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Abstract 

“Doctor of Philosophy”, Universidad de Burgos, Università degli studi di Palermo: 

“The interaction of novel transition metal complexes and ligands with biomolecular 

targets: kinetic, thermodynamic and computational investigations” by Javier 

Santolaya Rubio. 

 

Spanish 

A través de la combinación de métodos experimentales y computacionales se han 

estudiado diferentes tipos de interacciones de diversas moléculas con estructuras de 

ADN, en concreto ADN en conformación de doble hélice y la G-quadruplex. Las 

moléculas estudiadas se pueden dividir en 2 tipos: (I) compuestos formados por 

centros metálicos de transición y (II) compuestos orgánicos. La importancia biológica 

de este estudio es significativa, porque es bien sabido que la interacción con 

estructuras nucleicas (B-DNA o G-quadruplex) puede provocar la inhibición de sus 

funciones biológicas y con ello el fin de la replicación celular, pudiendo conducir por 

ejemplo al final de la replicación de células cancerosas y finalmente la muerte de estas. 

En la primera parte de la tesis se describen en profundidad los estudios de interacción 

con DNA en estructura de doble hélice (Capítulos III-V) mientras que la segunda parte 

se centra en los estudios sobre G-quadrulex (Capítulos VI-VIII).  

 

Italian 

Attraverso la combinazione di metodi sperimentali e computazionali sono state 

studiate le interazioni di diverse molecole con DNA in conformazione a doppia elica e 

G-quadruplex. Le molecole considerate possono essere suddivise in due categorie: (I) 

composti formati da centri di metalli di transizione e (II) composti organici. 

L'importanza biologica di questi studi è significativa, perché è ben noto che 

l’interazione con le strutture di acidi nucleici può causare l'inibizione delle loro funzioni 

biologiche e con essa la fine della replicazione cellulare, essendo in grado di condurre, 

ad esempio, in casi di cancro a fine della replicazione di dette cellule cancerose e infine 

la morte di queste. La prima parte della tesi descrive gli studi di interazione con il DNA 

a doppia elica (Capitoli III-V) mentre la seconda parte si concentra sugli studi di 

interazione con DNA G-quadruplex (Capitoli VI-VIII). 
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Prologue 

For a long time and still nowadays, scientists have deepened the understanding and 

the treatment of cancer, one of the diseases that cause the highest mortality in the 

world. In fact, approximately about 8.2 million of persons die each year due to cancer 

and it is estimated that there are 32 million patients with this disease.[1] 

Some of the main treatments for cancer are surgery, radiotherapy and chemotherapy, 

and specially the latter is where Chemistry plays and important role, because through 

over time it has been found that different drugs are effective for cancer treatment. 

However, despite the great effort, there are still many limitations. For example, drugs 

are not usually applicable to all range of tumors. Moreover, there are serious side 

effects in the treatments. Nucleic acids are essential in processes like replication or 

transcription, and it has been revealed that anti-cancer activity of many employed 

drugs is strongly related to their binding to DNA, which has become over these 

decades one of the most important biological target for cancer treatment. On the 

other hand, although this binding has been the object of several investigations over 

the last decades and many advances and discoveries have been achieved, there is still 

a long way to go. 

This thesis is based on a set of studies, from both experimental and computational 

points of view, of the interaction between small molecules, organic ligands or 

transition metal complexes, with two different DNA conformations: (I) double-helical 

DNA (B-DNA) and (II) G-quadruplex DNA. The main aim is to show that complementing 

experimental results with computational approaches can easily allow to understand 

the binding mode and help to describe more accurately the binding mechanism. 

Several techniques have been used in both experimental and computational studies, 

such as UV-visible absorption spectroscopy, circular dichroism, viscosity and thermal 

denaturation, and molecular dynamics (MD) simulations and quantum 

mechanics/molecular mechanics (QM/MM) calculations. All employed methods are 

described in detail in Chapter II: METHODS. 

The thesis can be divided in two main parts: 

• Part 1, from Chapter III to V, based on experimental or/and computational studies of 

the interaction between small molecules and double helical DNA, includes the study 

and comparison of the binding of two half-sandwich transition metal complexes of 

Ru(II) and Ir(III) toward calf thymus DNA (ct-DNA), an examination of the biological 

properties of four Pt(II) complexes analogues to cisplatin and the role of serum 

albumin in their cytotoxicity as well as a computational study on the hydrolysis of cis-

dichloro-diamino complexes of platin(II), palladium(II) and nickel(II) and their binding 

to B-DNA. 
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• Part 2, from Chapter VI to VIII, both experimental and computational techniques were 

employed but, in this case, the biomolecular target were G-quadruplex structures. This 

part contains i) the binding study between G-quadruplex and a perylene diimide 

derivative labeled with biotins, ii) a kinetic and thermodynamic evaluation of TMPyP4 

porphyrin toward the two hybrid structures of G-quadruplexes that are reported to 

be formed in K+ aqueous solution and iii) a screening of different transition metal 

complexes in presence of different G-quadruplex sequences, through FRET melting 

assays and competition assays, in order to evaluate the binding specificity of the 

complexes toward G-quadruplex in the presence of B-DNA. 

 

• Chapter IX gives a short and general overview. 
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Introduction 
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1.1 Cancer 

1.1.1 Definition and main features  

As defined by World Health Organization (WHO, February 2018): “Cancer is the 

uncontrolled growth of cells, that can affect any part of the body. Cancer cells grow 

beyond their usual boundaries and can invade adjoining parts of the body and spread 

to other organs, the latter process is referred to as metastasizing. Metastases are the 

major cause of dead from cancer”. Some features of this disease are described below 

based on National Institutes of Health (NIH, Bethesda, Maryland, U.S.A, February 

2015) considerations: normally, human cells grow and divide as the body needs them 

and when cells grow old they die, however, when this disease develops these 

processes break down and old or damaged cells survive while they should die. These 

needless cells can divide without stopping and may form tissue growths called tumors. 

During their growth, cancer cells can break off and travel to distant places in the body 

(through blood or lymph system) and form tumors far from the original tumor, a 

phenomenon known as metastasis. 

 

1.1.2 Cancer throughout history 

Historically the first references to cancer were found in Egypt, concretely in the “Edwin 

Smith papyrus”, which it is dated 1600 years BC, and describes tumors or ulcers in the 

chest that were treated with cauterization. Later in the XVII century, significant cases 

of cancer treatment can be found, despite the rudimentary techniques of this period, 

among which Clara Jacobi’s case is mentioned. This Dutch woman had a huge tumor 

between her head and neck, and in 1689 the tumor was successfully removed 

surgically. 

Subsequently, an important contribution was made by John Hunter, surgeon and 

anatomist that first used some words referred to this disease that still we hear 

nowadays: “No cure has yet been found”. Moreover, he suggested that since they had 

no such medicine techniques, they were often obliged to remove cancerous parts 

trough surgery extirpation, and that in certain cancer types surgery could be 

effective.[2] 

In the XX century, namely in 1953, J.D. Watson and F.H.C Crick, supported by Rosalind 

Franklin X-ray diffraction images, published the discovery of DNA double helix 

structure,[3] a work for which in 1962 they received the Nobel Prize in Medicine and 

which not only opened a door of new knowledge to science but also propelled it to 

where it has arrived nowadays. The understanding of the importance of DNA as the 

base of our genetic code as well as the research of different DNA structures and their 

biological role in living beings have helped to understand what we called “Central 
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dogma of molecular biology”, which is an explanation of the flow of genetic 

information within a biological system, Figure 1. 

 

 

Figure 1. Central dogma of molecular biology as suggested by F. Crick in 1958.[4] 

 

1.1.3 Role of Science in cancer treatment 

Strong efforts and great advances achieved in Science has allowed to establish an 

appropriate definition and comprehension of cancer hallmarks as it is shown in Figure 

2. The hallmarks comprise six biological capabilities acquired during multistep 

development of human tumors.[5] 

 

 

Figure 2. Cancer hallmarks.[5] 

In consequence of the significant advances and discoveries during the last decades, it 

has been possible to considerably expand the types of cancer treatments,[6] some of 

which are briefly mentioned and described below. 
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• Surgery, the oldest known procedure, consist in the extirpation of the entire 

tumor, strongly limited if cancer is in metastasis phase. 

• Chemotherapy, based on the use of drugs such as cisplatin[7] to decrease the 

growth of tumor cells has resulted in successful treatment of many types of 

cancer, but there is still a strong risk of serious side effects. 

• Radiation therapy, used for cancer diagnosis and in treatment, usually cancer 

is removed by surgery and then the adjacent tissues are radiated. (In 20th 

century, it was found that radiation could cause cancer as well as cure it) 

• Immunotherapy, is a biological treatment based on employing substances 

made by the body to improve or restore the immune system functions, 

boosting the natural defenses to fight cancer. 

Interestingly, chemotherapy is often combined with surgery and/or radiation therapy, 

for a better outcome of the disease treatment. But although there are several 

methods to fight cancer and even some of them have evolved throughout history, 

there are still many limitations in all of them that Science keeps trying to minimize. 

Focusing on chemotherapy, side effects, low specificity of drugs towards cancer cells 

in presence of healthy cells and the narrow range of tumors in which drugs are 

effective, have generated a significant increase in the design and synthesis of new 

potential anticancer drugs. This PhD thesis represents a small contribution to the latter 

research approach. 

 

1.2 Nucleic Acids 

1.2.1 Definition and structure 

Nucleic acids are linear polymers formed by the covalent binding of nucleotides and 

are characterized by the presence of three main structural components: (i) a 

phosphate group, (ii) a five-membered ring sugar (ribose or 2-deoxyribose for RNA and 

DNA, respectively) and (iii) a nitrogen base.[8–10] 

Nitrogen bases, displayed in Figure 3, can be classified into two main groups: (i) 

purines, e.g. adenine and guanine and (ii) pyrimidines, e.g. cytosine, thymine and 

uracil. Thymine and uracil are only present in DNA and in RNA, respectively. RNA 

differs from DNA for the presence of a 2’-hydroxyl group in the sugar ring, as 

highlighted below. 
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Figure 3. The structure of different nucleotides formed by the five different nitrogen 

bases. 

The phosphate groups are the linking units between contiguous nucleotides, through 

a phosphodiester linkage between the 5’ position of one nucleotide to the 3’ position 

of the next. The deprotonation of the phosphate group at neutral pH creates a 

negatively charged backbone and the resulting strand is always described directionally 

from position 5’ to 3’, constituting the so-called primary structure of nucleic acids.[8] 

 

1.2.2 Double strand DNA  

DNA is preferably arranged in a double-stranded conformation, called secondary 

structure, which results from the combination of two complementary strands in an 

antiparallel sequence. Canonical Watson-Crick base pairs[3] establish that Guanine and 

Cytosine are bonded through 3 hydrogen bonds while Adenine and Thymine (of Uracil) 

through 2 hydrogen bonds, as shown in Figure 4. In addition to hydrogen bonds, 

another important contribution in the stabilization of double strand DNA is the π-π 

interaction between stacked aromatic rings of neighboring base pairs. The Watson- 

Crick double helical structure is referred to as B-DNA, the most stable conformation 

for a random DNA sequence under physiological conditions, but also A and Z forms 

have been well characterized.[11] A-DNA[12] is favored in solutions that are relatively 

dry. As B-DNA is arranged in a right-handed double helix but in a wider and shorter 

conformation and the number of base pairs per helical turn is 11 rather than 10.5 as 

in B-DNA. On the other hand, Z-DNA[13] is arranged in a left-handed double helical 

conformation, with 12 base pairs per turn and showing a more slender and elongated 
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structure. Whether A-DNA presence in cells is uncertain, there are evidences for short 

stretches of Z-DNA in both prokaryotes and eukaryotes. 

Due to the asymmetry of the two strands, each rotation around axis causes the 

formation of two grooves, as shown in Figure 4, major and minor,[14] having different 

sizes (about 15 Å and 6 Å wide, respectively). DNA in double helix conformation is a 

remarkably flexible molecule in solution, because of the possible rotations around the 

C-C, C-O and O-P bonds in the sugar-phosphate backbone. 

 

 

Figure 4. Representation of nucleotide base pairing in helical DNA proposed by 

Watson and Crick. 

 

1.2.3 G-quadruplex 

G-quadruplexes, are characteristic folded DNA or RNA structures appearing when 

guanine rich stretches of nucleic acids self-associate, forming guanine quartets.[15,16] 

These quartets are stabilized, by hydrogen bonds between the guanines based on 

Hoogsteen base-pairing, Figure 5, while Watson-Crick base pairing occurs in double 

stranded DNA. Moreover, a monovalent metal ion, usually sodium or potassium, is 

needed inside the central channel to compensate the negative charge of the 

quadruplex backbone.[17]  
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Figure 5. Schematic representation of the G-quartet/tetrad.[18] 

It is possible to find different topologies in this type of structures, due to changes in 

the loops, positive ions and/or sequence.[19] The most common classifications for G-

quadruplex depending on their folding are described below.[20] The most general 

classification considers the number of strands, Figure 6, forming the G-quadruplex, 

and it differs between: (i) intramolecular, folding of a single strand itself and (ii) 

intermolecular, involving two or more different DNA strands. 

 

Figure 6. Examples of intramolecular (left) and intermolecular (right) G-quadruplex 

topologies.[21] 

Based on the orientation of the strands, Figure 7, G-quadruplexes can be divided into 

(i) parallel, with all strands in the same direction, (ii) antiparallel, with two strands in 

one direction and the other two in the opposite, and (iii) hybrid, with three strands in 

the same direction. 

