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Abstract (English) 

The extensive process of drug discovery encompasses multiple stages and requires a 

convergence of diverse scientific disciplines and methodologies. Medicinal chemistry, 

which includes sciences like analytical, organic, and computational chemistry, plays a 

significant role in the preliminary stage of drug discovery and is pivotal in developing 

potentially bioactive molecules and unravelling disease mechanisms or macromolecular 

target structures. My PhD has been characterized and essential in enhancing the 

understanding and development of the use of various techniques, including analytical 

chemistry, chromatography, spectroscopy, X-ray diffraction, microscopy, among others. 

Furthermore, I have dedicated myself to optimizing organic synthesis to achieve better 

yields through greener and more cost-effective reactions. Throughout these years, I have 

focused with greater emphasis on the following techniques: mass spectrometry (MS), 

nuclear magnetic resonance (NMR), computational techniques, and circular dichroism 

(CD). My thesis, after an introduction to the theory and possible applications of these 

techniques, illustrates how they have been synergistically employed in various research 

paths. 

In the primary project (Section 2), their collective use in studying small molecules' 

interactions with G-quadruplex (G4) highlighted their potential in anti-cancer, anti-

inflammatory, anti-viral, and neuroprotective applications. Essential methodologies 

include ESI-MS for rapid screening and understanding interaction efficiency, NMR for 

3D structure resolution and binding insights, CD spectroscopy to validate findings and 

assess G4 topology, and computational tools for predicting interactions and refining 

structures. Different scaffolds were investigated, revealing their potential in targeting 

DNA arrangements, particularly G4 structures, suggesting their anti-proliferative effects 

by inhibiting telomerase activity through G4 stabilization. Moreover, an ongoing 

investigation focuses on understanding the structure of a G4:ligand complex, employing 

NMR, molecular dynamics, and CD titrations with the aim of unravelling the interactions 

and the stability due to ligand addition. 

Two ancillary projects (Section 3) showcased, respectively, one the development of 

seleno-containing compounds for neurodegeneration mitigation and the other the 

identification of inhibitors of phosphodiesterase (PDE) for neurodegenerative disorders; 
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these projects demonstrated the efficiency of integrating computational techniques with 

experimental assays to streamline drug discovery.  

The first project presented focused on the preparation of selenofluoxetine derivatives, 

emphasizing their capacity to mitigate oxidative stress and offer neuroprotective effects. 

The investigation delved into understanding the compounds' reactions with reactive 

oxygen species (ROS), both in experimental and computational settings, providing crucial 

insights into their mechanisms and, a further development of this study, involved 

designing derivatives with shorter chains to trigger enamine hydrolysis, potentially 

creating prodrugs activated under specific conditions for drug delivery and an alternative 

pathway for primary and secondary amine synthesis. 

The second project showed the use of computational tools for designing novel PDE 

inhibitors through molecular docking, and MD simulations. After a meticulous validation 

of the docking method, the compounds generated through combinatorial chemistry and 

the molecules of an internal database underwent a screening, leading to the identification 

of potential hits displaying significant interactions with crucial amino acids for PDE 

binding. These findings allowed a preliminary structure-activity relationship (SAR) study 

and identified crucial design features for potential PDE inhibitors. Eventually, MD 

simulations further validated the stability of the formed complexes, consolidating the 

findings and in vitro testing demonstrated high inhibitory activity against PDE9, 

comparable to a known inhibitor.  

The synthesis and optimization of potential drug candidates, when coupled with a 

comprehensive understanding of target:ligand interactions through diverse techniques, 

form the crux of successful drug discovery. The seamless integration of these 

methodologies continues to be paramount in creating novel pharmacological agents, 

driving the need for further research to refine and expedite the drug discovery process. 
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Abstract (Italian) 

Il lungo processo di scoperta di un nuovo farmaco coinvolge diverse fasi e richiede 

l'integrazione di diverse discipline scientifiche e metodologie. La chimica farmaceutica, 

che comprende settori come la chimica analitica, organica e computazionale, svolge un 

ruolo cruciale nella fase iniziale del processo di drug discovery ed è essenziale nello 

sviluppo di molecole con potenziale attività biologica nonché nella comprensione dei 

meccanismi delle malattie o delle strutture dei bersagli macromolecolari. Il mio percorso 

di dottorato è stato fondamentale per accrescere la comprensione e sviluppare l'utilizzo 

di diverse tecniche, tra cui: chimica analitica, cromatografia, spettroscopia, diffrazione a 

raggi X ed altre ancora; mi sono inoltre dedicata all'ottimizzazione della sintesi organica 

con lo scopo di ottenere migliori rese e se possibile di utilizzare reattivi meno pericolosi e 

più economici. In questi anni ho trattato con maggiore enfasi le seguenti tecniche: 

spettrometria di massa (MS), risonanza magnetica nucleare (NMR), tecniche 

computazionali e dicroismo circolare (CD); la mia tesi, dopo un'introduzione alla teoria e 

alle possibili applicazioni delle suddette, illustra come siano state utilizzate sinergicamente 

in vari ambiti di ricerca. 

Nel progetto principale (Sezione 2), l'uso combinato di queste tecniche nello studio 

delle interazioni di piccole molecole con il G-quadruplex (G4) ha evidenziato il loro 

potenziale nelle applicazioni antitumorali, antinfiammatorie, antivirali e neuroprotettive. 

Le metodologie fondamentali includono l'ESI-MS per uno screening rapido e per una 

valutazione preliminare dell’efficienza dell'interazione, l'NMR per la risoluzione 

tridimensionale della struttura e per approfondire la natura del legame ligando:target, il 

CD per convalidare i risultati e valutare la topologia del G4 e le tecniche computazionali 

per prevedere le interazioni presenti e per perfezionare le strutture predette.  

