu.

Investigarea mecanismului prin care complecsii 1si manifestd activitatea
nucleazica evidentiaza implicarea unor specii reactive de oxigen (SRO) generate
intr-un ciclu redox la care participa ionii de Cu(Il), agentul reducator si oxigenul
molecular (Fig. 1). Utilizdnd captatori specifici, s-au putut identifica SRO implicate in
procesele de scindare mediate de complecsii sudiati: radicalul hidroxil, oxigenul singlet
sau speciile de tip oxigen singlet si radicalul superoxid. De asemenea, pentru complecsii
[Cu(L1)2(fen)], [Cuz(L2)2S04], [Cu(L2)Cl]s si [Cu(L3)(CsHsCOO0)], a fost propusa o
interactiune la nivelul cavitatii mici a AND-ului.
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Fig. 1. Mecanism propus pentru scindarea pUC18 mediata de
complecsii metalici in prezenta agentilor reducatori

n cazul scindirii ADN-ului in urma foto-activarii, s-a pus in evidentd formarea
de radicali hidroxil si superoxid printr-un mecanism de Tip I (Fig. 2).

K (Lycu® \hv

(L)cu* (L)cuz+”
oy 0,

l+2H20

H,0, + HO™ + HO®
Fig. 2. Mecanism propus pentru scindarea pUC18 mediata de
complecsii metalici ca urmare a foto-activarii cu lumina UVA

Studiul interactiunii albumina serica bovina-complecsi metalici

Experimentele s-au bazat pe urmarirea stingerii fluorescentei intrinseci a ASB 1n
prezenta unor concentratii crescinde de complecsi. S-a observat o diminuare a
intensitatii fluorescentei proteinei in cazul tuturor complecsilor luati in studiu,
fenomen relationat cu o interactiune ce are loc intre cele doua molecule. Valorile
obtinute pentru constanta de afinitate (Ky) se incadreaza in intervalul optim precizat
de literatura, cu exceptia complecsilor [Cuz(L2)2S04] si [Zn(L3)(Ce¢HsCOO0)], ce prezinta
o afinitate scazuta fata de albumina. Legarea complecsilor de proteina are loc suficient
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de puternic Incat substanta sa poatd fi transportata de catre aceasta, dar, In acelasi
timp, suficient de slaba incat, odata ajunsa la {intd, substanta sa poata fi eliberata.
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Background and literature review

Since DNA was identified as one of the primary targets of many of the drugs that
are currently in clinical use, including metal based anticancer drugs, the interaction
mechanism of metal complexes with the nucleic acid has been intensely studied. Small
molecules that bind to DNA can alter and/or inhibit its functions, disturbing gene
expression, protein synthesis or interfere with replication, a major step in cell growth
and division? 2. The investigation of the binding mechanism and binding amplitude of
small molecules to serum albumins is crucial in understanding drug
pharmacodynamics and pharmacokinetics, as the nature and strength of that
interaction has a great influence on drug absorption, distribution, metabolism and
excretion3 4.

DNA’s structure shows a large number of potential binding sites, for both
endogenous molecules and xenobiotics. The binding of transcription repressors and
activator proteins, nucleases, polymerases etc. is essential to the regulation and normal
functions of the nucleic acid molecule. On the other hand, the interaction with different
xenobiotics may lead to reversible or permanent DNA damage>.

The DNA molecule is characterized by a remarcable stability towards the
intracellular hydrolitic processess, an essential phenomenon for the preservation of
the genetic material, but it also implies a challenge in the design of efficient chemical
nucleases. Synthetic nucleases have been developed as a consequence of the need for
molecules that could mimic the activity of natural nucleases. DNA scission has ample
potential applications in molecular biology, biotechnology, and medicine®. Over the last
decades, studies were oriented towars the synthesis of mono- and polynuclear
transition metal complexes and lanthanide complexes, with the property of mediating
DNA cleavage? 8. The possible mechanisms followed my metal complexes in damaging
the nucleic acid are of oxidative and/or hydrolytic nature. Oxidative DNA scission leads
to irreversible damage and implies that the complexes showing this property have
antiviral, antibacterial and antitumor potential® 10.11,