 

 

Figure 7. Classification of G-quadruplex topology as a function of the strand 

orientation.[21] 

G-quadruplexes require a connecting loop, which can be propeller, diagonal or 

lateral (Figure 8), so the diversity of combinations of those leads to many more 

different G-quadruplex structures. 
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Figure 8. Loop regions in G-quadruplex structures.[16] 

Human telomeres contain d(TTAGGG)n sequences which can form G-quadruplex 

structures. The stabilization of the latter block telomerase from binding to the 

terminal single-strands end of telomeres, driving to cell apoptosis (Figure 9) 

Interestingly, telomerase is a protein overexpressed in cancer cells. For this reason, 

the stabilization of G-quadruplex structures in the telomeres is considered successful 

for selectively targeting cancer cells.[16] 

 

Figure 9. Structural and biological roles of telomeres and the effect of G-quadruplex 

formation.[16] 

More recently several important regions in the human genome have been reported to 

adopt G-quadruplex structures, as immunoglobulin. Within these regions mutational 

hot spots and regulatory elements with oncogene promoters are found.[22] For 

instance, c-MYC, one of the most commonly deregulated genes in human cancers, has 

a DNA G-quadruplex motif in the promoter Nuclease Hypersensitive Element. The 
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highest abundance of G-quadruplex is found at telomeres and gene promoters, even 

though it also has been found in the region specifying the 5’-UTR (Untranslated 

Regions) of the encoded mRNA in cytoplasm and may repress translation. Some of 

these are recognized as targets for the design of antitumor drugs. 

 

1.3 Mechanism of DNA/Drug binding  

1.3.1 Interaction toward double strand DNA 

The interaction of small molecules toward the double stranded DNA can be classified 

in two main groups: (i) covalent binding and (ii) non-covalent binding, within non-

covalent interactions different types of interaction can be found, and they are 

described below. 

• Covalent binding, based on the formation of covalent bonds, usually toward guanine 

residues and more specifically guanine N7, Figure 10, as for example cisplatin,[23,24] 

one of the most employed anticancer drugs. Cisplatin-DNA binding mechanism is 

widely reported.[25] The anticancer activity is due to this interaction with DNA, since 

its structure is altered, and cellular proteins cannot process or correctly repairs the 

polynucleotide. Consequently, many important intracellular processes are 

interrupted, cells are not able to replicate and die. 

  

Figure 10. Cisplatin bound to guanine N7. 

• Non-covalent interactions, which can be broadly divided into intercalation, groove 

binding and electrostatic interactions. 

 

Intercalation is defined as the insertion of a planar and aromatic system between two 

consecutive base pairs of DNA bases, perpendicular to the axis of the double strand 

DNA.[26,27] This type of interaction is stabilized by π- π stacking and hydrophobic 

interactions, Figure 11, and usually generate a decrease in the twist angle between 
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base pairs around the intercalation pocket with a consequent DNA elongation.[28] 

These structural modifications have important consequences on the functionality of 

the DNA molecule, since they can trigger the inhibition of DNA replication, 

transcription and repair processes leading to cell death.[29] Ethidium bromide, 

proflavine or acridine orange are examples of the most reported classical 

intercalators.[30] 

 

Figure 11. Ellipticine intercalative binding parallel to DNA base pairs, PDB id: 1Z3F.[31] 

Groove binding. As mentioned above, double stranded DNA has two grooves, defined 

as major and minor. A groove binder refers to a molecule capable to bind DNA in the 

groove region through hydrogen bonds, Van der Waals forces and/or hydrophobic 

interactions, Figure 12. Grooves are binding sites for factors which regulate protein 

transcription or DNA replication, commonly linked through hydrogen bonds and 

hydrophobic interactions,[32] therefore, if a groove binder is occupying fundamental 

binding sites for the initiation of protein synthesis and genome replication, it inhibits 

those functions leading to cell death. Due to the different size of the furrows, 

oligonucleotides and proteins bind to the major groove[33,34] while small molecules 

prefer the minor groove,[35] where the quantity of bases and consequently the 

possibility of forming hydrogen bonds is lower. The natural molecule distamycin A, 

synthetic diarylamidines and bis-enzimidazoles are well-known groove binders. They 

are the most studied DNA-binding agents and they have shown several biological 

activities. Some have found clinical application in treating several diseases, like 

cancers, or as anti-viral and antibacterial agents.[36] 
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Figure 12. Schematic view of DAPI (purple) placed inside de minor groove of a double 

helical DNA, PDB id: 432D.[37] 

Electrostatic interactions, an external bond which occurs between positively charged 

drugs and negatively charged phosphate groups of the DNA backbone. For this reason, 

it is a link mode that is very dependent on the ionic strength of the medium.[38] 

 

1.3.2 Interaction with G-quadruplex 

Due to the structural complexity of G-quadruplex the non-covalent interactions have 

been most often considered. High binding specificity toward G-quadruplex has been 

obtained through the design of specific drugs that do not interact with B-DNA, which 

is the physiologically most abundant conformation. The most common non-covalent 

interactions types for this biological target are classified as intercalation, groove 

binding and external stacking, as shown in Figure 13. 

 

Figure 13. Schematic representation of the interaction types of a drug (gray sphere) 

toward G-quadruplex conformation. [16] 

Several groups of compounds, such as cationic porphyrins (i.e. TMPyP4, see Chapter 

VI),[39] acridine (BSU6039),[40] polycyclic acridine (RHSP4),[41] salphen metal 

complexes[42,43] or N-N’-bis[2-(1-piperidino)ethyl]-3-4-9-10-perylenetetracarboxylic 
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diimide (PIPER)[44] have been widely reported during the last decades to interact 

specifically with G-quadruplex. 
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Chapter II 
Methods 
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2.1 Experimental section 

2.1.1 Materials 

Solutions 

Solutions were prepared with double deionized water from a Puranity TU system 

(VWR). Sodium cacodylate, (CH3)2AsO2Na), from now named as NaCaC, was used as 

buffer solution to adjust the ionic strength (I). In cases such as the G-quadruplex 

studies, the preparation of the solutions will be specified at each chapter in detail. 

Reagents for solution preparation were obtained from Sigma Aldrich (MERCK) with 

purity >99%. 

Metal complexes 

The employed metal complexes were synthesized and characterized together with the 

group of Dr. Espino, Inorganic Chemistry (University of Burgos, Spain). 

Polynucleotides 

The Calf Thymus DNA (ct-DNA) was purchased from Sigma Aldrich in the form of 

lyophilized sodium salt. This salt is dissolved in ultrapure water, aliquots of 10 mL are 

prepared and subjected to an ultrasonic homogenization process with UP400S 

equipment equipped with a 3 mm diameter titanium sonotrode (Hielscher, Germany), 

keeping the solutions on ice for avoid thermal effects during sonication. By means of 

agarose gel electrophoresis at 20 V/cm for 20 min, the average length of the DNA 

molecules after sonication is determined, being approximately 1000 base pairs (bp). 

To perform the assays, the concentration of DNA expressed in molarity in base pairs is 

always determined spectrophotometrically using the molar extinction coefficient ε = 

13200 M-1 cm-1 at λ = 260 nm, I = 0.1 M and pH = 7.0. 

G-quadruplex oligonucleotides 

Different guanine-rich oligonucleotides, described in Table 1, labeled at 5´and 3´ using 

FAM (6-carboxyflourescein) and TAMRA (6-carboxytetramethylrhodamine) 

respectively have been employed,[45] mostly in FRET (Fluorescence Resonance Energy 

Transfer) melting assays. Oligonucleotide sequences have been supplied by Thermo 

Scientific™ (Thermofisher Scientific), with HPLC purity degree. 
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Table 1. Sequences and topology of the employed oligonucleotides. 

Name Sequence (5´-3´) Topology 

21T GGGTTAGGGTTAGGGTTAGGG 
3-tetrad Hybrid DNA G-

quadruplex 

21RT GGGUUAGGGUUAGGGUUAGGG 
3-tetrad Parallel RNA G-

quadruplex 

25Ceb AGGGTGGGTGTAAGTGTGGGTGGGT 
3-tetrad Parallel DNA G-

quadruplex 

21CTA GGGCTAGGGCTAGGGCTAGGG 
3-tetrad Antiparallel DNA G-

quadruplex 

cmyc TGAGGGTGGGTAGGGTGGGTAA 
3-tetrad Parallel DNA G-

quadruplex 

Bom17 GGTTAGGTTAGGTTAGG 
2-tetrad Antiparallel DNA G-

quadruplex 

TBA GGTTGGTGTGGTTGG 
2-tetrad Antiparallel DNA G-

quadruplex 

dx TATAGCTAT-hexaethylenglycol-TATAGCTATA Intramolecular duplex 

ds26 CAATCGGATCGAATTCGATCCGATTG Double stranded DNA 

 

Fluorescent labelled oligonucleotides were prepared in 90 mM LiCl, 10 mM lithium 

cacodylate, from now LiCaC, and 10mM KCl buffer at pH = 7.2 as a 0.25 µM stock 

solutions and annealed by heating at 92˚C for 5 minutes, and then fast cooled in ice. 

For F21RT the buffer employed was 99 LiCl mM, 10 mM LiCaC and 1mM KCl at pH = 

7.2, decreasing the amount of K+ due to the strong thermal stability of this G-

quadruplex structure, and following the same procedure described above. 

 

2.1.2 Experimental techniques 

2.1.2.1 pH measurements 

Metrohm pH-meter (Herisau, Suiza) equipped with a glass microelectrode, a reference 

electrode and a KCl salt bridge (3 M) has been used for pH measurements. The pH 

adjustment has been performed through sodium hydroxide, NaOH, (lithium 

hydroxide, LiOH, for G-quadruplex solutions) or hydrochloric acid, HCl. 

2.1.2.2 Absorption spectrophotometry 

Classically it can be defined as “the absorption of incident radiation, as a function of 

wavelength (λ), upon passage through a given medium”- Tom D. Schlabech, 

Encyclopedia of Chemistry, 1966. In a chromophore solution through which passes a 
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beam of light with an initial intensity, I0, and specific wavelength, a part on the 

radiation is absorbed by the chromophore and another unabsorbed part passes 

through the sample, I, and the rapport between the transmitted and the incident 

intensity is known as transmittance (T). 

The absorbance of a given sample inside the cuvette is described as the logarithm of 

the inverse value of transmittance, and depends on the light path travel by light, 

related with cuvette width, l, the concentration of chromophore in solution, C, and the 

molar attenuation coefficient, ε, leading to Lambert-Beer law (Eq.1). 

Abs = log
1

T
=  − log T =  log

I

I0
=  ε · C · l       (1) 

This technique is especially useful for the study of aggregation processes or perform 

spectrophotometric evaluations. Aggregation processes in solution are checked with 

compliance of Lambert-Beer law (Eq.1), recording the spectra of a buffer solution to 

which are added increasing amounts of our compound of interest solution with the 

same buffer, homogenizing the cuvette solution after each addition before recording 

each spectrum. If the plot of absorbance at a fixed wavelength in function of the 

increasing concentrations of compound is a line which passes through the origin (0,0) 

and the slope is the compound molar extinction coefficient Eq.1 is fulfilled. In case of 

a deviation from the linearity this could be related to aggregation processes in 

solution. Spectrophotometric evaluations provide information about whether there is 

interaction between the drug and a polynucleotide. Starting from a solution in cuvette 

of known volume and drug concentration, addition of a polynucleotide solution 

(known concentration) are made. Spectra are corrected by the dilution factor, ΔF, 

which is expressed as ΔF = C0
D/CD, the relationship between initial concentration of 

drug in cuvette, C0
D, and the concentration after each addition, CD. 

The absorbance measurements have been carried out with an Agilent 8453 single 

beam spectrophotometer (Agilent Technologies, Palo Alto, California) with 

photodiode array detection in the range λ = 190 - 1100 nm, equipped with Tungsten 

and Deuterion lamps for measurements in Visible and UV regions respectively, and a 

Peltier thermostatic system (HP-89090A) with an accuracy of ± 0.1˚C for temperature 

control. The measurements were made in high precision quartz cuvettes with 1 cm 

light path (Hellma Analytics, Müllheim, Germany). 

2.1.2.3 Circular dichroism (CD) 

Circular dichroism is a circularly polarized electromagnetic radiation absorption 

spectroscopy technique useful for molecules with chiral centers, where the incident 

radiation is divided in the two chiral polarized components, one on the left and one 

on the right, which are in phase and have the same amplitude. When the absorption 

of the light circularly polarized in one direction (e.g. right-handed) is different from the 

absorption of the light circularly polarized in the opposite direction (e.g. left handed), 
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the molecule is said to exhibit circular dichroism, Figure 14. As the DNA CD (Circular 

dichroism) spectra is well known and widely reported, this stand as a very useful 

technique for monitoring even just slight variations in its secondary structure due to 

the interaction with small molecules.[46–48] 

 

 

 Figure 14. Circular dichroism instrument basics.[49] 

Based on Bouguer-Lambert-Beer law[50] the absorbance of each chiral polarized 

components is defined as AbsX = log(I0/IX), where X can be L (left) or R (right), therefore 

the difference in the absorption of both components when crossing the sample is 

defined as: 

∆Abs = AbsL −  AbsR = log (
I0

IL
) − log (

I0

IR
) =  log (

IR

IL
)    (2) 

 and circular dichroism: 

 ∆ε =
1

C·1
 ∆Abs         (3) 

The physical parameter measured in the circular dichroism technique is the ellipticity, 

θ, which is related to Δε as is shown in Eq.4: 

tanθ =
ER−EL

ER−EL
= ∆ε         (4) 

In the experimental measurements the software of the dichroism measuring 

instrument circular provides the value of θ for each measured wavelength, and the 

results are presented as molar ellipticity, [θ]: 

[θ] =
100·θ

C·l
 (deg · M−1 · cm−1)       (5) 

Modular instrument MOS-450 Biologic (Claix, France) equipped with a Xenon arc lamp 

and an electro-optic modulator to obtain the circularly polarized light on the left and 

the light alternately with a frequency of 50 kHz has been employed. Detection is done 

by means of a photomultiplier, and Biokine software 3.2 transform the received signal 

into ellipticity (θ). To perform the measurements high accuracy quartz cuvettes of 1cm 
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light path width were used, while temperature is controlled through an external Julabo 

bath. 