Sono stati esaminati scaffold diversi dimostrando il loro potenziale nell’interagire con 

vari folding degli acidi nucleici e, in particolare con le strutture G4, suggerendo possibili 

effetti antiproliferativi grazie all'inibizione dell'attività telomerasica mediante la 

stabilizzazione del G4. Attualmente, uno studio in corso mira a comprendere la struttura 

tridimensionale di un complesso G4:ligando, con l’utilizzo di NMR, MS e titolazioni CD, 

con l’obiettivo di determinare le interazioni presenti e la stabilità del complesso derivante 

dall'aggiunta del ligando. 
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I due progetti secondari presentati nella Sezione 3 mostrano, rispettivamente, uno lo 

sviluppo di composti contenenti selenio per ridurre la neurodegenerazione e l'altro 

l'identificazione di inibitori di fosfodiesterasi (PDE) per il trattamento delle malattie 

neurodegenerative; questi progetti hanno dimostrato l'efficacia dell'integrazione delle 

tecniche computazionali con saggi sperimentali nella scoperta di nuovi farmaci. Il primo 

progetto illustra la preparazione di derivati della selenofluoxetina, enfatizzandone la 

capacità di mitigare lo stress ossidativo e offrire benefici neuroprotettivi. L'indagine ha 

coinvolto lo studio delle reazioni di questi composti con le specie reattive dell'ossigeno 

(ROS), sia con metodi sperimentali che computazionali, fornendo informazioni cruciali 

sui loro meccanismi e, un successivo approfondimento dello studio, ha coinvolto la sintesi 

di derivati con catene più brevi per indurre l'idrolisi dell'enamina prodotta, creando 

possibili pro-farmaci attivati in condizioni specifiche e un metodo alternativo per la sintesi 

di ammine primarie e secondarie. 

Il secondo progetto coinvolge l'uso di tecniche computazionali per la progettazione di 

nuovi inibitori di PDE utilizzando il docking molecolare e le simulazioni di dinamica 

molecolare (MD). Dopo una rigorosa validazione del metodo di docking, i composti 

generati tramite chimica combinatoria e quelli presenti in un database interno sono stati 

sottoposti ad uno screening, individuando potenziali candidati farmaci in grado di formare 

le interazioni significative con gli amminoacidi cruciali per il legame con le PDE. Questa 

individuazione ha permesso uno studio preliminare sulle relazioni struttura-attività (SAR) 

ed identificato le caratteristiche fondamentali per lo sviluppo di potenziali inibitori di 

PDE. Infine le simulazioni di MD hanno ulteriormente convalidato l’effettiva stabilità dei 

complessi formati consolidando i risultati, e i test in vitro hanno dimostrato un'elevata 

attività inibitoria contro la PDE9, paragonabile a quella di un noto inibitore.  

La sintesi e l'ottimizzazione di potenziali candidati farmaci, insieme ad una 

comprensione approfondita delle interazioni bersaglio:ligando mediante l’uso di diverse 

tecniche strumentali, costituiscono la chiave del successo nella scoperta di nuovi farmaci. 

La combinazione di diverse metodologie continua ad essere fondamentale nella creazione 

di nuovi agenti farmacologici, sottolineando l'importanza di ulteriori ricerche per 

perfezionare ed accelerare il processo di drug discovery.
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1 General Introduction 

1.1 Introduction 

Drug discovery is the process whereby compounds with activity against a specific 

target or function are identified, evaluated and optimized for clinical application. It is a 

complex and lengthy process that can take up to 15 years and cost over $ 2 billion and it 

is divided in three main stages: early drug discovery which include the identification and 

validation of a specific target, the discovery and optimization of potential lead compounds 

and preclinical in vitro and in vivo testing, clinical testing that is divided in the well-known 

three clinical phases and approval for production, which includes the Food & Drug 

Administration (FDA) and European Medicines Agency (EMA) review and approval plus 

the post market monitoring.1  

Medicinal chemistry is a discipline that combines analytical, organic and 

computational chemistry, biochemistry, chemical, molecular, cell and structural biology, 

microbiology, pharmacology, toxicology and translational medicine and finds its 

application in the first early drug discovery stage.2  

It is self-explanatory that, given the number of subjects involved, a medicinal chemist 

uses a combination of different techniques in order to develop new potential bioactive 

molecules or to investigate the mechanism of action of a disease or to resolve the three-

dimensional structure of a macromolecular target.  

Therefore, during my PhD, with the aim of developing potentially bioactive 

compounds, I have been focusing not only on the organic synthesis and optimization of 

the reactions involved to give better yield and to use cheaper and safer chemicals, but also 

to gain knowledge and insight of the possible application of several techniques. 

The techniques available in this context comprehend a variety of methods, such as 

analytical chemistry, chromatography, spectroscopy, X-Ray diffraction, microscopy and 

more. Furthermore, as medicinal chemistry is a rapidly evolving field, new techniques are 

constantly being developed and as our understanding of biology and chemistry continues 

to grow, we can expect to see even more innovative and effective techniques being used 

to develop new drugs.3  

The description of all the available techniques is beyond the scope of this work, 

therefore in the next chapters, the attention will be focused on the methods that have 
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been used in these three years, namely mass-spectrometry (MS), nuclear magnetic 

resonance (NMR), computational techniques and circular dichroism (CD).  

In this first section, a detailed explanation of the principle and mechanism of the 

techniques with some insight on their application in the context of drug development will 

be provided. 

 A second section will present how the combination of these techniques have been 

used in the context of my main research project which consisted on the identification of 

small molecules with the aim of targeting a specific non-canonical arrangement of nucleic 

acids, namely G-quadruplex (G4).  

Eventually, the third section will be focused on the report of two side projects in the 

context of neurodegenerative disorders that involved selenium-containing molecules 

against oxidative stress and the development of inhibitors targeting phosphodiesterase 

enzymes.   

In particular, MS (the theory can be found in Chapter 1.2) have been used for the 

characterization of the synthetised compounds but also for checking their behaviour in a 

simulated specific physiological condition (i.e. oxidative stress) (see Chapter 3.1 for an 

example of this application) and for lead identification and optimization thanks to its use 

in binding assays performed mixing the target and binders (see Chapter 2.2.1 for more 

detailed information and Chapters 2.4 to 2.7 for this application).  