Photodynamic therapy is one of the most promising anticancer therapies under
investigation. Although the majority of the compounds considered for this type of
therapy are organic structures, metal complexes may also act as prospective
photosensitizersi2 13,

Most of the reaserch areas regarding the development of new anticancer drugs
are oriented towards obtaining compounds with high effectiveness and low toxicity.
Essential metal complexes may have the advantage of being well-tolerated by the
organism and may have an imporoved pharmacological profile. Cu?*, Ni2+, Co2* and Zn2*
ions naturally ocur in numerous biological structures, mostly enzimes, show
biologically accesible redox potentials and a relatively high affinity for the DNA
nucleobases. These features turns such metal complexes into structures of real
therapeutic valuel4 15,
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Personal contributions

The synthesis and thorough characterization of new N-substituted sulfonamides
and their copper(II), nickel(II), cobalt(Il) and zinc(II) complexes with the property of
damaging the DNA molecule was the main goal of the present work. The afiinity of the
synthesized coordination compound for the double-stranded DNA and bovine serum
albumin was investigated. The nuclease properties of the metal complexes were also
studied, in the presence and in the absence of reducing agents, as well as upon
photoactivation.

Synthesis and characterization of the N-substituted sulfonamide ligands

N-substituted sulfonamides are suitable candidates for metal complexes
formation primarily due to the presence of N and O donor atoms in the sulfonamide
moiety. According to specific needs, the functional groups of N-substituted
sulfonamides may bear additional donor atoms increasing their potential as ligands for
metal ions coordination.

Four new N-substituted sulfonamides were synthesized, quinolyl-8-sulfonyl
derivatives: N-(pyridine-2-yl)quinoline-8-sulfonamide (HL1), N-(pyridin-2-
ylmethyl)quinoline-8-sulfonamide (HL2), N-(2-(pyridin-2-yl)ethyl)quinoline-8-
sulfonamide (HL3) and N-(quinolin-8-yl)quinoline- 8-sulfonamide (HL4). The
compounds were structurally characterized by elemental analysis, mass spectrometry,
infrared spectroscopy and 'H and 3C NMR spectroscopy.

Copper(II), nickel(II), cobalt(I) and zinc(II) complexes with N-substituted
sulfonamides. Synthesis and characterization.

A large number of coordinative compounds were obtained, but fourteen binary
or ternary complexes having Cu(lI), Ni(II), Co(II) or Zn(II) as coordination centres
were chosen for the more extensive studies. The complexes were structurally
characterized by elemental analysis, mass spectrometry, infrared spectroscopy and
UV-Vis spectroscopy. Except for [Cuz(L2):S04], all complexes were obtained as
monocrystals. The structure was elucidated by X-ray crystallography for all complexes,
except [Zn(L3)(CsHsCOO0)], whose crystal structure is in the process of being solved.
X-ray crystallography provided detailed data regarding the structure of the complexes,
it confirmed the sulfonamide structures and showed their coordination modes.

Using the HL1 ligand, one Cu(II) complex was obtained, which also incorporated
one 1,10-phenanthroline molecule, a known DNA intercalator, as coligand:
[Cu(L1)2(phen)]. The Cu(II) ion is surrounded by 6 nitrogen atoms, forming a distorted
octahedral coordination polyhedron: the Nsufonamido, Npyrigy and the two N atoms
belonging to the coligand.

Ligand HL2, coordinating the metal ions through the Nsufonamido, Npyriayt and
Ngunoline atoms, generated 4 coordination compounds: the dinuclear [Cuz(L2)2S04], the
polymer [Cu(L2)Cl],, and the [Cu(L2)(C¢HsCO0)] and [Ni(L2)(CeHsCOO)(CH30H)]
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[Ni(L2)(CH3COO)(CH30H)] complexes. In complex [Cu(L2)Cl],, showing a distorted
octahedral geometry, one of th eoxygen atoms coordinates two neighbouring Cu(II)
ions, creating a polymeric chain. Complex [Cu(L2)(CeHsCOO)], a distorted square
pyramid, opens the metal-ligand-benzoate series. Complex [Ni(L2)(CsHsCOO)(CH30H)]
[Ni(L2)(CH3COO0)(CH30H)] stands out through its two crystalographically independent
units, both showing an octahedral geometry, but containing different coligands.