2.1.2.4 Viscosity 

The viscosity of a double strand DNA solution represents a further important 

parameter useful in demonstrating if there is interaction whether between DNA and 

small molecules based on the chain length variations.[51] Small molecules able to 

intercalate generate an increase in axial separation between the contiguous base pairs 

present in the site of intercalation of the double helix and therefore an elongation of 

the polynucleotide which is reflected as an increase over viscosity values.[52] 

Otherwise, it has been reported that molecules capable to interact toward DNA 

through interstrand covalent bond, such as cis-diamminedichloroplatinum(II) (cisPt), 

cause a decrease in the values of DNA viscosity, while intrastrand covalent bond did 

not modify the DNA chain length.[53] An Ubbelodhe viscometer has been employed, 

with a volume capacity between 2 and 4 ml, immersed in a thermostated bath (T= 

25˚C). The procedure is based on collecting values (in triplicate) of the time it takes a 

3 ml 2·10-4 M [DNA] sample to fall by gravity from one point to another of the 

viscometer to which are latter added increasing amounts of drug encompassing a 

range of different CD/CP ratios (where CD= drug concentration and CP= DNA 

concentration). The obtained results are expressed as relative viscosity, defined in 

Eq.6, where tS is the solvent drop time, t0 is the nucleotide solution drop time and t 

the nucleotide solution drop time at a certain drug concentration: 

η

η0
=

t−tS

t0−tS
          (6) 

Calculated relative viscosity is then related to the DNA relative elongation through 

Eq.7: 

𝐿

𝐿0
= √

η

η0

3
          (7) 

2.1.2.5 Fluorescence resonance energy transfer (FRET) melting assays 

Fluorescent resonance energy transfer[54] is a quantum phenomenon based in an 

energy transfer between two dye molecules, a donor fluorescent molecule and 

another acceptor molecule, so that this phenomenon can take place when the 

emission spectrum of the donor molecule overlaps with the absorption spectrum of 

the acceptor molecule. Excitation is transferred from the donor to acceptor 

fluorophore through dipole-dipole interaction without the emission of a photon. As a 

result, the donor molecule fluorescence is quenched, and the acceptor molecule 

becomes excited. It then loses energy via heat or fluorescent emission, called 

sensitized emission.[55] The spectrum overlapping is highly dependent on the distance 

between the two molecules, generally requiring a maximum distance between both 
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of 50-60 Å.[56] This is the key factor on which thermal denaturing FRET assay is based 

on, in which oligonucleotides of certain sequences capable of forming G-quadruplex 

are used, marked at their 5 'and 3' ends, as is mentioned above in Chapter 2.1.1. 

G-rich oligonucleotides labelled and folded in G-quadruplex conformation have FAM 

and TAMRA close together, so that when irradiating the sample at the FAM excitation 

wavelength an energy transfer occurs from FAM to TAMRA, thereby FAM does not 

present emission. While temperature increases, G-quadruplex denaturalization is 

favored, so that when it occurs that FAM and TAMRA move away to each other 

decreasing FRET process, Figure 15. Thus, a fluorescence signal for FAM can be 

recorded. The increase of FAM fluorescence as a function of the temperature allow to 

obtain the G-quadruplex thermal denaturing curves, through which melting 

temperature can be calculated (Tm). FRET method has been used to measure the 

stabilization and selectivity of the drugs toward different G-quadruplex conformations 

by calculating the increase in G-quadruplex Tm values.[57] 

Applied biosystem™ (Thermofisher Scientific) 7500 real time PCR has been used, with 

96-well PCR plate in which MicroAmp® fast reactions tubes (Applied biosystem™) are 

placed with MicroAmp® optical 8 -cap strip (Applied biosystem™), so the fluorescence 

of 96 solutions can be followed simultaneously using small amounts of sample. 

 

 

Figure 15. Schematic representation of G-quadruplex denaturalization marked with 

FAM (Green) and TAMRA (red) based on the FRET.[58] 

 

2.2 Computational methods 

To obtain atomic-level structural details of the binding site or the kind of interaction 

between the synthetic small molecules considered in this thesis work and their 

possible biomolecular targets, with the aim to support the interpretation of 

experimental data, complementary computational investigations have been carried 

out, in particular on model systems mimicking the binding between the small 

molecules and double stranded or G-quadruplex DNA. 
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2.2.1 Quantum chemistry calculations 

The structure of the small molecules selected for the binding with DNA were all 

investigated by PM6 semi-empirical[59] and/or by DFT calculations, using the following 

functionals: M06-2X[60] (Chapters III, IV, VI), PBE1PBE (PBE0)[61] (Chapters IV, V), 

B3LYP[62,63] (Chapters IV, V), and basis sets: CEP-121G [64–66] (Chapters III, VI) and 6-

31G**[66,67] (Chapters IV, V). 

Full geometry optimizations were performed for each considered structure. The 

contribution of the water solvent was considered by the “conductor-like polarized 

continuum model” implicit method.[68,69] 

Where necessary, transition state structures were found through the synchronous 

transit-guidded quasi-Newton (STQN) method.[70] Vibration frequency analysis, in the 

normal mode approximation, was performed to determine wether the optimized 

geometry corresponded to a local minimum or, in case of transition state structures, 

to a first order saddle point. The frequency analysis allowed also to obtain calculated 

values of thermodynamic data. All calculations have been performed with the 

Gaussian 09 package.[71] 

 

2.2.2 Molecular dynamics (MD) simulations 

The state of a classical system can be completely described by specifying the positions 

and momenta of all particles. Focusing on a three-dimensional space, all particles 

contained within a determined system are characterized by 6N coordinates, being N 

the number of particles. These coordinates define a 6N-dimensional space called 

phase space, in which at any instant in time the system occupies one point inside it. 

Hence, over time, a dynamical system maps out a trajectory in the phase space.[72] It 

is interesting to note that since a phase point is defined by the positions and momenta 

of all particles, it determines the location of the next phase point in absence of outside 

forces. 

Therefore, MD simulations allow to measure the temporal evolution of the 

coordinates and momenta of a given macromolecule, the so called trajectory, by 

solving Newton’s equation of motion, defined as: 

Fi = mi
d2ri(t)

dt2           (8) 

Where ri(t) is the position vector of a particle i with mass mi and Fi the force acting 

upon the mentioned particle at a fixed time t. 

 

The trajectory of a MD simulation of a system mimicking the interaction between small 

molecules and biomolecules can be displayed and analyzed with the aim of obtaining 

information about time-dependent properties,[73] such as important structural and 

molecular-recognition details. Force fields (FF) are mathematical expressions that 

describe the dependence of the total energy of a system on the coordinates of its 

particles. These are useful to calculate all terms related to short and long-range 
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interactions, including electrostatic and dispersion terms. Empirical force fields allow 

to reproduce structural and dynamic features of DNA models, and also their 

interaction with small molecules.[74] Periodic boundary conditions (PBC) are commonly 

employed to overcome the limits due to finite size of the considered system, Figure 

16. The unit cell is initially built, and its conditions are defined, e.g. ionic strength and 

box size, related to the definition of the macroscopic solution concentration. PBC 

conditions generate an infinite system replicating the same unit cell, in a way that if 

any atom leaves the unit cell for example from the top face, it then enters the box by 

the bottom face leading to constant conditions inside the unit cell. Electrostatic 

interactions have been considered by the particle mesh Ewald (PME) method, which 

allows to commutate the long-range interactions without cut-off approximations, i.e. 

without neglecting contributions from sites separated by distance larger than a certain 

cut-off.[75] 

 

Figure 16. Scheme referred to periodic boundary conditions in which the built unit cell 

is shown in the center, while the other are infinite replicas in space. 

In the present thesis, atomic partial charges of small molecules where obtained by DFT 

calculations, while other intra-molecular force field parameters were generated with 

the ACPYPE (Antechamber python parser interface) software.[76,77] MD simulations 

were performed by the Gromacs 5.0.4 software package,[78,79] using the Amber99SB 

force field with the ParmBSCO[80,81] treatment of nucleic acid torsion parameters for 

all DNA models. 
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2.2.3 Quantum mechanics/molecular mechanics (QM/MM) calculations 

The application of quantum mechanics (QM) methods for the calculation of structure 

and properties of systems as large as those involving biomolecules are still nowadays 

extremely time-consuming. For this reason, during the last decades many efforts and 

research have been performed in order to develop methods to reduce the 

computational time without losing much accuracy. In this context, it is interestingly 

that Karplus, Levitt and Warshel were awarded the Nobel Prize in Chemistry in 2013 

for the “Development of multiscale model for complex chemical systems”. 

 

 

Figure 17. Schematic view of a certain system considered by QM/MM: in yellow the 

whole system treated at molecular mechanics level and in green a small portion of 

special interest, investigated by quantum mechanics methods. 

The resulting hybrid method,[82–85] called QM/MM, is extremely useful for the 

theoretical investigation of large systems. The latter are divided into two (or more) 

parts, named layers, on which different methods are applied (Figure 17): accurate QM 

methods for a small portion of the full system, which represents the most interesting 

layer (high layer, hl) and a faster but less accurate molecular mechanics (MM) method 

of the whole macromolecular system (low layer, ll). The total energy of a two-layer 

system, EQM/MM, is then defined as in Eq.9: 

EQM/MM = Ehl
QM + Ell

MM − Ehl
MM       (9) 

 
The low layer contains all atoms, and is calculated at the lower level, while the most 

interesting part, the high layer, is treated at the higher (QM) level,[86,87] along with the 

atoms that are used to cap dangling bonds resulting from the cut of covalent bonds 

between the high and low layer. 
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Chapter III  
DNA binding of half-sandwich 

Ru(II) and Ir(III) complexes: 

experimental and computational 

studies 
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3.1 Introduction 

Cancer is part of the set of diseases characterized by the uncontrolled proliferation of 

cells and the destruction of tissues. The causes responsible for the initiation and 

promotion of this terrible disease may be both external (e.g., chemicals, radiation, 

viruses) and internal (e.g., hormones, immune conditions, inherited genes).[88] The 

treatment of cancer is accomplished by several optional therapies such as surgery, 

chemotherapy, radiation therapy, immunotherapy, and monoclonal antibody therapy. 

Since the discovered of the therapeutic activity of cisplatin and its derivatives there 

has been a great deal of interest in developing new metallodrugs, possibly targeting a 

higher number of cancer types, and with less toxic side effects.[89,90] In this context, 

heteroleptic compounds with general formula [(η6-arene)M(X)(NˆN)] (M=transition 

metal cation), usually called “half-sandwich or piano stool complexes”, have displayed 

promising anticancer activity, as reported in the last decade.[91,92] Where the η6-arene 

moiety which stabilizes the oxidation state of the metal cation and may facilitate 

transport through the cell membrane , NˆN is a chelating diamine ligand, but it could 

also be CˆN, OˆN or OˆC,[93] able to control the reactivity towards different 

biomolecules and even can play an important role in the interaction, and a leaving 

group (X), which undergoes easy dissociation to allow coordination of the metal ion to 

target biomolecules. The anticancer potential of these new metal-based compounds 

relies on three main conditions: i) they must be prone to functionalization, e.g. by 

hydrolysis of the M-X bond, so that they are able to selectively bind to specific 

significant biological targets; ii) they must easily cross human cell membranes to exert 

their cytotoxicity;[94] (iii) the overall charge and counterion identity must be the right 

ones because they are related to the solubility and permeability[95]. The binding to 

DNA is also considered responsible for the potential anticancer activity of these type 

of new compounds.[96,97] In recent years, ruthenium(II) and iridium(III) arene 

complexes have been found to exhibit varying degrees of in vitro selectivite activity 

against human cancer cells.[98,99] In the present work, the synthesis and 

characterization of a half-sandwich RuII and IrIII complexes is reported, with 

thiabendazole as ancillary N^N ligand, and a η6-pentamethylcyclopentadienyl and η6-

p-cymene for the Ir and Ru complexes, respectively. The thermodynamics and kinetics 

of the binding of the two metal complexes to ct-DNA, in water solution, was 

investigated by variable temperature absorption and circular dichroism 

spectroscopies and by viscosity measurements. Moreover, MD simulations followed 

by QM/MM calculations, were performed to provide atomistic models of the 

host/guest DNA-binding complexes, as recently reported,[100] (see Chapter VI). 

Interestingly, the computational investigations suggest that the stereoisomerism of 

the two metal complexes may affect their DNA-binding strength. 
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3.2 Materials and methods 

3.2.1 Materials 

Metal complexes have been synthesized and characterized by the group of Dr. Espino, 

Inorganic Chemistry (University of Burgos, Spain). Aqueous solutions were prepared 

with doubly deionized water from a Puranity TU system (VWR). Stock solutions for 

Ru(II) and Ir(III) were prepared by dissolving weighed amounts in 2.5 mM sodium 

cacodylate (NaCaC) as buffer to maintain the pH constant at 7.4, where drug 

concentration is denoted as CD.  

 

3.2.2 Experimental techniques  

Synthesis and characterization 

Both syntheses were performed and reported by Dr. Martínez Alonso on her PhD 

thesis and are described based on it.[101] 

• Synthesis of [(η6-p-cymene)RuCl(κ2-N,N-tbz)]Cl, Figure 1, from now called compound 

1. 

 

 

Figure 1. 2D schematic view for the Ru(II) complex, 1. 