NMR (the theory can be found in Chapter 1.3) has also been used in the context of 

characterization of new compounds, moreover thanks to its ability of giving structural 

information, the signals of the different parts of the molecules are separated, therefore it 

is possible to see the changes in the structure at atomic resolution both in the context of 

binding assay and when following a reaction (see Chapters 2.4 to 2.6 and Chapter 3.1 

respectively for these applications). Moreover, NMR can be used for target identification 

and validation thanks to the possibility of relating given signals in its experiments with 

distances in space and therefore the possibility of resolving the three-dimensional 

structure of protein, nucleic acids and their complexes with small molecules (see Chapter 

2.2.2 for a more detailed description and Chapter 2.6.2 for its application).  

Computational techniques (the theory can be found in Chapter 1.4) are particularly 

useful because they can be applied in all the stages of early drug discovery, from studying 

a specific target to potential hits identification for new compounds or in the context of 

drug repurposing, to computing pharmacokinetic properties in the context of ADMET 

(absorption, distribution, metabolism, excretion and toxicity) profiles (these methods 
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application can be seen in Chapters 2.4, 2.5, 2.6, 3.1 and 3.2). This is particularly important 

because it allows to save the time of synthesising compounds that wouldn’t be able to 

bind to the specific target because of the lack of specific chemical properties or that 

couldn’t get to target because of undesirable physico-chemical features, which is 

approximately the 50% of the causes of failure in drug discovery.1  

CD (the theory can be found in Chapter 1.5) has been used to check the ability of the 

compounds to interact with the target and, if that happens, if the overall three-

dimensional arrangement of the macromolecule is affected by the binding (see Chapters 

2.5 and 2.6 for its application). 

As can be understood from the different use of the various methods together with 

the synthesis of new potential drug candidates and its optimization, the combination of 

the greatest possible number of techniques is fundamental in order to gain a full 

understanding of the target:ligand binding which is not dependent on the experimental 

conditions used for the specific assay (buffer, solvent or its absence, temperature, pH) but 

is really due to the interactions that are involved in the binding.  

Moreover, especially when a technique is used for the first time in a new application, 

it needs to be supported by more canonical or known assay to effectively prove that the 

information received is indeed significant and not fortuitous. 

The work presented in this thesis is intended as an example on a possible combination 

of the information gained from the various assays applied to three different research lines. 
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1.2 Mass spectrometry  

1.2.1 Introduction to mass spectrometry  

Mass spectrometers are instruments that can be used to selectively detect and 

determine the amount of a given analyte, together with its elemental composition and 

some aspect of its structure. The property that gets analysed is the mass of gas-phase ions 

produced from the molecules of an analyte as a direct determination of the nominal mass 

of the analyte, but also as detection of fragments of the molecule that correspond to 

groups of atoms that can reveal structural features. It is important to keep in mind that it 

is not the atomic mass of the elements as the weighted average of the naturally occurring 

stable isotopes that comprise the element that gets detected, but the mass of the isotopes 

of the elements. Moreover, mass spectrometry doesn’t directly determine the mass but 

the mass-to-charge ratio (m/z) of the ions, which is the mass of the ion on the atomic 

scale divided by the number of charges that the ion possesses. As a consequence, for the 

analysis to happen, it is necessary that the molecules get ionized. Ions are charged 

particles; hence, their position in space can be influenced with the use of electric and 

magnetic fields. In order to get rid of all possible contaminants, to group the ions 

according to their mass and number of charges, and to move them from one point to 

another, it is necessary to analyse them in a vacuum and, therefore, in the gas phase. 

Therefore, only ions can get analysed by the mass spectrometer; molecules and radicals 

are removed from the instrument by the continuous pumping that maintains the vacuum.4 

 

Figure 1.2.1. Schematic representation of the mass spectrometer components 

Mass spectrometers are composed of three main components: an ion source that 

produces the ions, a mass analyser that resolves ions according to their m/z, and a 

detector that records the signal that is produced by the impact of the ions (Figure 1.2.1).5 

There are different techniques for producing gas-phase ions, which include electron 

impact (EI) and chemical ionization (CI) that produce gas-phase ions if the analytes have 

significant vapor pressure, or desorption/ionization (D/I) techniques, such as fast atom 

bombardment (FAB), electrospray ionization (ESI), and matrix-assisted laser 

desorption/ionization (MALDI). After ionization, ions are separated by specific types of 

m/z analysers: magnetic sectors, transmission quadrupoles, quadrupole ion traps (both 

linear and three-dimensional), time-of-flight (TOF) analysers (both linear and reflectrons); 
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ion cyclotron resonance mass spectrometers (magnetic ion traps) that convert thanks to 

Fourier transformation oscillating image currents to record the mass spectrum (FTICR) 

and orbitraps, which store ions using electrostatic fields and detect them through Fourier 

transformation of oscillating image currents.4 

The choice of the ion source and the mass analyser depends on different factors and 

experimental considerations, such as the m/z range that needs to be analysed, the mass 

of the analyte, the required resolving power, the ability of the analyser to interface with 

the ion source, and the limit of detection required.6  

1.2.2 Ion source  

Electron Ionization (EI) 

EI is a technique in which the sample gets thermally desorbed to the gas phase and 

then bombarded with free electrons emitted from a filament. This causes high ionization 

that fragments the molecule and turns them into positively charged ions. EI is particularly 

appropriate for small organic molecules (M.W. < 600) that are volatile and thermally 

stable.4 A schematic representation of EI is depicted in Figure 1.2.2a. 

Chemical Ionization (CI) 

CI technique is similar to EI but it uses a reagent gas previously subjected to electron 

impact to give reagent gas ions which further undergo ion-molecule reactions with neutral 

reagent molecules yielding selective ions. After the addition of the sample, the molecule 

of the analyte undergoes ion-molecule reactions with the ions produced from the reagent 

to produce sample ions. This technique is particularly useful when the molecular ion is 

not observed in the EI spectrum as it is considered a soft ionization technique since the 

energy that is transferred by the reaction is lower than the energy given by the electron 

impact.4 The scheme of a CI ion source is depicted in Figure 1.2.2b. 