Ligand HL3 acts as tridentate, coordinating the metal ions through its three N
atoms (Nsuifonamido, Npyridyt and Nguinoline). Using this N-substituted sulfonamide, the
[M(L3)(CsHsC00)] (M = Co?*, Ni2*, Cu?* and Zn?*) series was obtained, all the complexes
having square pyramidal geometries (supposed geometry for the Zn2* complex) and
complex [Cu(L3)Cl], the only one characterized by a severely distorted square planar
coordination polyhedron.

In the case of all complexes obtained with the HL4 ligand, the deprotonated
sulfonamide acts as tridentate and bound the metal ions through its nitrogen atoms.
The obtained complexes were: the binary [Co(L4)2] and [Cu(L4):], showing octahedral
geometries and the dinuclear terephtalate-bridged [Cuz(L4):(p-tereph)], containing
both Cu(Il) ions in a square piramidal environment. Complex [Cu(L4)(TFAA)]-%4H.0
was also obtained, incorporating two distinct structural units, showing the same
square piramidal geometry, but differing in bond lengths and angles characterizing the
local envoronment.

X-ray analysis also provided data regarding m-m stacking interactions
established between the aromatic moieties of the sulfonamides or of the coligands. The
stacking interactions are mainly of quinoline-quinoline and quinoline-phenyl type.
Moreover, complexes [Cu(L1)z(phen)] and [Cuz(L4):(u-tereph)] show interesting m-m
interactions involving Cu-chelate rings, formed with the 1,10-phenanthroline molecule
or with the sulfonamide ligand. Intramolecular and intermolecular C-H..mt and
hydrogen bonds also contribute to the stabilization of the crystal structures.

The complexes were also characterized in solution. The data provided by mass
spectrometry and UV-Vis spectroscopy indicated that the complex structures are
maintained in solution (except complex [Cu(L1):(phen)], which loses a ligand
molecule).

Study of the DNA - metal complexes interaction

A first step in the DNA cleavage process is represented by an efficien interaction
between the metal complex and the nucleic acid. The possible interaction mechanisms
are: intercalation between adjacent nucleobases, groove binding and electrostatic
interaction established with the sugar-phosphate DNA backbone.

Fluorescence spectroscopic studies

The experiments were based on the study of the fluorescence quenching of the
DNA-ehtidium bromide adduct.
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Ehtidium bromide (EtBr) is a known intercalator, fluorescent when protected
between the DNA nucleobases. The presence of another species with affinity for DNA
(i.e. a metal complex) in the close vicinity of the nucleic acid may result in a decrease in
the emission intensity of the EtBr-DNA by replacing EtBr, by modifying the
conformation of the DNA molecule and/or by accepting the excited state electron of
the EtBr through a photoelectron transfer mechanism.

In all cases, the presence of the metal complexes resulted in the decrease of
emission intensity characteristic to the DNA-EtBr adduct in a concentration-dependent
manner, a phenomenon correlated with a DNA-metal complex interaction. The values
of the Stern-Volmer constants, characterizing the fluorescence quenching, lie in the
range of 2x103 - 2x10* M-1, similar to the ones previously reported for transition metal
complexes with ligands containing aromatic ligands.

DNA thermal denaturation studies

DNA thermal denaturation (the temperature at which the transition from
double standed to single stranded DNA occurs) is influenced by its interaction with
different compounds. ATm represents the variation of the DNA melting temperature
(at which 50% of the nucleic acid is in the single stranded form) and is indicative of the
strength of the DNA-complex interaction. The studies consisted in registering the
absorbance of double stranded DNA (at 260 nm) in the absence and in the presence of
the metal complexes, in the temperature range of 25 - 75°C.