In a 100 mL Schlenk flask, the commercial ligand thiabendazole, tbz (0.0664 g, 0.330 

mmol) was added to a solution of [RuCl2(cym)]2 (0.1008 g, 0.165 mmol) in degassed 

methanol (18 mL), and the mixture was stirred at room temperature for 20 h and 

under a nitrogen atmosphere. The solution was filtered and concentrated. The 

product was precipitated with diethyl ether (15 mL) and isolated by filtration. The 

resulting yellow powder was dried under vacuum. Yield: 114.0 mg (0.225 mmol, 68%). 

Mr (C20H21N3SCl2Ru) = 507.4474 g/mol. Anal. Calcd for C20H21N3SCl2Ru (H2O)2: C 44.20; 

H 4.64; N 7.73; S 5.90; Found: C 44.11; H 4.10; N 7.30; S 5.94. 1H NMR (400 MHz, CDCl3, 

25 °C) δ 15.29 (s, 1H, HN-H), 10.34 (s, 1H, H5’), 9.41 (s, 1H, H3’), 7.89 – 7.79 (m, 1H, Hc), 

7.77 – 7.65 (m, 1H, Hf), 7.50 – 7.38 (m, 2H, Hd, He), 6.13 (d, J = 4.9 Hz, 1H, H2 or H6), 

6.03 (d, J = 5.4 Hz, 1H, H3 or H5), 6.00 (d, J = 5.7 Hz, 1H, H6 or H2), 5.84 (d, J = 5.9 Hz, 1H, 

H5 or H3), 2.61 – 2.50 (sept, J = 7.0 Hz, 1H, H7), 2.23 (s, 3H, H10), 1.00 (d, J = 6.8 Hz, 3H, 
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H8 or H9), 0.95 (d, J = 6.9 Hz, 3H, H9 or H8) ppm. 13C{1H} NMR (101 MHz, CDCl3, 25 °C) 

δ 160.9 (s, 1C, Ca), 146.2 (s, 1C, C2’), 144.1 (s, 1C, C5’), 140.8 (s, 1C, Cg), 135.0 (s, 1C, Cb), 

125.7 (s, 1C, Cd), 124.8 (s, 1C, Ce), 123.5 (s, 1C, C3’), 116.4 (s, 1C, Cf), 115.0 (s, 1C, Cc), 

104.0 (s, 1C, C1), 103.0 (s, 1C, C4), 84.7 (s, 1C, C2 or C6), 82.6 (s, 1C, C3 or C5), 82.3 (s, 

1C, C6 or C2), 80.0 (s, 1C, C5 or C3), 31.3 (s, 1C, C7), 22.4 (s, 1C, C8 or C9), 22.3 (s, 1C, C9 

or C8), 19.3 (s, 1C, C10) ppm. FT-IR (KBr, cm-1) selected bands: 3387 (vs, νN-H), 3049-

3000-2969 (vs, ν=CH, ν-CH), 2620 (s), 1624-1609 (m, νC=N(imid)), 1515 (m, νC=C), 1480 (s, 

νC=N(thiaz)), 1431 (vs), 1329 (vs), 1227 (w, νC-S), 1018 (s, νC=S), 875-842 (s), 765 (vs, δNHoop), 

755 (vs, δCHoop), 637 (w). MS (FAB+): m/z (%) = 472 (56) ([M-Cl]+), 436 (22) ([M-2Cl-H]+). 

Molar Conductivity (H2O): 164 S·cm2·mol-1. Solubility: soluble in water, methanol, 

ethanol, dichloromethane, chloroform and acetone. 

• Synthesis of [(η5-Cp*)IrCl(κ2-N,N-tbz)]Cl, Figure 2, from now called compound 2. 

 

 

Figure 2. 2D schematic view for the Ir(III) complex, 2. 

In a 100 mL Schlenk flask, the commercial ligand thiabendazole, tbz (0.0521 g, 0.259 

mmol) was added to a solution of [IrCl2(Cp*)]2 (0.1002 g, 0.129 mmol) in degassed 

dichloromethane (11 mL), and the mixture was stirred at room temperature for 20 h 

and under a nitrogen atmosphere. The solution was concentrated, and the product 

was precipitated with n-hexane (15 mL) and isolated by filtration. The resulting yellow 

powder was dried under vacuum. Yield: 145.2 mg (0.242 mmol, 94%). Mr 

(C20H22N3SCl2Ir) = 599.6053 g/mol. Anal. Calcd for C20H22N3SCl2Ir·(CH2Cl2)1.1: C 36.57; 

H 3.52; N 6.06; S 4.63; Found: C 36.56; H 3.68; N 5.67; S 4.73. 1H NMR (400 MHz, CDCl3, 

25 °C) δ 15.91 (s, 1H, HN-H), 9.99 (s, J = 1.7 Hz, 1H, H3’), 9.14 (d, J = 2.1 Hz, 1H, H5’), 7.87 

(d, J = 8.1 Hz, 1H, Hc), 7.58 (d, J = 7.7 Hz, 1H, Hf), 7.50 – 7.35 (m, 2H, Hd, He), 1.79 (s, 

15H, HCp(Me)) ppm. 13C{1H} NMR (101 MHz, CDCl3, 25 °C) δ 154.1 (s, 1C, C5’), 147.5 (s, 

1C, Ca), 145.9 (s, 1C, C2’), 138.3 (s, 1C, Cg), 135.4 (s, 1C, Cb), 125.7 (s, 1C, Cd), 124.7 (s, 

1C, Ce), 124.6 (s, 1C, C3’), 115.9 (s, 1C, Cf), 115.6 (s, 1C, Cc), 87.9 (s, 1C, CCpC), 9.9 (s, 1C, 

CCp(Me)) ppm. FT-IR (ATR, cm-1) selected bands: 3466 (m, νN-H), 3095-2910-2822-2739 

(m, ν=CH, ν-CH), 1614 (m, νC=N(imid)), 1517 (m, νC=C), 1481-1462-1428 (s, νC=N(thiaz)), 1378 

(m, δCH3), 1328 (m), 1226 (w, νC-S), 1029-1015 (s, νC=S), 879-846 (m), 763 (vs, δNHoop), 

747 (vs, δCHoop), 638 (w). MS (FAB+): m/z (%) = 564 (15) ([M-Cl]+), 528 (4) ([M-2Cl-H]+), 
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363 (6) ([M-Cl-thbzol)]+). Molar Conductivity (CH3CN): 35.4 S·cm2·mol-1. Solubility: 

soluble in water, dichloromethane, chloroform, acetonitrile and acetone. Partially 

soluble in methanol. 

UV-vis Spectroscopy. Absorbance measurements were performed to prove the 

substitution of Cl for H2O. DNA melting assays were also accomplished by UV-vis 

measurements, spectra were recorded in a range T = 25 - 90 ˚C, at 0.3 ˚C min-1 of scan 

rate with one-minute stabilization. All measures were performed by duplicate. 

Circular dichroism. Circular dichroism Spectra were recorded for different DNA/Drug 

samples incubated for 24h, in NaCaC buffer (I= 2.5mM) at pH = 7.4 and T = 25 ˚C. All 

measures were performed by duplicate. 

Differential Scanning Calorimetry. The study of the DNA thermal stabilization induced 

by the complexes was completed by DSC measurements, using a Nano DSC Instrument 

(TA, Waters LLC, New Castle, USA). Reference and sample were previously degassed 

in a degassed station (TA Instruments, Waters LLC, New Castle, USA) to minimize the 

formation of bubbles upon heating. The samples were scanned at 3 atm pressure from 

20 to 110 ˚C at 1 ˚C min-1 scan rate.  

Viscosity measurements. Viscosity of stock solutions incubated overnight was 

measured in triplicate, the readings of the flow time was measured with a digital 

stopwatch. The viscosity readings were reported as L/L0 = (η/η0)1/3 versus CD/CP, where 

η and η0 stand for the polynucleotide viscosity in the presence and in the absence of 

drug respectively. All measures were performed by triplicate.  

 

3.2.3 Computational details 

Molecular Dynamics. The geometry of the two Ru(II) and Ir(III) complexes was fully 

optimized by PM6 calculations[59] and, subsequently, by DFT calculations, using the 

M06-2X[60] functional and the CEP-121G[61-64] basis set, as recently reported[102] (see 

Chapter VII). The double-helical B-DNA structure, with sequence d(AGCTAGCTCAGT)2, 

was designed by using the NUCLEIC routine of the TINKER software.[103] An 

intercalation pocket between DG6 and DC7 base pairs was created, to check if the 

intercalation of the ancillary ligand was possible. The starting structures for the 

computational studies of the complex/DNA systems were obtained using the Maestro 

software [Maestro, version 10.2, Schrödinger, LLC, New York, NY, 2015]. In such 

structures, the metal ion is covalently bonded to the N7 atom of a guanine base, with 

the metal complex approaching DNA from the major groove, and with the ancillary 

ligand intercalated between the sixth and seventh GC and CG base pairs. Force field 

parameters related to the metal cation were manually taken and included in 

Amber99sb force field from the literature.[104,105] Four MD simulations were conducted 

for 150 ns for each DNA/Drug system, considering both enantiomers. 
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QM/MM calculations. The relaxed geometries for both DNA/Drug systems, including 

the two enantiomers in each case, were optimized by two-layer QM/MM hybrid 

calculations, as implemented in the ONIOM method, with the aim to perform a high-

level calculation for the drug and the bound guanine. The M06-2X[60] DFT functional 

and the lanl2dz[106] basis set were used for the higher DFT layer, to suitably model the 

bonding between the metal complex and guanine. The Amber99 force field was used 

in the lower MM layer of the QM/MM calculations. The highest layer of the model 

includes the drug and the guanine residue excluding the phosphate group, with charge 

set to +2 and multiplicity 1. Default atomic partial charges were used for the nucleic 

atoms, implicitly included in the force field parameters. Vibration frequency 

calculations, within the harmonic approximation, were performed on the optimized 

geometries by using the same QM/MM method, to confirm that their energies were 

true minima on the potential energy surface. All calculations were performed with 

Gaussian 09 software.[71] 

 

3.3 Results and discussion 

3.3.1 Experimental Results 

Stability studies and formation of the aquo complexes.  As mentioned above, the two 

metal complexes are soluble in water, thus their stability in aqueous solution was 

studied through UV-vis techniques to check if the substitution of Cl by H2O was 

possible. These kinetic assays were performed by dissolving the ruthenium and the 

iridium complex in buffered aqueous solution and recording their UV-vis spectra every 

20 s. Additionally, the initial absorbance spectra for 1 and 2 is reported in Figure 3. As 

it can be seen in Figure 4, a kinetic process has been found related to the formation of 

the aquo complex. 

The absorbance time data were fitted using a monoexponential function, Eq. 1, being 

1/τ the kinetic constant for the formation of the aquocomplex. The obtained values 

for 1 and 2 are shown in Table 1. Based on these results stock solutions were incubated 

overnight before using. 
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Figure 3. Absorbance spectra for compounds 1 (red) 2 (black) in aqueous solution. 

[CD] = 6·10-5 M  

 

          

Figure 4. Absorbance at λmax as function of time for 1 (A) and 2 (B). [CD] = 4·10-5 M, I= 

2.5·10-3 M NaCaC. The red line represents the fitting of the absorbance-time data pairs 

to a monoexponential function, Eq. 1. 

𝐴 =  𝐴0 · 𝑒−
𝑡

𝜏          (1) 

 

Table 1. Kinetic constants, 1/τ, related to aquation process for 1 and 2. 

Compound 1/τ 

1 0.121 

2 0.130 

 

Determination of the pKa values of compounds 1 and 2. The acid dissociation 

constants (pKa) were determined by measuring the evolution of the absorbance 

spectra, as a function of pH for both metal complexes. The UV-vis absorbance 

A B 
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spectrum for Ru(II)  and Ir(III) complexes at different acidity levels are shown in Figure 

5.  

   

Figure 5. Evolution of the absorbance spectra of compounds 1 (A), 2 (B) with increasing 

pH (from 3 to 12, arrow sense), [1]= 9 · 10-6 M, [2]= 4· 10-5 M. 

pKa values were obtained plotting absorbance, at a fixed wavelength (λ), in function of 

pH variation as shown in Figure 6, data were analyzed according to the Henderson-

Hasselbach equation, Eq. 2. 

 

           

Figure 6. Absorbance at λmax as function of pH fitted according to Eq. 2 for compounds 

1 (A) and 2 (B). 

𝐴 =
(𝐴𝐻𝐵 −  𝐴𝐵−)

(1+10𝑚(𝑝𝐾𝑎−𝑝𝐻) )
        (2) 

Where 𝐴𝐻𝐵  and 𝐴𝐵− stand for the absorbance of the acid and basics forms 
respectively, HB and B- refer to the species involved in the deprotonation of the N-H 
group of the thiabendazole coordinated to the metal center, see Fig. 7, A is the total 
absorbance at each point and the m parameter is interpreted in terms of activity 
coefficient of the species involved in the equilibrium. The obtained pKa values are 
shown in Table 2. 

A B 

A B 
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Figure 7. Acid-base equilibria of thiabendazole, relating to HB and B-, where M is the 

metal center (Ru or Ir), Y is the stabilizing arene ligand.  

 

Table 2. Obtained pKa values using Eq.2. 

Compounds pKa 

1 6.6 

2 6.1 

 

The existence of isosbestic points at λ= 310 nm and λ= 308 nm for 1 and 2 respectively 

evidence the presence of different species in equilibrium, also it can be seen a small 

maximum hypsochromic shift (≈ 3nm) for both. One ionization equilibrium was found 

for both metal complexes, in which the pKa 6.6 and 6.1 for Ru(II) and Ir(III) complexes 

respectively is referred to the deprotonation of N-H group present in the ancillary 

ligand. The effect of coordination in the pKa value for thiabendazole deprotonation 

has been reported previously,[107] in which the pKa is 12.50 for thiabendazole but drop 

to 5.75 when it is coordinated to ruthenium, in good agreement to what is reported 

herein. Therefore, at pH 7.4 in which DNA binding has been studied prevails the 

monocationic species for the metal aquo complexes, conversely the initial chloro 

complexes would be neutral under these conditions. 