1 General Introduction 

1.2 Mass spectrometry 

 

- 6 - 

 

Figure 1.2.2. Scheme of (a) electron ionization (EI) and (b) chemical ionization (CI) ion sources 
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Electrospray Ionization (ESI) 

ESI is considered a soft ionization technique which employs a high voltage applied to 

a capillary at atmospheric pressure, producing a spray/mist of charged droplets of the 

same polarity. Afterward, heat or dry gas is applied to the mist, which causes the 

evaporation of the solvent; therefore, it is often called desolvation gas. This evaporation 

causes the sequential decrease in the droplet size and the increase in the surface charge 

density until the coulombic repulsions of the charges are so high that the droplets 

“explode” (droplet fission), creating smaller, more stable droplets which substantially 

undergo further solvent evaporation and fission into even smaller droplets. This 

eventually leads to desolvated single ion formation in the gas phase. ESI is also considered 

a soft ionization technique and is particularly useful for large biological molecules that are 

not volatile.6 A schematic representation of ESI ion source is depicted in Figure 1.2.3a. 

Matrix-assisted laser desorption/ionization (MALDI) 

As the name suggests, MALDI is a technique in which a “matrix” with specific 

features is added in excess to the sample to induce ionization. The matrix has to be able 

to co-crystallize with the analyte to form a solid solution, to transfer or accept protons 

from the analyte, and must be chemically inert and stable under vacuum and soluble in 

solvents. After the co-crystallization of the sample on the plate, it gets irradiated with laser 

radiation, resulting in the desorption of the matrix from the plate, and the sample is 

therefore carried to the gas phase. The matrix prevents the analyte molecules from getting 

fragmented or decomposed, but the laser energy causes the ionization of the sample 

molecule together with its vaporization. MALDI is particularly useful with high molecular 

weight compounds that may be difficult to analyse through other ionization methods.7 A 

Figure 1.2.3b shows a scheme of a MALDI ion source. 
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Figure 1.2.3. Schematic representations of (a) electrospray ionization (ESI) and (b) matrix-assisted laser desorption ionization 

(MALDI) 

  



 General Introduction 1 

 Mass spectrometry 1.2 

 

- 9 - 

1.2.3 Mass analysers 

Magnetic sector mass spectroscopy 

Ions are separated thanks to a magnetic field that deflects them according to the mass, 

or more specifically to the m/z of the ion; the greater the mass of the ion, the smaller the 

deflection it is subjected to. Ions are accelerated out of the source region by the 

application of an accelerating voltage V, acquiring thereby kinetic energy. When the ion 

enters the magnetic field, it experiences a deflecting force at right angles to its direction 

of travel, which forces it to describe a circular orbit. The deflection the ions are subjected 

to depends on their momentum, so on the product of the mass and the velocity, so it is 

important that the ions enter the magnetic field with the same kinetic energy. By varying 

(scanning) the magnetic field strength, ions of different mass are sequentially brought into 

focus at this point.7  A scheme of the analyser is depicted in Figure 1.2.4a. 

Time-of-flight  

The principles of the TOF mass spectrometer involve measuring the time required 

for an ion to travel from an ion source to a detector (usually located 1 or 2 meters from 

the source). The ions are accelerated through a potential (V) and then drift down a field-

free tube toward the detector. All the ions receive the same kinetic energy during the 

instantaneous acceleration, but, as they differ in m/z values, they have different velocities. 

The ions have to be produced at an accurately known start time and preferably originated 

from the same spatial position; therefore, TOF analysers are often conjugated with pulsed 

ionization techniques, such as plasma desorption and laser desorption. While the ions 

traverse the “field-free” region between the ion source and the detector, they separate 

into groups or packets according to their velocity, which is a function of their m/z values; 

the lower the m/z value, the faster they reach the detector. The main advantage of this 

technique is that there’s no upper limit for m/z values.4,7 A representation of how the 

TOF works is depicted in Figure 1.2.4b. 
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Figure 1.2.4. Schematic representation of (a) Magnetic sector and (b) time-of-flight mass analysers. 

Transmission Quadrupole 

The term quadrupole is used because the electric field is created between four 

opposing electrical poles; the shape of the electric field is a function of the geometric 

arrangement of these four surfaces and the magnitude of the alternating current (AC) and 

direct current (DC) potentials. The primary component of the quadrupole electric field 

that surrounds the ions is based on radio frequency (RF) potentials applied to two pairs 

of opposing electrodes.  

The quadrupole consists of four parallel surfaces, ideally with a hyperbolic cross-

section, accomplished with four longitudinally parallel round rods. Opposing surfaces are 
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connected together electrically and to RF and DC power sources. Extracted ions from an 

ion source are accelerated (5–15 V) into the central space that constitutes the quadrupole 

electric field along the longitudinal axis toward the detector.4 

The combination of the RF and DC causes ions to oscillate along the x- and y-axes as 

they pass through the quadrupole in the z-axis. Based on the DC and the frequency of 

the RF, only ions with a particular m/z will have stable trajectories and reach the detector; 

all the others will collide into the rods and be filtered out. Varying the DC and the RF all 

the different m/z can be scanned.8 (Figure 1.2.5a) A quadrupole (or other multipoles) can 

also operate in a “RF-only” mode, where the DC potential is reduced and only RF is 

applied to the rods, allowing all ions to pass through the multipole, thus functioning as a 

transmission guide into another analyser, as collision cells where an inert gas is introduced 

and the RF is increased for the ions to undergo fragmentation which can give important 

structural information.6 The main advantages of quadrupoles are the low cost, compact 

shape, and size, and the requirement of little maintenance. For these kinds of analysers to 

work well, they need a continuous flux of ions, so they work well in coordination with 

GC and LC and are less suitable for pulsed ion sources, such as MALDI.9,10   

Quadrupole ion trap (QIT) 

The QIT is a modification of the quadrupole, where two hyperbolic electrode plates 

facing each other have a hyperbolic ring electrode in between.11 QIT can be either 2D 

(linear) or 3D. The 3D traps consist of two hyperbolic electrode plates facing each other 

and a hyperbolic ring electrode placed in between them. Using an oscillating RF field and 

a superimposed DC electric field, ions are trapped between the electrodes. Varying the 

RF potential, ions of different m/z are selectively ejected from the trap. (Figure 1.2.5b) 

In 2D traps, a potential field is applied to each end of the quadrupole to trap the ions 

within the quadrupole itself. The ejection of the ions can be either axial or radial 

depending on the design.6  

QIT operates at a relatively high pressure compared to the other mass spectrometer, 

~ 10-1 Pa (10-4 for transmission quadrupoles, 10-7 for TOFs). This higher pressure is 

necessary for achieving sufficient resolution. The pressure is maintained by a continuous 

flow of buffer gas (helium or argon) that cools the ions, reducing their rotational and 

vibrational energies, so the displacement of their amplitude around the z-axis is 

diminishes.6 
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Figure 1.2.5. Scheme of (a) the transmission quadrupole and (b) the 3D quadrupole ion trap (QIT). 