In all cases, an increase in the melting temperature of CT-DNA is observed, as
evidence of an interaction taking place between the metal complexes and the nucleic
acid and the stabilization of the double helix. Most of the complexes show a mild

stabilization of the DNA double helix, indicating a moderate interaction with the
nucleic acid. The most efficient in stabilizing the DNA double helix proved to be the
Ni(II) complexes, [Ni(L2)(CsHsCOO)(CH3OH)] [Ni(L2)(CH3COO)(CH3OH)] and
[Ni(L3)(CsHsCOO)], both showing an increase in the melting temperature of DNA of
approximately 14 °C, at a ratio of [DNA] : [Complex] = 2 :1.

Nuclease activity studies

DNA cleavage experiments were carried out by means of horizontal agarose gel
electrophoresis using pUC18 plasmid DNA.

In the presence of reducing agents (ascorbic acid and/or H;0:), complexes
[Cu(L1)2(phen)] and [Cuz(L2)2S04] proved to be efficient chemical nucleases, while
complexes [Cu(L2)Cl], and [Cu(L3)(CeHsCOO)] showed a moderate activity.

The behavior of the Ni(II), Co(Il) and Zn(II) complexes towards pUC18 was
studied in the absence of reducing agents, as they are known for their ability to damage
DNA following a hydrolytic mechanism1é 17. In the experimental conditions employed,
these complexes did not lead to DNA scission. Complexes [Cu(L4)(TFAA)]-%H20 and
[Cuz(L4)2(p-tereph)] showed a very interesting behavior was observed, as they seem
to protect the nucleic acid from the oxidative damage induced by free Cu(II) ions.
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The photonuclease activity (upon UVA irradiation) of the complexes was also
investigated. The results suggest that compounds [Cu(L1)2(phen)] and
[Cu(L3)(C¢HsCOO)] show intense photonucleolytic properties. Complexes
[Cu(L4)(TFAA)]-%4H20 and [Cuz(L4)2(p-tereph)] showed, once again, the ability to
protect DNA from the nucleolytic processes. In the case of the other complexes, no
nuclease activity was observed.

The study of the mechanism through which the complexes exert their nuclease
activity highlighted the involvement of reactive oxygen species (ROS) generated in a
redox cycle implicating the Cu(ll) ions, the reducing aent and molecular oxygen
(Fig. 1). Using several ROS scavengers, the species involved in the DNA cleavage
mediate by the metal complexes were identified: the hydroxyl radical, singlet oxygen or
singlet oxygen-like species and the superoxide radical. For complexes [Cu(L1)2(phen)],
[Cuz(L2)2S04], [Cu(L2)Cl]s and [Cu(L3)(CsHsCOO)], a minor groove binding was also
proposed.

AscH" Asc™+H*
(L)cu? (Lcu*

Moz
20, o

2H*

0,
H,0,

I J

/\
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Fig. 1. Proposed general mechanism for the oxidative DNA cleavage
mediated by Cu(II) complexes in the presence of ascorbate

In the case of the DNA damage inflicted as a result of photoactivation, the ROS
implicated were the hydroxyl and the superoxide radicals, formed following a Type I
mechanism (Fig. 2).
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Fig. 2. Proposed general mechanism for the photoinduced DNA
cleavage mediated by Cu(II) complexes

Study of the bovine serum albumin - metal complexes interaction
The experiments consisted in registering the intrinsic fluorescence quenching of

BSA in the presence of increasing complex concentrations. In all cases, a
concentration-dependent quenching of the fluorescence of the protein was observed,
as a consequence of a protein-complex interaction between the two types of molecules.

The values of the binding constant (Ks) lie in the optimum range, except in the case of
complexes [Cuz(L2)2S04] and [Zn(L3)(CsHsCOO)], which showed a very low affinity for
the protein. The binding constants of the complexes to serum albumin are generally

high enough to ensure that a significant amount gets transported and distributed

through the organism, but, at the same time, low enough so that the compound can be
released once it reaches its target.
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