 

Interaction with ct-DNA. Different instrumental techniques and methods were 

utilised to study the interaction between ct-DNA and the synthesized 1 and 2 metal 

complexes. As the procedure is the same for both complexes, this allows to compare 

and analyse the effect and importance of the metal center. The techniques that were 

used to study the interaction included absorbance spectroscopy (UV-vis), circular 

dichroism (CD), thermal denaturation assays and viscosity measurements. 

Covalent binding. The reactions were run at room temperature (25˚C). Metal complex 

solution incubated overnight was added to an aqueous solution I=2.5·10-3 M, pH= 7.4 
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and varying concentration of ct-DNA. Different CP/CD ratios were proven, from 10 to 

40, being CP and CD the concentrations of ct-DNA (P) and metal complex (D). 

As it shows Figure 8, the isotherm obtained as a consequence of plotting absorbance 

at λ320nm as function of time indicate product formation according to the global 

reaction P + D → PD, being PD the ct-DNA/metal product. In order to clarify if the 

reaction can be affected by the high level of radiation during the assay, another kinetic 

assay was performed in which absorbance is measured each hour (Figure 8B), instead 

of each 20 s (Figure 7A). The trend is the same, so it has been concluded that the 

isotherm is associated to the binding of metal complex to ct-DNA. 

  

Figure 8. (A) Absorbance at λ320nm in function of time for 2/ct-DNA, Δt= 20 s; (B) 

Absorbance at λ320nm in function of time for 2/ct-DNA, Δt= 1 h. [2]= 3·10-5 M, CP/CD= 

10, pH= 7.4, T=25˚C.       

The absorbance time data were fitted using Eq. 1, and the values of the calculated 

constants at different CP/CD ratios are shown in Table 3. Subsequently, for both the 

obtained kinetic constants were plotted in function of CP, Figure 9. 

 

Table 3. 1/τ values at different CP/CD for 1 and 2. [CD]= 3·10-5 M, I=2.5·10-3 M, pH= 7.4, 

T= 25˚C. 

 1/τ · 103 

CP/CD 1 2 

10 1.33 ± 0.33 7.64 ± 0.37 

20 2.15 ± 0.37 8.10 ± 0.44 

30 2.90 ± 0.41 7.56 ± 0.33 

40 2.77 ± 0.29 7.68 ± 0.37 

 

A B 
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Figure 9. Kinetic constants in function of [CP] for (A) 1/ct-DNA and (B) 2/ct-DNA 

systems. [CD]= 3·10-5 M, I=2.5·10-3 M, pH= 7.4, T= 25˚C.  

The curvature observed in Figure 8A suggests a two steps mechanism as defined in Eq. 
3.  

        (3) 

The first step is referred to the formation of PDI in equilibrium with P and D, whose 
constant is K1. Once the equilibrium is reached PDI evolves toward PD through a slow 
process where k2 is the kinetic constant corresponding to the formation of a covalent 
bond[108]. The proposed mechanism entails that the formation of PDI is faster than PD, 
otherwise the equilibria will not be reached. Consequently, PDI can be identified as a 
non-covalent complex (intercalation or groove binding), while PD can be 
monofunctional covalent or bifunctional (non-covalent-covalent) complex. The 
parameters K1 and k2 can be calculated fitting the data pairs (1/τ, CP) to Eq.4. 

1

𝜏
= 𝐾1 ·

𝑘2·𝐶𝑃

(1+𝐾1·𝐶𝑃)
         (4) 

For the ruthenium complex, Figure 8A shows that initially the values of kinetic 
constant increase when increasing the CP/CD ratio until plateau. 

So, if Eq. 4 is fitted to the experimental data (red line in Figure 9A) the values for K1, 
referred to the thermodynamic constant for the first equilibrium shown in Eq. 3, and 
k2, referred to the kinetic constant concerning the formation of the covalent bond can 
be calculated, leading to K1 = 1.2·103 M-1 and k2 = 4.7·10-3 s-1 respectively. The value of 
K1 at I = 2.5 mM is relatively low and supports the reaction path proposed above in Eq. 
4, where PDI is the intermediate for the formation PD. 

Otherwise in the representation of Eq. 4 for the iridium complex, as no curvature is 
appreciated in Figure 9B, it is assumed that in the proposed two steps mechanism K1CP 
<< 1 and 1/τ = k2, being k2= 7.8·10-3 s-1, the double compared to k2 for ruthenium 
complex, 1. 

A B 
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Melting temperature experiments. Tm has been calculated for different CD/CP ratios, all 

samples were incubated overnight before being measured. For 1, an initial increase in 

melting temperature is observed, reaching a maximum at CD/CP= 0.2, Figure 10A. This 

behaviour is compatible with intercalation since this type of interaction increases the 

Tm. Then when CD/CP > 0.2 descends noticeably to lower values than the initial Tm of 

ct-DNA alone, reaching constant Tm values at CD/CP ≈ 0.7. It is possible that at CD/CP ≤ 

0.2 the effect of the intercalation on the Tm is higher than the covalent binding, but as 

CD/CP increases DNA partial denaturalization is induced by the covalent bond easing 

the H-bonds breakdown of the base pairs, reaching the saturation at CD/CP ≈ 0.7. 

Similar explanation is adequate for the iridium complex, 2, but in this case the effect 

of the intercalation is not appreciated, nevertheless at CD/CP < 0.2 Tm remains 

constant, Figure 10B. The interpretation of the results reported herein is supported 

by viscosity results shown below. 

          

Figure 10. Melting temperature, Tm, for the 1/ct-DNA (left) and 2/ct-DNA (right) 

systems. CD/CP= 0 - 1.6, I= 2.5·10-3 M NaCaC and pH= 7.4. 

Viscosity measurements. Samples were prepared analogously as mentioned above for 

melting temperature experiments. In both cases two stretches with different trends 

are observed. For the ruthenium complex when CD/CP < 0.2, η/η0 increases, and then 

decreases noticeably, Figure 11 A. It is well known that intercalation increase the 

length of DNA, therefore viscosity increase; while the intrastrand covalent binding 

decrease viscosity., so analogous to melting temperature experiments at CD/CP < 0.2 

the effect of intercalation is stronger than that of the covalent binding. When 

increasing CD there is a drastic decrease of η/η0, reaching the saturation at CD/CP ≈ 1.2. 

In the case of 2 the initial decrease of η/η0 makes intercalation not so perceptible as 

for 1, or the increase of the viscosity induced by intercalation does not compensate 

the decrease of this by the covalent binding, Figure 11 B. Although, similar dramatic 

decrease of viscosity values was found when CD/CP > 0.9, until plateau at CD/CP≈ 1.3.  

With the differences inherent in each procedure, this behaviour is similar to that 

observed for the melting temperature experiments. The partial denaturalization of ct-

DNA induced by the complexes, consistent with the high values of ΔTm (see Figure 10), 

B A 

ΔTm= 10˚C 
ΔTm= 21˚C 

ΔT’m= 20˚C 
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favours ct-DNA compactation and the formation of aggregates, PDIII, that strongly 

decrease η/η0 values. 

      (5) 

 

 

 

 

 

 

  

Figure 11. Relative viscosity of the (A) 1/ct-DNA and (B) 2/ct-DNA systems. CP= 2·10-4 

M, I= 2.5 mM NaCaC and T= 25˚C.  

Circular Dichroism (CD). The interaction of 1 and 2 with ct-DNA has been confirmed by 

CD, melting temperature and viscosity measurements. CD spectra recorded at 

different CD/CP ratios are shown in Figure 12, the samples were incubated overnight 

before the measurements. In addition, measurements of CD were recorded for both 

complexes in buffer solution certifying that they did not show any dichroic signal.  

 

 

A 

B A 

Δ(η/η0)= 0.25 

20˚C 

Δ(η/η0)= 0.37 

20˚C 
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Figure 12. CD spectra for (A) 1/ct-DNA and (B) 2/ct-DNA systems. Inserted: binding 

isotherm at λ= 320 nm and 315 nm, for 1 and 2 respectively. CP= 5·10-5 M, I= 2.5·10-3 

M NaCaC, pH= 7.4 and T= 25˚C. 

The evidence of isodichroic points at λ= 259 nm and at λ= 259 nm and 285 nm, for 

ruthenium and iridium complexes respectively, indicates the presence of species in 

equilibrium. Strong changes induced in the ct-DNA CD spectra were observed in both 

positive (λ=245 nm) and negative bands (λ=275 nm). These changes are not usual 

when a covalent bond is formed by binding to a single DNA strand, as it is necessarily 

in this case, so we considered that another type of interaction is occurring while the 

complex is covalently bonded to DNA, so that both generate remarkable modifications 

in the helicity of the structure and therefore in the secondary conformation of ct-DNA.  

Presumably there is a partial denaturalization of ct-DNA; this effect is more evident in 

the case of the iridium complex (Figure 12B), where the positive and negative 

characteristic bands of ct-DNA (245 and 275 nm respectively) diminish until 

disappearing, at the same time that the induced CD signal of the complex covalently 

bound to one of the ct-DNA strands increase (315 nm). This effect is less pronounced 

in the case of the ruthenium complex (Figure 12A) 

Considering the UV-vis spectra for these metal complexes in aqueous solution, Figure 

3, the induced dichroism bands agree with the absorbance peaks for each complex. 

Plotting molar ellipticity at a fixed wavelength, λ= 320 nm and 315 nm for 1 and 2 

respectively, as a function of CP/CD (Figure 12 inserted graphs), isotherms related to 

the binding between the metal complex and ct-DNA were obtained for both metal 

complexes. 

B 



49 
 

As both, 1 and 2, are positively charged, the influence of the metal does not seem 

significant. In order to ease the interpretation of the experimental results, 

computational studies have been carried out. 

 

3.3.2 Computational results.  

Molecular dynamics (MD) simulations and quantum mechanics/molecular mechanics 

(QM/MM) calculations have been performed, with the aim to interpret the 

experimental results and in particular, to understand the role of the metal center in 

the binding mode of the metal complex with DNA. In fact, the experimental results 

suggest, as mentioned in Eq. 3, that both 1 and 2 are covalently bonded to ct-DNA 

(PDII) preceded by an intermediate in which the ancillary ligand is intercalated (PDI) as 

it has been recently reported.[110] QM/MM calculations were performed to calculate 

the energy of the metal complex/DNA and metal complex/guanine system, with the 

aim to comparing the stability of the two enantiomers of compounds 1 and 2 when 

bonded to DNA, to assess stereoisomer specificity toward DNA binding. 

MD simulations. The effect of the metal ion-N7 covalent bond on the double-helical 

structure was evaluated analysing the changes induced in the B-DNA conformation. 

Moreover, the MD simulations allowed to monitor: (i) the effect of the substituents, 

(ii) the metal complex orientation and position on the DNA structure. The possible 

intercalation of the ancillary ligand while the complex is covalently bonded has been 

also tested. The binding of both the Ru(II) and Ir(III) complexes with the B-DNA 

sequence d(AGCTAGCTCAGT)2 was investigated, in which the metal ion is covalently 

bonded to the N7 atom of the central guanine base. Figure 13 shows the optimized 

structures of the enantiomers corresponding to the “S” configuration for 1 and 2, in 

which the chloride ligand can be substituted by water in aqueous solution, presumably 

giving rise to a racemic mixture of the two “S” or “R” enantiomers. 
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Figure 13. Optimized structures obtained by DFT calculations for the ruthenium(II) 

complex 1 (left) and the iridium(III) complex 2 (right) corresponding to the “S” 

configuration. 

The Root Mean Square Deviation (RMSD) plots, Figures 14-15 enable to follow the 

structural changes occurring along the MD trajectory, where important 

conformational changes, for both the B-DNA and the metal complex, occur before and 

at the equilibrium phase. Some snapshots of 1/B-DNA and 2/B-DNA, occurring along 

the MD simulation are shown in Figures 13-14, which allow to describe and compare 

the dynamics of the two systems. The corresponding video files are available as 

supplementary files, through the QR codes shown in Figures 13 and 14. 

In addition, the variations of a dihedral angle formed by the atoms: C8, N7, M and CA, 

see Figure 16, has been monitored. C8 and N7 form part of the guanine nitrogen base, 

M can be Ru or Ir and CA is one of the six carbon atoms of the aromatic ligand, p-

cymene or pentamethylcyclopentadiene respectively. This angle allows to monitor the 

rotation around the N7-M covalent bond during the MD simulation. 
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Figure 14. RMSD plot of the fragment 1 coordinated to the guanine base (red line) and 

variation of the dihedral plane C8-N7-M-CA (blue line). R diastereomer above and S 

diastereomer below. 
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Figure 15. RMSD plot of the fragment 2 coordinated to the guanine base (red line) and 

variation of the dihedral plane C8-N7-M-CA (blue line). R diastereomer above and S 

diastereomer below. 
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Figure 16. Definition of the dihedral plane monitored in the MD simulations, in 

magenta. 