Fourier Transform-ion cyclotron resonance (FT-ICR) 

FT ICR MS is an example of a high-performance mass spectrometer employing an 

ion trapping mass analyser;12 the trap is called Penning trap, and it is similar to a 3D ion 

trap but it uses a combination of an electrostatic and a magnetic field. After the ions enter 

the trap thanks to a DC potential applied to the front and back plate and move along the 

z-axis, they are then subjected to a Lorentz force that makes them move circularly in the 

(x, y) plane, perpendicularly to the magnetic field (along the z-axis) with an angular 

frequency that is called cyclotron frequency and that depends on the m/z ratio and the 

strength of the magnetic field B0. The ions are not phased when they enter the trap, and 

that leads to small orbits that can’t be detected; therefore, the ions get excited by exciting 

them with a limited frequency sweep of a broadband RF field.12 The excitation 

synchronizes the ions' motion into higher cyclotron orbits, allowing their detection. The 
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detector measures the intensity of the signal (which depends on the number of ions that 

give that signal) over time, which is converted via a Fourier transform into a frequency 

that is proportional to their m/z. Figure 1.2.6a shows a schematic representation of a FT-

ICR.6 

Orbitraps 

The orbitrap is a type of analyser that uses Fourier transform to convert the signal 

produced by ions oscillating in a trap from the time domain to frequency, mixing the 

technology of FT-ICR and a quadrupole trap. The oscillations are caused only by an 

electric field, not involving the magnetic field. It is made of three main parts: an inner 

spindle electrode covered by two hollow outer concave electrodes facing each other, 

separated by a thin ring of dielectric material. (Figure 1.2.6b) Ions are introduced 

tangentially into the orbitrap as a “packet” between the inner and outer electrodes. Due 

to the electric field between the inner and outer electrodes, the ion packet is bent towards 

the inner electrode while the tangential velocity of the ions creates an opposing centrifugal 

force. At a specific potential between the inner and outer electrodes, the ions remain in a 

spiral path around the inner electrode. However, due to the conical shape of the 

electrodes, a harmonic axial oscillation in the ions is induced. The outer electrodes also 

act as receiver plates that detect the back-and-forth axial harmonic motion of the ions. 

This signal image is digitized and transformed from the time domain to the frequency 

domain. Similar to FT-ICR, the axial harmonic frequencies are proportional to the m/z 

of the ions.4,6 
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Figure 1.2.6. Schematic representation of (a) Fourier Transform-ion cyclotron resonance (FT-ICR) and (b) Orbitrap 

1.2.4 Application of mass spectrometry  

As previously mentioned, mass spectrometry can be used for both quantifying the 

amount of a given analyte but also for determining qualitatively its composition. MS can 

detect an almost infinitely wide range of molecules. This wide applicability, together with 

its high sensitivity and high throughput, results in very rich and complex data sets from 

which the analyte(s) of interest must be extracted. 

It is a very versatile technique since it is not limited to the analysis of organic 

molecules; it can be used for the detection of any element that can be ionized. In this 

context, silicon wafers can be analysed to quantify the presence of lead and iron that can 
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cause the failure of a semiconductor for microprocessors, or drinking water can be 

sampled for determining arsenic content, or it can be used in geology or material science.4  

During the MS experiment, a collection of ions is produced in the gas phase; the ions 

are separated according to their m/z ratio in vacuum and then detected to obtain the mass 

spectrum that displays the abundance of each ion. As previously mentioned, the ions need 

to be separated in a vacuum because the presence of matter would interfere with the 

detection. In particular, if an ion collides with neutrals in an elastic manner, its direction 

of travel may be altered, and the ion could not reach the detector. If the collision is 

inelastic, the energy transfer can cause decomposition so that the original ion could again 

not be detected.7 

Until the late ‘80s of the past century, MS relied solely on EI and CI as ionization 

techniques. As described in the previous chapter, EI is an ionization technique that 

exploits the collision of an analyte with an electron ray, causing the ejection of one of its 

electrons. The ion formed has an odd number of electrons together with a positive charge, 

therefore its energy might be so high that it gets dissipated through the fragmentation of 

some of the chemical bonds unless the scaffold is particularly stable, such as those 

stabilized through resonance like aromatic compounds. Hence with this ionization 

technique, in the mass spectra, the molecular ion peak may not always be recorded. It is 

possible to gain valuable information from the analysis of the fragments, such as the so-

called chemical "fingerprint." (Figure 1.2.7) CI works with the same principle, but the 

ionization is performed through the reaction of a reagent gas instead of using electrons, 

limiting the formation of fragments, as no radical species are involved in the process.4   

 

Figure 1.2.7. Example of the importance of the chemical fingerprint. EI spectra of acetone (left) and propionaldehyde (right). Both 

have a M.W. of 58 Da, the fragment peaks depend on the chemical structure.4  

Both these techniques are still widely used, but as stated before, they have some 

limitations with the range of analytes that can be handled because they both require 
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molecules to be volatile and thermally stable. The analysis of small molecules is not really 

affected by this, and any of the ionization modes will give valuable information, but in 

case of analysis of biomolecules such as proteins or nucleic acids, the choice should be 

for ionization techniques such as ESI or MALDI thanks to their ability to analyse up to 

several hundred thousand Daltons without disrupting amino acid bonds, nucleic acids 

base pairing, and many non-covalent interactions.13  

ESI is widely used as ionization source because it can integrate liquid chromatography 

prior to the mass analysis, which is especially important to remove excess salt, sample 

buffer, or phosphate buffer saline that may create artifacts and contribute to the chemical 

noise in the mass spectra. The main difference is that this kind of ion source results in 

protonated or deprotonated molecules and other adducts, whereas EI generates radical 

cations. The result is that the ions generated with ESI (protonated/deprotonated analyte, 

Na+-, K+-adducts) depend on the characteristic of the analyte and on the experimental 

conditions used. The protonated/deprotonated molecular ion from ESI has limited 

excess energy, so few fragmentation occurs; this can be a disadvantage or an advantage. 