The results of the MD simulations show that there are some differences between the 

behaviour of the Ru(II) and Ir(III) complexes, and in particular also between the two 

diastereomers of each metal complex. Although the kinetics investigations confirm the 

occurrence of a fast intercalation, before the formation of the covalent bonding, the 

results of the MD simulations allow to exclude the concomitant intercalation of the 

ancillary ligand while the metal complex is covalently bonded. In fact, the 

thiabendazole always exits from the intercalation pocket after few ns. Remarkably the 
obtained results have proven that the ancillary ligand plays an important role in the 

overall stability and structure of the metal complex-DNA system. Indeed, while the 

complex is covalently bonded to the N7 atom, the ancillary ligand is placed in the major 

groove and each rotation around the N7-M covalent bond is always followed by a large 

conformational change in the DNA structure. Interestingly, the ancillary ligand of the 

Ru(II) compound 1, Figure 14, leaves the intercalation pocket and remains oriented 

along the DNA major groove till the end of the simulation. On the other hand, more 

simulation time is necessary to the ancillary ligand of the Ir(III) compound 2, Figure 15, 

to leave the intercalation pocket. Larger conformational changes in the DNA double-

helix occur mainly for the “R” diastereomer. Such DNA conformational changes are in 

good agreement with the spectral changes observed in the CD at increasing values of 

the metal complex concentration. In conclusion, the interaction of the metal complex 

bonded to guanine while the ancillary ligand performs a groove binding type 

interaction toward the major groove induces important B-DNA conformational 

changes, such as: (i) backbone deformation and (ii) decrease and distortion of helicity.  

QM/MM calculations. Significant structural details can be obtained by the analysis of 

the optimized structures reported in, Figures 17-20, obtained identifiying and 

sampling the structures more often ocurring during the MD simulations of both 1/B-

DNA and 2/B-DNA sytems through geometry clustering, assumed as equlibrium 

structures. 
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Figure 17. Different views of the optimized structures of the Ru(II) compound 1, R 

diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is 

shown in bold sticks while the lower layer in wires. 

 

Figure 18. Different views of the optimized structures of the Ru(II) compound 1, S 

diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is 

shown in bold sticks while the lower layer in wires. 
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Figure 19. Different views of the optimized structures of the Ru(II) compound 2, R 

diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is 

shown in bold sticks while the lower layer in wires. 

 

Figure 20. Different views of the optimized structures of the Ru(II) compound 2, S 

diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is 

shown in bold sticks while the lower layer in wires. 

Through the two-layer QM/MM hybrid calculations, the energy of each metal 

complex/B-DNA system can be obtained and, in particular, the effect of the two 

diastereomers of each metal complex can be evaluated. Table 4 shows the calculated 

energy differences for both enantiomers, R show less energy than S. 
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Table 4. Diastereomer SCF energy comparison for compounds 1 and 2. 
 

EnergyDrug/BNDA (kJ/mol) 

E 1-S- E 1-R 6,39 

E2-S- E2-R 30,69 

 

Calculated force constants. From the resulting QM/MM structures the force constants, 

k, of the metal-N7 bond for each diastereomer of the two metal complexes was 

calculated through the Compliance 3.0.2 program.[111,112] The obtained values are 

shown in Table 5. Interestingly, such force constants for the two diastereomers of 

compound 1 are similar while for the two diastereomers of compound 2 they are 

different. Such result agrees with the energy data reported in Table 2. In fact, the DNA 

binding of the two diastereomers of compound 1, does not cause a large difference in 

energy, whereas the DNA binding of the R diastereomer of 2 is more stable of about 

30 kJ/mol than that of the S diastereomer. It is also interesting that in the case of 

compound 1 the obtained binding constant is slightly higher than that of compound 2, 

indicating that the Ru(II) compound binds more tightly DNA than the Ir(III) compound. 

Table 5. Calculated force constants for the M-N7 bond (M= Ru or Ir) for the R and S 

diastereomers of compounds 1 and 2. 

Compounds k (mdyn/ang) 

1-R 1,63 

1-S 1,63 

2-R 1,21 

2-S 1,46 

 

3.4 Conclusions 

The interaction of the Ru(II) and Ir(III) compounds 1 and 2, with double helical DNA 

occurs through a two-step mechanism, where first the thiabendazole ligand is 

intercalated, forming the labile PDI complex, and then a covalent bond is formed, 

presumably with the N7 atom of a guanine base, forming a stabile PD complex, where 

the auxiliary thiabendazole ligand interacts with DNA through major groove binding. 

These conclusions have been experimentally proven through UV-vis absorption, CD, 

viscosity and melting temperature assays. Moreover, MD simulations have shown that 

the DNA-binding of both 1 and 2 complexes generates a remarkable distortion of the 

DNA backbone, in good agreement with the results from CD spectroscopy. Altogether 

the results obtained highlight the importance of the role played by the ancillary ligand 

in the interaction of these half-sandwich complexes with DNA, as well as the 

importance of the metal center in determining the DNA binding strength. In fact, 

although the DNA binding of both diastereomers of the two metal compounds follows 
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a qualitatively similar recognition mechanism, the results of QM/MM and, in 

particular, the evaluation of the Metal-N7 force constants, indicate that the ruthenium 

complex, 1, binds DNA more strongly than the analogous iridium complex, 2. 

Interestingly, the energy differences obtained by QM/MM calculations show that both 

S diastereomers of 1 and 2 bind DNA more strongly than the R diastereomers. 
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Chapter IV 
Role of seroalbumin in the 

cytotoxicity of cis-dichloro Pt(II) 

complexes with (NˆN)-donor 

ligands bearing functionalized 

tails 
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Summary 

In this chapter the synthesis of four new cis-[PtCl2(NˆN)] organoplatinum complexes 

is reported as well as the study of their cytotoxicity and binding ability toward dGMP 

(deoxyguanine monophosphate), ct-DNA and albumin models. 

Due to its analogy with cisplatin, [PtCl2(bpyst)] (bpyst = 4,4′-bis(α-styrene)-2,2′-

bipyridine), Figure 1, has been considered as an interesting potential DNA targeting 

drug, but surprisingly it does not covalently bind DNA. 

My main contribution to the work was to compare, by DFT calculations, the solution 

behavior of the two molecules, cisplatin and [PtCl2(bpyst)], providing support to the 

interpretation of the experimental results. DFT calculations were carried out, using 

three different functionals: B3LYP,[62,63] PBE0[61] and M06-2X,[60] the CEP-121G 

effective potential basis set[64-66] for the Pt atom and the 6-31G(d,p) basis set for the 

other atoms.[66,67] It is well known that the hydrolysis of platinum(II) complexes is the 

key step before DNA binding. As described below, we have theoretically investigated 

the structures and the relative stability of the species involved in the commonly 

accepted reaction pathway for hydrolysis, leading the dichloro reactant to the diaquo 

product. 

 

 
 

Figure 1. Structure of cisplatin (left) and [PtCl2(bpyst)] (right). 

 

Experimentally, due to the low solubility of the complex in water, the solutions were 

initially prepared in DMSO. The calculations showed that DMSO can easily substitute 

[PtCl2(bpyst)] chlorides through a SN2 mechanism, see Figure 2. This substitution is in 

fact thermodynamically favoured. The published article is attached below. 
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Figure 2. Pt coordination geometry, relative energy, enthalpy and Gibbs free energy 

of the species involved in the reaction pathway for the Cl-DMSO substitution of 

[PtCl2(bpyst)], obtained by DFT calculations in the implicit DMSO solvent. 

The aqueous buffer solutions, used in the experimental section, were prepared from 

the stock solution in 100% DMSO. The DNA binding mechanism for cisplatin and its 

derivatives occurs through an initial hydrolysis, after which the Pt complex is able to 

covalently bind the nucleic acid, through the N7 nitrogen atom of guanine. As a 

consequence, we expect that the [Pt(DMSO)2(bpyst)] complex undergoes a similar 

hydrolysis process. This second process was computationally studied in two different 

solvents: 1) DMSO and 2) water, see Figures 3 and 4. In the mentioned figures, in either 

case the hydrolysis of the DMSO complex is thermodynamically disfavoured, so that 

the hydrolysis product, in the two cases, has higher energy than the reactants. These 

result support the hypothesis that the hydrolysis reaction does not occur. 

In conclusion, the key step for the binding of cisplatin and its derivative complexes is 

the initial hydrolysis process. However, in DMSO, due to the chloro-DMSO 

substitution, the DMSO-water substitution does not occur. This result can be directly 

related to the absence of cytotoxicity experimentally detected: the molecule cannot 

interact with DNA because the Pt ion remains coordinated by two DMSO molecules. 

Previous calculations showed that the chloro-complex can be hydrolysed, in water 

solution, by a similar mechanism of cisplatin, see Figure 5 and 6. So that, a possible 

solution could be the use of a different solvent, not DMSO, before dissolving it in water 

solution, to investigate its biological properties and its interaction with DNA. This 

theoretical study of cisplatin hydrolysis is the starting point of the study that gives rise 

to Chapter V, where it is evaluated in greater depth. 
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Figure 3. Pt coordination geometry, relative energy, enthalpy and Gibbs free energy 

of the species involved in the reaction pathway for the hydrolysis of 

[Pt(DMSO)2(bpyst)], obtained by DFT calculations in the implicit DMSO solvent. 

 

 

 

Figure 4. Pt coordination geometry, relative energy, enthalpy and Gibbs free energy 

of the species involved in the reaction pathway for the hydrolysis of 

[Pt(DMSO)2(bpyst)], obtained by DFT calculations in the implicit water solvent. 
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Figure 5. Pt coordination geometry and relative energy of the species involved in the 

reaction pathway for the hydrolysis of [PtCl2(bpyst)], obtained by DFT calculations in 

the implicit water solvent. 

 

         

Figure 6. Pt coordination geometry and relative energy of the species involved in the 

reaction pathway for the hydrolysis of cisplatin, obtained by DFT calculations in the 

implicit water solvent. 

 



63 
 

 



64 
 

 



65 
 

 



66 
 

 



67 
 

 



68 
 

 



69 
 

 



70 
 

 



71 
 

 



72 
 

 



73 
 

 



74 
 



75 
 



76 
 



77 
 



78 
 

 



79 
 

 



80 
 

 

 

 

 

 

 

 

 

 

 

Chapter V 
Cis-dichlorodiamine complexes of 

Ni(II), Pd(II) and Pt(II): theoretical 

study of hydrolysis and DNA-

binding 
 

 

 

 

 

 

 

 



 

81 
 

5.1 Introduction 

Platinum(II,IV) complexes have been studied in different fields, because of their 

performance in catalysis,[113] or as anticancer drugs, in particular the already 

mentioned cisplatin and its derivatives.[114,115] In anticancer therapies, Pt(II) complexes 

are usually administrated as cis-dichloro complexes. However, inside the cells the 

chloride concentration is lower than that present in the extracellular fluids.[116] This 

condition usually induces the hydrolysis of the dichloro complexes [RR’-Pt-Cl2],[117] 

leading to the analogous cis-diaquo complexes. In this context, it has been proved that 

Pt(II) can covalently bind B-DNA, through coordination bonds between the Pt atom 

and the N7 atom of one or two axially neighboring guanine bases.[118] It has been also 

reported that the two guanine bases binding to cisplatin could belong to the same or 

to different DNA molecules, leading to intra- or inter-molecular binding, 

respectively.[119,120] As a consequence of this DNA-binding, many important 

intracellular processes are interrupted, and this mechanism has been associated with 

the anticancer activity of cisplatin and its derivatives. Moreover, due to both the 

success and the limitations of such Pt compounds, for example their high toxicity or 

their success only with certain types of tumors,[121,122] many other analogous metal 

derivatives, including nickel(II) and palladium(II) complexes, have been considered as 

alternative potential antitumor agents. 

Pd(II) complexes show a notable analogy with the coordination chemistry of Pt(II) 

complexes. One noteworthy difference is the kinetics of ligand exchange which seems 

to be the main reason why Pd(II) compounds do not show anticancer properties 

compared to the analogous to Pt(II) derivatives. For example, hydrolysis of Pd(II) 

compounds is about 105 times faster than that of their Pt(II) analogues.[123] Probably, 

such reactions is so fast and, as a consequence, the resulting aquo complexes are so 

stable that such Pd(II) complexes are unable to bind to their biological targets. 

Interestingly, also Ni(II) complexes have been reported showing also potential in 

antitumor activities[114], although with much less attention than the other two 

elements of the same group 10 of the periodic table. In particular, to the best of our 

knowledge, no experimental studies are reported in the literature concerning the 

synthesis and properties of Ni(II) analogue of cisplatin (called cisnickel), nor 

investigations on its hydrolysis pathway. We have only found a reference concerning 

a DFT study of the binding of cisnickel and with the N7 and O4 atoms of a guanine DNA 

base.[124] 

In the present chapter, DFT calculations have been carried out to compare the 

structure and stability of the species involved along the commonly accepted reaction 

pathway for hydrolysis of the cis-dichloro-diamino complexes of Ni(II), Pd(II) (called 

cispalladium) and Pt(II). Moreover, MD simulations have been performed for the two 

intrastrand DNA-binding complexes of cisplatin and cisnickel, in order to obtain 

insights of their N7 coordination on the DNA secondary structure. 
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5.2 Computational details 

DFT calculations. The geometries of reactants, intermediates, products and transition 

states have been fully optimized by DFT calculations, using the B3YLP,[62,63] PBE0[61]and 

M06-2X[60] functionals and CEP-121G effective potential basis set for the metal 

center[64-66] and 6-31G(d,p) basis set for the other atoms.[66,67] Water solvent effects 

are mimicked by the conductor-like polarized continuum model” implicit method 

(CPCM). Hydrolysis reaction pathway was followed by a two-step nucleophilic 

substitution mechanism, widely accepted and reported.[125–128] Transition states were 

optimized by the transit quasi-Newton method. Vibrational analysis, in harmonic 

approximation was performed. This allowed to evaluate enthalpy and Gibbs free 

energy differences along the reaction pathway. Basis set superposition errors were 

neglected. Energy minimum structures presented no imaginary frequencies, while all 

transition states were first order saddle points in the potential energy surface. All 

calculations were performed with Gaussian 09 software package.[71] 

MD simulations. A random B-DNA dodecamer, with sequence 5’-AGCTAGGTCAGT-3’ 

has been design by the Tinker software[100] to which cisplatin and cisnickel have been 

covalently bound to both central GG bases (residue 6 and 7), using the Molden 

software for the modelling.[129,130] The force field parameters involving the metal 

center (bonds, angle, dihedrals) were taken from the literature[105,131] and added to 

the Amber99sb force field with parmbsc0 nucleic acid torsion parameters. A triclinic 

box of TIP3P water was generated around the drug/B-DNA system, to a 1 nm depth 

on each side of the solutes, for a total of about 7800 solvent molecules; 43 K+ ions and 

23 Cl− ions were added to neutralize the DNA negative charge of the sugar- phosphate 

backbone and to set the solution ionic strength to about 0.15 M. MD simulations were 

conducted for 100 ns for both cisplatin/B-DNA and cisnickel/B-DNA model systems by 

using the Gromacs 5.0.4. software.[78,79] 

 

5.3 Results and discussion 

DFT calculations. The standard Gibbs free energy (ΔG˚) of the species, compared to 

reactants, were calculated by the following reaction scheme (M = Pt, Ni or Pd): 

[M(NH3)2Cl2] + 2H2O  [M(NH3)2(H2O)Cl]+ + Cl- + H2O  [M(NH3)2(H2O)2]2+ + 2Cl- 

 

1st hydrolysis  

 2nd hydrolysis 
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The results obtained for cisplatin are summarized in Figure 1. Calculated free energy 

variations along the hydrolysis pathway for each step (r1 and r2, respectively) and the 

corresponding experimental values from the literature, are shown in Table 1. 