While no much structural information can be retrieved and no "fingerprint" can be 

recorded and compared to literature, ESI has the great advantage to record the molecular 

ion, which is also very important for the characterization of small molecules and moreover 

the "softness" of the ionization technique allows to maintain also non-covalent 

interaction, which are very important for the study of the binding of small molecules to 

their macromolecular target.4 

Furthermore, there is a way to overcome the missing structural information due to 

the lack of fragmentation: the use of in-source fragmentation, tandem MS (MS/MS), and 

multistage MS (MSn), that can induce the formation of product ions that can be used to 

study the structure of the analyte of interest.13 In this context, collision-induced 

dissociation (CID) is by far the most common technique. (Figure 1.2.8) MS/MS can be 

thought of as a way to obtain the mass spectrum of a mass spectrum; selected ions formed 

in the ion source get activated, and their fragmentation products are analysed. The 

activation of the ion is the crucial step and defines the products result. 
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Figure 1.2.8. Example of a collision-induced dissociation (CID) experiment. The complex (red) ion on the left spectrum is isolated 

and fragmentation is induced in the right spectrum by the collision with an inert gas and lead to the formation of two peaks: complex 

(red) and target (black). 

In CID experiments, the selected ions are isolated in the mass analyser and accelerated 

thanks to the application of an AC potential to increase their kinetic energy; the frequency 

of the AC depends on the m/z. The ions then are allowed to collide with an inert gas 

(such as He, N2, Ar, or Xe) which causes the conversion of the kinetic energy into internal 

energy that results in bond breakage and the fragmentation of the molecular ion. Specific 

fragment ions may be isolated and undergo the same process generating an MS3 spectrum 

that can be further iterated to multistage fragmentation or MSn, leading to the so-called 

"mass spectral trees".14 This kind of experiment is particularly useful both for small 

molecules because you can gain a molecular "fingerprint" which is even more accurate 

than the fragment ions obtained by EI since they are the direct consequence of the 

application of energy to a specific ion, i.e., the molecular ion. Hence, the assignment of 

the specific peaks to a particular chemical entity is unambiguous. Moreover, this 

application is particularly interesting for the study of target-small molecule binding. The 

ion corresponding to the complex can be isolated and fragmented causing the breakage 

of the complex into target and small molecule. The energy needed to disrupt the complex 

can be correlated to the intensity of each peak allowing the determination of a parameter 

called 𝐸஼ைெ
ହ଴% , which gives an idea of the stability of the complex.6   
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1.3 Nuclear magnetic resonance (NMR) 

1.3.1 Introduction to NMR  

NMR spectroscopy is one of the techniques that have had the greatest impact on 

understanding biomolecular structure and dynamics, and it is widely used in chemistry, 

biochemistry, and related fields to elucidate the structure, composition, and dynamics of 

molecules. NMR takes advantage of the magnetic properties of certain atomic nuclei to 

provide detailed information about the arrangement of atoms, connectivity, chemical 

bonding, and even the motion of molecules in various environments. Like all other 

spectroscopies, it uses electromagnetic radiation to promote transitions between nuclear 

energy levels. In this case, the electromagnetic radiation is a RF in the range of 

approximately 10 to 1000 MHz to determine the transitions of nuclear spins in the 

presence of a static magnetic field.15  

The discovery of NMR finds its roots in the work of Purcell, Pound, and Torrey of 

Harvard University and Bloch, Hansen, and Packard of Stanford University when, in 

1945, they independently observed that magnetic nuclei, such as 1H and 31P, were able to 

absorb RF energy when placed in a magnetic field of a strength specific to the nucleus, 

and that this absorption led to the resonance of such nuclei at different frequencies for 

different atoms within the molecule.16  

The most important property of the nuclei involved in NMR is the nuclear spin (𝐼), 

whose value depends on the number of protons and neutrons and therefore that the same 

element isotopes adopt different values. 𝐼 can assume integral or half-integral values and 

is equal to zero when both the number of protons and neutrons is odd. If 𝐼 =  0, the 

nucleus has no spin angular momentum, thus no magnetic moment, and cannot, 

therefore, be analysed by NMR. 

If 𝐼 is not equal to zero, the nucleus generates a magnetic moment (µ) which depends 

on the magnetic quantum number (m) and can assume 2𝐼 + 1 states/orientations. These 

states are degenerate in the absence of a magnetic field, meaning that the magnetic 

moments are randomly oriented. However, when atoms are placed within an external 

magnetic field (B0), the magnetic moments align with the field either parallel (low energy 

state) or antiparallel (high energy state), and they become non-degenerate. Therefore, 

transitions between those states can be observed (Figure 1.3.1a). The splitting between 

non-degenerate spin states is determined by: 
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2𝜋𝑣 = 𝜔 = 𝛾𝐵଴ 

where ν is the transition frequency in s-1 (Hertz or Hz), ω is the transition frequency 

(also called Larmor frequency) in radial units (radians/s), B0 is the strength of the magnetic 

field in Tesla and γ is the gyromagnetic ration, a constant that depends upon the identity 

of the nucleus. Therefore, the magnetic moments of each nucleus precess or rotate at a 

characteristic Larmor frequency (ω0) along the direction of B0, conventionally z-axis. Both 

the lower and the higher energy states are populated, but there is an excess of nuclei that 

are aligned with B0 in a parallel manner and this leads to a net magnetization Mz along 

the z-axis. The components along x- and y-axis are average to zero because magnetic 

moments are arranged evenly around the z-axis. A representation of the magnetization is 

depicted in Figure 1.3.1b. NMR signals are obtained when nuclei absorb energy from an 

RF pulse that matches their ω0, causing nuclear magnetic moments to flip from a lower 

energy state to a higher energy one. Every RF pulse is therefore characteristic for each 

nucleus.15 

 

Figure 1.3.1. (a) Cartoon representation of the magnetic moments of the nuclei in absence and in presence of an external magnetic 

field (B0). (b) Representation of the final net magnetization. Adapted from “Organic Chemistry” P. Yurkanis Bruice.17  

During NMR experiments, the RF applied to the magnetic moments causes the spin 

transition and rotation of the net magnetization from the z-axis (direction of the B0) into 

the transverse (x, y) plane; this is called excitation. After the RF, the nuclei begin to precess 

or rotate along the (x, y) plane and spiral back to the direction of the B0, emitting 
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radiofrequency signals and returning to their equilibrium. The signal that is collected is an 

oscillating signal with a frequency equal to the Larmor frequency of the nucleus under 

examination, and it gets weaker over time. Therefore, it is called free induction decay 

(FID) and is detected by the receiver coil. The detected FID signal is subjected to Fourier 

transformation, which converts it from the time domain to the frequency domain, 

generating the NMR spectrum.18  

Electrons move in orbitals around the nucleus, surrounding every atom. Their 

movement as charged particles generates a magnetic field that is opposite to the B0, thus 

shielding the nucleus from the applied B0. The higher the electron density, the higher the 

shielding, and electron-donating groups shield nuclei more, causing the spin transitions 

to happen at a lower frequency. The opposite effect happens for electronegative or 

electron-withdrawing groups. Nuclei experiencing different magnetic fields are termed 

"inequivalent nuclei." Therefore, shifts of the NMR signal due to the chemical 

environment, known as chemical shift (δ) which measured in parts per million (ppm), can 

be observed and allows structural investigation allows for the determination of chemically 

inequivalent environments. The result is a spectrum featuring multiple peaks, with each 

peak corresponding to a unique chemical environment. (Figure 1.3.2) The area beneath 

each peak is directly proportional to the number of nuclei in that specific chemical 

environment. This means that signal integration can be used to determine the number of 

nuclei causing it and the ratio between them in different substances. The absolute value 

of δ increases with a higher applied B0. Therefore, different instruments would give 

different values for the same molecule. For this reason, it is preferable to use the relative 

δ, which is determined as follows: 

𝜕 =
𝜈௦௔௠௣௟௘ − 𝜈௥௘௙

𝜈௥௘௙
 

where 𝜈௦௔௠௣௟௘ is the frequency specific for each nucleus and 𝜈௥௘௙ is the frequency of 

a standard reference compound. 
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Figure 1.3.2. Representation of the common chemical shifts (δ) observed for 1H and 13C of the most common functional groups. 

Nuclei of the same molecule that are not equivalent can be close enough for their 

magnetic fields to influence each other. This phenomenon causes the signal to be split to 

form the so-called "multiplet," and the interaction between the nuclei is known as scalar 

coupling (J), measured in Hz and corresponding to the distance in Hz of the lines in the 

multiplet. 

The magnetic moments of each nucleus can be oriented in different ways depending 

on the number of possible states. For example, for atoms whose 𝐼 = 1/2, there are two 

possible orientations: parallel or antiparallel to the B0. When two inequivalent atoms are 

placed together, their spins might have the same or opposite orientation, causing the field 

for each of them to be different. Hence, the signal is split. The number of signals that a 
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nucleus produces is proportional to the number of atoms to which they are coupled. The 

general rule is that the signal of one nucleus adjacent to n equivalent protons is split into 

(n+1) peaks.17  

Normally, coupling over one (1J), two (2J, geminal coupling), and three bonds (3J, 

vicinal coupling) are observed. The intensity of vicinal couplings depends on the torsion 

angle (θ) between the protons and follows the so-called Karplus equation:  

𝐽ଷ  (θ) = 𝐴 𝑐𝑜𝑠ଶ(θ − 60°) − 𝐵 cos(θ − 60°) + 𝐶 

A plot of the described formula is depicted in Figure 1.3.3. 

  

 

Figure 1.3.3. (left) Dihedral angle between protons (red) three bonds apart, blue may be carbons or heteroatoms. (right) Dependence 

of 3J-coupling constant on dihedral angle for peptide data as given by Karplus equations. 19  

1.3.2 Application of NMR spectroscopy  

The first and most common use of this technique is the characterization of small 

organic molecules, thanks to the acquisition of monodimensional spectra, such as 1H-, 
13C-, 15N-NMR, or bidimensional spectra.15 

Sample preparation is the same for all the experiments and consists of dissolving a 

small amount of the compound in 200 to 600 µL of solvent depending on the outer 

diameter of the tube used. The concentration of the sample depends on the 

spectrometer's resolution and the molecule's molecular weight (M.W.), but it is normally 

between 50 µM to 10 or 100 mM. It is necessary to work in the presence of a deuterated 

solvent; therefore, the analyte is normally directly dissolved in an appropriate deuterated 

solvent. This is necessary for two reasons: the hydrogens of the solvent are much more 

numerous compared to the hydrogens of the analyte, and their signal could cover the 

signals of the analyte. The intensity of the peaks is directly proportional to the 

concentration of the atoms that cause them. It is possible to suppress the signal of the 
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solvent with an appropriate pulse sequence. More importantly, the presence of deuterium 

(which is also NMR active), even in a small percentage, is essential because its signal is 

used by the spectrometer to "lock" the reference frequency and to check for variations in 

the magnetic field during the experiments.18  

The easiest and fastest NMR experiment is 1H-NMR. It consists of two sections: 

preparation and detection. The preparation section consists of a pulse sequence that starts 

with a relaxation time to allow magnetic equilibrium. Then a hard 90° pulse is applied to 

excite the nuclei, transferring the magnetization into the (x, y) plane. The detection is 

when the emission of the RF signal is recorded. The scheme of the experiment is depicted 

in Figure 1.3.4a.20  

 

Figure 1.3.4. General scheme of (a) a 1D 1H-NMR and (b) a 2D NMR experiments.20 

By analysing the number, the position, the multiplicity, and the integrals of the peaks, 

we can gain information about the chemical structure. A representation of the typical 

chemical shifts for various functional groups is reported in Figure 1.10. Moreover, if an 

external reference is added to the solution, we could also quantify the amount of the 

analysed compound. 