 

 

Figure 1. Pt coordination geometry and calculated standard Gibbs free energy values, 

relative to the reactant, of the species involved in the hydrolysis reaction pathway for 

cisplatin, obtained by DFT calculations. 

Table 1. Calculated Gibbs free energy (ΔG˚, kJ/mol) and literature 

theorical/experimental data (kJ/mol) for the hydrolysis of the cisplatin. ΔGa refers to 

the activation energy and ΔGr to the energy difference between reactant and product 

of each hydrolysis step. 

 Theoretical Experimental 
 M06-2X B3LYP PBE0 Ref. (a) Ref. (b) Ref. (c) 

ΔGa1 128.34 146.39 149.37 104.18 99.24 98.95 

ΔGa2 104.95 153.67 168.61 105.85 98.55 99.23 

ΔGr1 2.71 -8.54 3.28 - 4.2 3.6 

ΔGr2 23.76 11.62 32.10 - - - 

(a) J. K. Lau and D. V. Deubel. J. Chem. Theory Comput. (2006), 2, 103-106. (b) J. W. Reishus, 

D.S. Martin Jr. J. Am. Chem. Soc. (1961), 83 (11), 2457-1462. (c) J. R. Perumareddi, A. W. 

Adamson. J. Phys. Chem. (1967), 72, 414-420. 

Based on the results obtained for cisplatin, the M06-2X functional was chosen for the 

study of the analogous reactions of cisnickel and cispalladium. The results obtained, 

compared with cisplatin, are summarized in Figure 2. 
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Figure 2. Calculated standard Gibbs free energy values, relative to the reactants, for 

cisplatin (red) cisnickel (black) and cispalladium (blue), obtained by DFT calculations.  

These results show that, indeed, the activation barriers are higher for cisplatin and 

decrease in the order cisplatin > cispalladium > cisnickel. Moreover, the stability of the 

hydrolysis products is much higher for cisnickel than for both cispalladium and 

cisplatin. Such results well explain the known higher hydrolysis reactivity of Pd(II) 

compared to Pt(II) compounds and show also that cisnickel is the most reactive of the 

three considered compounds. 

The relative kinetic constants have been calculated from the computational results for 

each hydrolysis step for the Pd(II), Ni(II) and Pt(II) complexes, using the following 

equations: 

Method 1 

Ea = ΔH#
0 + RT;            ΔH#

0 = Ea –RT       (1) 

ΔS#
0= (ΔG#

0- ΔH#
0)/T         (2) 

kv = kBT/h · exp (ΔS#
0/R) · exp (-ΔH#

0 /RT)      (3) 

Where Ea is the activation energy for each hydrolysis step, ΔH#
0, ΔS#

0 and ΔG#
0 are 

enthalpy, entropy and free energy differences between reactant and transition state, 

R is the gas constant and kb and h are the Boltzman and Planck constants respectively. 

Method 2 

kv = (kBT/h) · exp (ΔG#
0/RT)        (4) 

Eq. 4 corresponds to Eyring´s equation, with the same parameters described above. 
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Using Eq 3. and Eq. 4 the calculated kinetic constants (Table 2) of each hydrolysis step 

are equal. 

Table 2. Calculated kinetic constants for the first and second hydrolysis steps. 
 

k1 (s-1) k2 (s-1) 

Pt 1,98·10-10 3,64·10-12 
Pd 2,41·10-06 2,48·10-08 
Ni 8,99·10-03 4,27·10-01 

 

A comparison between the calculated kinetic constants of cispalladium and cisnickel, 

with those of cisplatin, is reported in Table 3. It can be noticed that k1 and k2 are 104 

and 103 times bigger for cispalladium, of the same order of magnitude with literature 

values, reporting that the hydrolysis of palladium complexes is 105 times faster than 

that of the corresponding platinum analogues.[123] Remarkably, the values of k1 and k2 

for nickel are 107 and 1011 times bigger than those of cisplatin. The latter result is also 

in agreement with reported literature data,[123] claiming that nickel(II) complexes are 

always much more labile and reactive. In fact, ligand exchange processes in Ni(II) 

complexes tend to be associative, because Ni(II) forms a large number of complexes 

with a coordination number between three and six. On the other hand ligand 

exchange processes are predominantly dissociative for both Pd(II) and Pt(II) 

complexes, because they preferentially assume coordination number four in square 

planar geometry.[123] 

Table 3. Comparison between the first and second hydrolysis kinetic constants of 

cispalladium and cisnickel, relative to cisplatin. 

M k1(M)/k1(Pt) k2(M)/k2(Pt) 

Pd 1,21·104 6,81·103 
Ni 4,54·107 1,17·1011 

 

MD simulations. The effect of the DNA binding of cisplatin and cisnickel on the double 

helical structure has been investigated through MD simulations. The DNA binding of 

cisnickel has been considered in the hypothesis that it would remain stable and in 

square planar geometry in solution, despite literature data and the results of previous 

section evidence their high reactivity and ligand lability. This part still needs to be 

deepened through further investigations. The results of the MD simulations allow to 

visualize the effects caused by the crosslinking of cisplatin and cisnickel on the same 

B-DNA sequence and with the same binding mode, see Figures 3 and 4. The different 

structural changes induced on the DNA secondary structure can be then associated to 

the effect of the metal center. In both systems, due to the square planar coordination 

geometry of the two metal complexes, the value of the N7-M-N7’ angle (where N7 

and N7’ are the nitrogen atoms from the two guanine ligands coordinated to the M 
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metal center) rapidly assume the approximate value of 90°, as expected, and 

remaining constant till the end of the MD simulation. At the same time, and as a 

consequence, the DNA structure is strongly bended, and a loss of helicity is also 

observed, without breaking of the Watson-Crick hydrogen bonds between 

complementary DNA bases. The corresponding video files are available as 

supplementary files, through the QR codes shown in of Figures 3 and 4. 

 

Figure 3. RMSD plot for cisplatin/B-DNA system, black line nucleic plot, red line 

variation of the defined angle value during the firs ns of MD simulation. 

 

Figure 4. RMSD plot for cisnickel/B-DNA system, black line nucleic plot, red line 

variation of the defined angle values during the firs ns of MD simulation.  
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The effect of crosslinking is so fast that no significant changes can be identified 

between the structures at 0,4 ns of MD simulation and at 100 ns, as it can be seen in 

Figure 5 and 6. Analogously, if we look at the complete RMSD, both for the nucleic 

structure and for the variation in the described angle, no significant variations are seen 

after 0,4 ns of MD simulation, see Figure 7. 

 

Figure 5.  Structures for cisplatin/B-DNA system at 0.4 ns and 100 ns. 

 

Figure 6.  Structures for cisnickel/B-DNA system at 0.4 ns and 100 ns. 

 

Figure 7. Complete RMSD analysis for cisplatin/B-DNA (left) and cisnickel/B-DNA 

(right) systems over the 100 ns of MD simulation. 
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Remarkably, the equilibrium structure of the complex between cisplatin and DNA, 

obtained by the MD simulations, is in excellent agreement with the corresponding 

experimental structure obtained by x-ray diffraction, PDB id: 1AIO,[132] and despite the 

different sequences of the two systems, as shown by the superimposed structures in 

Figure 8. Remarkably, cisplatin binding induces the same modifications leading to the 

same DNA bending. Such results confirm that our MD simulations properly reproduce 

the experimentally observed effects of cisplatin coordination on the conformation of 

double helical DNA. 

 

 

 

 

 

 

 

 

 

                       

 

Figure 8. Different views of the superimposed cisplatin/DNA structures obtained from 

MD simulations (red) and from X-ray crystallography, PDB id: 1AIO [132] (blue). 

 

5.4 Conclusions 

Through DFT calculations it has been possible to obtain the relative energies for the 

species involved in cisplatin hydrolysis and to compare them with those of the nickel 

and palladium analogues. It can be concluded that both cisnickel and cispalladium are 

more susceptible to hydrolysis than cisplatin. In particular, the reaction speed 

decreases in the order cisnickel > cispalladium > cisplatin. Since cisplatin hydrolysis is 

considered the key-step before DNA binding, both cispalladium and cisnickel, and 

eventually their derivatives, should be also able to bind DNA. However, it must be 

considered that the rapid formation of the aquocomplex sets the charge of the three 

complexes to +2, reducing their ability to cross the cell membrane. The results 

obtained have proven that the effect of cisplatin binding on double stranded DNA is 

correctly replicated by MD simulations. Moreover, in the hypothesis that the nickel 
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complex could be stable in solution, its binding to DNA would produce similar 

distortions on the double helical conformation. 
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Kinetic evidence for interaction 

of TMPyP4 with two different                

G-quadruplex conformations of 
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Summary 

 

 

Figure 1. Kinetic behavior of TMPyP4 binding to G-quadruplex hybrid structures: 

hybrid-1 named F1K, PDB id: 2HY9[133] and hybrid-2 named F2K, PDB id: 2JPZ,[134] based 

on kinetic experimental results. 

It is well known that TMPyP4 is a G-quadruplex binder with a very high affinity. 

However, kinetic investigations, through T-Jump measurements, as reported in the 

present chapter, suggest that TMPyP4 shows a different binding kinetics toward the 

two different hybrid G-quadruplex conformations formed in K+ solution: F1K and F2K 

(Figure 1), although the values of the thermodynamic constants for the equilibrium 

represented in Figure 1, calculated as K=kd/kf, are very similar. Usually only the 

thermodynamic constants have been reported in the literature concerning the binding 

of TMPyP4 to G-quadruplex structures. To the best of our knowledge the binding 

kinetics has not been considered before. 

To support the interpretation of the experimental studies, my main contribution to 

the study was to carry out MD simulations for the TMPyP4/F1K and TMPyP4/F2K 

systems, to obtain a molecular recognition process, a possible binding mode and to 

valuate if there were indications related to the different binding kinetics of TMPyP4 to 

the two G-quadruplex isomers F1K and F2K. Moreover, experimentally it was not been 

possible to demonstrate which calculated kinetics constants corresponded to each of 

the G-quadruplex hybrid structure in solution, but the computational results allowed 

to suggest which of the two kinetics corresponded to the binding to F1K or to F2K. 

Surprisingly, the results of MD simulations showed that TMPyP4 binds rapidly to an 

adenine residue of both G-quadruplex systems. For the TMPyP4/F2K system (showing 
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the higher kf value) it persists leading to a fast equilibrium structure, while for the 

TMPyP4/F1K system (showing the lower kf value), during the MD simulation, a second 

binding occurs with a thymine residue in the loop, where it finally reaches an 

equilibrium state, Figure 2. In the study, it has been assumed that such binding 

variation was related to the kinetic difference during the molecular recognition 

process. The corresponding video files are available as supplementary files, through 

the QR codes shown in Figure 2. Also, it must be mentioned that as TMPyP4 shows the 

same binding mode for the two structures, i.e. external stacking with a dangling 

adenine base in the loop, and that the final structures are very similar. These results 

are also in agreement with the similar values of the experimentally determined 

thermodynamic DNA-binding constants. The published article is attached below. 

 

 

Figure 2. Molecular recognition scheme during the MD simulation: (A) TMPyP4/F2K 

(B) TMPyP4/F1K. 
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 Summary 

A new fluorescent perylene di-imide derivative with two biotins at the peri positions, 

called PDI2B, has been synthesized by the group of our collaborator Dr. Torroba, 

Organic Chemistry, (University of Burgos, Spain). As reported in the present chapter, 

it has been experimentally shown that this structure selectively binds G-quadruplex 

structures. Thermodynamic parameters (such as the binding constant, as well as ΔH 

and ΔS values) of the binding of PDI2B to Tell22 and Bom17 G-quadruplex, PDB id: 

2HY9[133] and 1LYG[135] respectively, were determined and reported. The aim of my 

contribution to this work was to provide, through MD simulations, an atomistic model 

in agreement with the experimental data concerning the binding mechanism of PDI2B 

with both G-quadruplex conformations.  

 

Figure.1 Molecular recognition process, described as a host-guest interaction, 

proposed through MD simulations for both PDI2B/Bom17 (A) and PDI2B/Tell22 (B) 

systems. See QR codes. 

The results obtained allowed us to conclude that for the PDI2B/Bom17 system, Figure 

1 (A), the binding can be described as a host-guest interaction, where PDI2B is inserted 

into a DNA pocket of complementary shape, and the two structures are held together 

by non-covalent interactions, in particular hydrogen bonds and hydrophobic 

interactions. The corresponding video files are available as supplementary files, 

through the QR codes shown in Figure 1. 

In a similar way, in the PDI2B/Tell22 system, PDI2B is inserted into a molecular cleft 

formed during the MD simulation, leading to a host-guest interaction driven by the 

complementary shape of the drug and the DNA hosting site. The synthetic molecule 

binds to the DNA GGGTAA loop through π-π stacking interactions between the 5-

hydroxyisophtalic acid “bay group” and a thymine, and between the central aromatic 

B 

A 



108 
 

part of the organic molecule and an adenine base. The published article is attached 

below. 
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8.1 Introduction 

As previously mentioned, FRET DNA melting assays allow to study the binding toward 

different G-quadruplex sequences in a very fast mode and with diluted samples 

without spending large quantities of reagents. Different series of 17 metal complexes, 

divided into 4 main groups, and some of their isolated ligands have been considered 

as potential G-quadruplex binders. The large number of potential G4 forming 

sequences spread throughout the genome[136,137] renders G4 an attractive research 

field, as these structures have been reported to be involved in a wide range of 

biological processes such as telomere maintenance,[138] genome stability, regulation 

of oncogene expression, replication or translation.[139] In particular, the role of 

different substituents in the ligands and of the metal center was also investigated. This 

preliminary study allowed to screen the selected compounds for further investigation 

of their properties. 

 

8.2 Materials and methods 

8.2.1 Materials 

The complexes have been synthesized by the group of Dr. Espino, Inorganic Chemistry 

(university of Burgos, Spain), and can be grouped into 3 families as shown below in 

Figures 1-4. 

 

 

  

Figure 1. Group 1. 

 

 

 

1.1 

1.2 1.3 
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 Figure 2. Group 2. 

 

 

  

 

Figure 3. Group 3. 

  

2.1 2.2 

2.3 2.4 

3.1 3.2 3.3 3.4 
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Figure 4. Group 4. 

 

8.2.2 Experimental techniques 

FRET melting assays. The employed oligonucleotides are described in Table 1 section 

2.2.1. and the technique is described in section 2.1.1.5 (See Chapter II). 

Competition assays. The FRET melting can be performed in the presence of competitor 

such as double stranded DNA ds16 (5´-CAATCGGATCGAATTCGATCCGATTG-3´) in order 

to determine the selectivity of 2.2 and 2.4 toward the G-quadruplex over the ds26 was 

added to FTBAT/drug mixture (TBAT has been chosen as it was the one which shows 

the higher ΔTm). Since the ds26 is not labeled it does not interfere with the fluorescent 

measurements. Solutions were prepared analogously, except different concentrations 

of ds26 were added, from 0.2 µM to 5 µM, using a final volume of 25 µL, 0.2 µM of 

FTBAT, and 4 µM of drug. 

 

8.3 Results and discussion 

FRET DNA melting assays. The collected results for each group are shown in a graph, 

Figures 5-7, that refers to the increase of the melting temperature values (ΔTm) for 

each G-quadruplex conformation in the presence of the drug. First, for group 1, 

interesting and promising results were obtained, but they were not reproducible, 

working with stock solutions stored in the freezer, not reproducible results were 

obtained, surely due to the lack of stability of the drug in solution. Therefore group 1 

was discarded and went back to the synthesis development. For group 2, initially the 

ligands were discarded as their ΔTm compared to the metal complexes was not 

4.1 4.2 4.3

 
 4.2 

4.4

 
 4.2 

4.5

 
 4.2 

4.6

 
 4.2 
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significant, but complexes 2.2 and 2.4 generated interesting results, shown in Figure 

5. 

 

Figure 5. ΔTm spider plot for the different fluorescent oligonucleotides under 

increasing concentrations of 2.2 (left) and 2.4 (right) [Coligo] = 0.2 µM, pH = 7.4 and I = 

0.11 (90 mM LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).  

Group 3 complexes do not show highly significant results, given that the temperature 

increases are quite low. However, it must be considered that the complexes are highly 

similar, so small changes in one of the substituents generates variations in ΔTm. 

 

Figure 6. ΔTm spider plot for the different fluorescent oligonucleotides in presence of 

the complexes of group 3. [CD]= 4 µM, [COligo] = 0.2 µM, pH = 7.4 and I = 0.11 (90 mM 

LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).  

In the case of group 4 quite different results were obtained, from complexes that 

barely interact, as 4.1, to complexes that stabilize in more striking way, like 4.6. 
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Figure 7. ΔTm spider plot for the different fluorescent oligonucleotides in presence of 

the complexes of group 4. [CD]= 4 µM, [COligo] = 0.2 µM, pH = 7.4 and I = 0.11 (90 mM 

LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).  

Surprisingly, from the spider plots shown in Figures 5-7, it is noted that there is not 

stabilization for intramolecular duplex DNA, FdxT, suggesting a potential selectivity 

toward G-quadruplex. In order to verify this selectivity, it has been decided to 

accomplish the competition assays. 

Competition assays. As it is shown in Figure 5 complexes 2.2 and 2.4 exhibit strong 

affinity to FTBAT G-quadruplex, so that it was chosen for the competition assay. If the 

ligand is not selective, this value of ΔTm must decrease. The variation in the ΔTm values 

observed for 2.2 are not significant. By contrast, a slight decrease in the ΔTm values 

when the duplex DNA is in high excess (10-fold) respect G-quadruplex. Therefore, 2.2 

seems to display rather selectivity towards G-quadruplex over duplex whereas 2.4 is 

not so a selective G-quadruplex binder. 

 

Figure 8. ΔTm change of FTBAT/2.2 (black) and FTBA/2.4 (red), under increasing 

concentrations of ds26. [COligo] = 0.2 µM, [CD] = 4 µM, pH = 7.4, I = 0.11 (90 mM LiCl, 

10 mM KCl and 10 mM). Means and standardized deviations for 3 experiments are 

shown.  
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8.4 Conclusions 

Although results obtained by FRET-melting assays represent a modest stabilization, 

especially complexes of group 3 and 4, compared to other well-established G-

quadruplex binders.[140,141]  A remarkable stabilization for Bom17 and TBA G-

quadruplex was found in presence of complexes 2.2 and 2.4, interestingly both formed 

by two tetrads, additionally 2.2 exhibits a remarkable selectivity for G-quadruplex than 

double helical DNA. But the most promising complex seems to be 4.6 since it generates 

high stabilization in several G-quadruplex conformation, while it has no affinity for the 

intramolecular helix DNA, consequently it will be considered for future studies. It is 

also of interest the possibility of evaluating the binding modes an make a comparison 

about how it affects G-quadruplex Tm depending on the ligands or the metal center, 

so that this study must still be continued. 

According to the obtained results, as differences in Tm occur within each main group, 

it is being proposed to carry out MD analysis for each complex binding to G-quadruplex 

structures. The aim is to evaluate the effect of each substituent, within each main 

group, in the binding toward the G-quadruplex structures. 
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Chapter IX 
General overview 
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English 

Despite the different subjects considered in Chapters 3-8 presented in this thesis, they all have 

in common the combination of experimental and computational methods. This work 

methodology resulted to be very useful and has led to interesting results, as witnessed by the 

quality of the scientific journals in which they have been published. The combination of 

theorical data and experimental results was originally presented as the main objective in the 

PhD project, and so it can be concluded that this aim has been achieved. From the student 

perspective, there has been a remarkable improvement of knowledge of different fields of 

theoretical and experimental and theoretical physical chemistry. This has led to the use of 

different techniques and methodologies, as well as the analysis and understanding of results 

in both experimental and computational fields 

 

Español 

A pesar de que los Capítulos 3-8 presentan estudios que conciernen a diferentes ámbitos, 

todos ellos presentan en común: la combinación de métodos tanto computacionales como 

experimentales. Esta metodología de trabajo ha resultado ser muy útil y ha conducido a 

resultados interesantes, como se demuestra en la calidad de las revistas científicas en las que 

han sido publicados. La combinación de datos teóricos y resultados experimentales se 

presentó como el objetivo principal de este proyecto de doctorado, de modo que se puede 

concluir que se ha conseguido. Desde la perspectiva de estudiante, se ha producido una 

mejora significativa en el conocimiento de distintos campos de la química física teórica y 

experimental. Ello ha conducido a la utilización de diferentes técnicas y metodologías, así 

como al análisis y comprensión de resultados en ambos campos experimental y 

computacional. 

 

Italiano 

Nonostante i diversi argomenti considerati nei Capitoli 3-8 presenti in questa tesi, tutti i 

capitoli presentano una caratteristica comune: la ricerca si basa sulla combinazione di metodi 

sperimentali e computazionali. Questa metodologia di lavoro si è rivelata molto utile e ha 

portato a risultati interessanti, come dimostrato dalla qualità delle riviste scientifiche in cui 

sono state pubblicate. La combinazione di risultati teorici e sperimentali è stata 

originariamente presentata come l'obiettivo principale del progetto di dottorato, e quindi si 

può concludere che questo obiettivo è stato raggiunto. Dal punto di vista dello studente, c'è 

stato un miglioramento significativo nella conoscenza di diversi campi della chimica fisica 

teorica e sperimentale. Ciò ha portato all'utilizzo di diverse tecniche e metodologie, nonché 

all'analisi e alla comprensione dei risultati in campi sia sperimentali che computazionali. 
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Publications 

• Cristina Pérez-Arnaiz, Natalia Busto, Javier Santolaya, José M. Leal, Giampaolo Barone, 

Begoña García. Kinetic evidence for interaction of TMPyP4 with two different G-

quadruplex conformations of human telomeric DNA, BBA general subjects. 1862 

(2018) 522-531. doi: 10.1016/j.bbagen.2017.10.020. 

 

• Natalia Busto, Patricia Calvo, Javier Santolaya, José M Leal, Aurore Guédin, Giampaolo 

Barone, Tomás Torroba, Jean-Louis Mergny, and Begoña García. Fishing for G-
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• Cristina Pérez-Arnaiz, Jorge Leal, Natalia Busto, María C. Carrión, Ana R. Rubio, Imanol 

Ortiz, Giampaolo Barone, Borja Díaz de Greñu, Javier Santolaya, JoséM. Leal, Mónica 

Vaquero, Félix A. Jalón, Blanca R. Manzano, and Begoña García. Role of seroalbumin 

in the cytotoxicity of cis-dichloro Pt(II) complexes with (N^N)-donor ligands bearing 

functionalized tails, Inorganic Chemistry. 57 (2018) 6124-6134. 

doi:10.1021/acs.inorgchem.8b00713. 

 

• In preparation: Javier Santolaya, Marta Martínez-Alonso, Natalia Busto, José M. Leal, 

Gustavo Espino and Begoña García. DNA binding of Ru(II) and Ir(III) half-sandwich 

complexes: experimental and computational studies. 

 

• In preparation: Javier Santolaya, José M. Leal, Begoña García and Giampaolo Barone. 

Cis-dichlorodiamine complexes of Ni(II), Pd(II) and Pt(II): theoretical study of 

hydrolysis and DNA-binding. 

 

Conferences and schools 

• 13th European Biological Inorganic Chemistry Conference (EUROBIC 13), Budapest 

(Hungry). Poster: “Computational studies of the interaction of a dinuclear iridium 

complex and G-quadruplex DNA structures” 

 

• IV Meeting Biotecnologie: “Ricerca di base interdisciplinare traslazionale in ambito 

biomedico”; November 2016. Poster: “Computational studies of the interaction of a 

dinuclear iridium complex and G-quadruplex DNA structures”. Awarded with 

Guiseppe Albeggiani prize, for the most creative poster. 
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• European Summer School in Quantum Chemistry (ESQC), Palermo, Sicily (Italy), 

September 2017. 
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Abbreviations 

 

B-DNA   Deoxyribonucleic acid in double helical conformation 

bp   Base pairs 

bpyst   4,4′-bis(α-styrene)-2,2′-bipyridine 

[CD]   Ligand concentration 

[CP]   Polinucleotide concentration 

[Coligo]   Oligonucleotide concentration 

ct-DNA   Calf thymus deoxyribonucleic acid 

cispalladium  cis-diamminedichloropaladium(II) 

cisplatin  cis-diamminedichloroplatinum(II)  

cisnickel  cis-diamminedichloronickel(II) 

DNA   Deoxyribonucleic acid 

DFT   Density functional theory 

FAM   6-carboxyflourescein 

FRET   Fluorescence resonance energy transfer 

G / ΔG   Gibbs free energy / Gibbs free energy variation 

H / ΔH   Enthalpy /Enthalpy variation 

I   Ionic strength 

KCl   Potasium chloride 

kJ   Kilojoules 

LiCaC   Lithium cacodilate, (CH3)2AsO2Li 

LiCl   Lithium chloride 

M   Metal center 

MD   Molecular dynamics 

MM   Molecular mechanics 

N7   Nitrogen 7 of a guanine residue 

NaCaC   Sodium cacodylate, (CH3)2AsO2Na) 
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ns   nanoseconds 

PDB   Protein data bank 

QM   Quantum mechanics 

RMSD   Root mean square deviation 

S / ΔS   Entropy /Entropy variation 

Tm / ΔTm  Melting temperature / Melting temperature variation 

TAMRA  6-carboxytetramethylrhodamine 

TMPyP4  Tetra-(N-methyl-4-pyridyl) porphyrin 
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