Another common and equally easy NMR experiment is the 13C-NMR, which is very 

similar to the 1H experiment but with some differences. The sensitivity is lower than 

proton NMR for three reasons: the low isotopic abundance of 13C (1.1%, whereas 1H is 

~100%), the low γ (which is one-fourth of 1H), and the longer relaxation time. The lower 

γ also has another effect on the 13C nuclei: their resonance frequencies are lower than 

those of 1H in the presence of the same magnetic field. For this reason, the signals of 13C 

are observed in a completely different RF window. The chemical shift range for different 
13C is wider than the range for 1H, conventionally from 0 to 220 ppm for 13C whereas it is 

typically 0 to 15 ppm for 1H; therefore, the signal of each carbon is almost always seen as 

a distinct peak without overlapping, that on the contrary is very common in 1H spectra.15 

The low natural abundance of 13C makes it unlikely for two 13C atoms of the same 

molecule to be close to each other, hence no spin-spin coupling can be seen between two 

adjacent carbons. However, heteronuclear coupling between 13C and hydrogen (or 
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fluorine) does indeed happen, and the coupling constants are really large (100-250 Hz). 

The multiplet would, therefore, be spread in a higher δ range, which complicates the 

analysis of the spectra. As a result, 13C spectra are normally recorded with the so-called 

decoupling, in which the sample is irradiated at the frequency of one proton with 

continuous low-power RF. This excites all the H nuclei and cancels out the coupling 

pattern, leading to the formation of one singlet for each unique carbon. The larger 

relaxation time of 13C causes NMR experiments to run longer than those of 1H, which 

would not be a viable option for typical organic samples. Therefore, instead of using a 

90° pulse excitation, normally a 30° or 45° pulse is used, significantly decreasing the time 

needed for the experiment.17  

The higher the complexity of the analyte, the higher the need to develop experiments 

that may resolve the ambiguity of overlapping resonances. With this intent, two-

dimensional NMR tries to overcome this problem by adding a second dimension to the 

resulting spectrum. 

In addition to the preparation and detection sections, the 2D experiment adds an 

indirect evolution time t1 and a mixing sequence. (Figure 1.3.4b) The first pulse given 

during preparation causes the precession of the nuclei that are left to precess freely for a 

given time t1 during the evolution step. During this time, the magnetization is labelled 

with the δ of the first analysed nucleus. Then the magnetization is transferred to the 

second nucleus in the so-called mixing time thanks to a second RF pulse. The transfer 

can happen thanks to two mechanisms: scalar coupling or dipolar interaction (NOE), 

which will be better explained in the following paragraph. After the transfer, the data are 

acquired (detection), during this time the magnetization is labelled with the δ of the 

second analysed nucleus.21  

The 2D spectra are composed of two frequency axes. If the two analysed nuclei are 

of the same isotope (homonuclear), a diagonal which corresponds to the 1D spectrum, 

divides the spectrum into two equal halves; outside the diagonal, symmetrically, there are 

the cross-signals that are the result of the second dimension and indicate interaction 

between the two nuclei. Common examples of homonuclear 2D experiments are COSY, 

TOCSY, and NOESY. 

COSY (Correlation Spectroscopy) is a technique that reveals through-bond 

correlations between directly bonded nuclei, particularly between pairs of protons 

(hydrogen nuclei) that are coupled via scalar J. Protons that are more than three chemical 

bonds apart give no cross signal because their 4J is close to 0. Hence, only protons that 
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are two or more bonds apart give cross-peak signals in a COSY spectrum. It is useful for 

determining proton-proton connectivity in organic molecules as it can help identify which 

hydrogen atoms in a molecule are coupled together and elucidate the structure of complex 

organic compounds like natural products or pharmaceuticals by establishing spin 

systems.22  

TOCSY (Total Correlation Spectroscopy) is an extension of COSY that reveals 

correlations through multiple bonds, providing more comprehensive connectivity 

information. The magnetization is dispersed over a complete spin system of an amino 

acid or a sugar by successive scalar coupling, correlating all protons of a spin system. It is 

used to elucidate spin systems in complex molecules, such as proteins, nucleic acids, and 

carbohydrates, and to identify long-range proton-proton connectivity in large organic 

molecules.23  

NOESY (Nuclear Overhauser Effect Spectroscopy) uses dipolar interaction of spins 

(the NOE) for the transfer of magnetization. The intensity of the NOE is proportional 

to 1/r6, where r is the distance between the two nuclei. The correlation, therefore, depends 

on the distance between the two nuclei. Normally, a cross-peak is registered if r is smaller 

than 5 Å. NOESY helps determine the spatial proximity of nuclei within a molecule. It is 

useful for determining the three-dimensional structure of small organic molecules, 

especially when crystallography is not feasible, and for analysing intermolecular 

interactions in ligand-receptor complexes, which is crucial for drug discovery.24 

It is also possible to analyse two nuclei of different isotopes, which is particularly 

useful for the study of proteins and nucleic acids that contain many other magnetically 

active nuclei, such as 15N or 13C. The natural abundance of both species is low, but there 

are two strategies to increase their low sensitivity: either by isotopic enrichment of these 

nuclei and/or by enhancing the signal-to-noise ratio using inverse NMR experiments in 

which the magnetization is transferred from protons to the hetero nuclei. 

HSQC (Heteronuclear Single Quantum Coherence) correlates the chemical shifts of 

different nuclei with 1J, typically 1H and 13C, and identifies which proton resonances 

correspond to which carbon atoms. 

HMBC (Heteronuclear Multiple Bond Correlation) is similar to HSQC but correlates 

the chemical shifts of two nuclei separated by multiple bonds, revealing long-range 

connectivity.25  
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The importance of NMR in drug discovery  

The importance of NMR is given not only by the possibility of characterizing and 

investigating the chemical structure of small molecules. As will be better described in the 

following chapter, NMR can be used to kinetically follow some important reactions,26  or 

also to study the interactions of the ligands with target protein of nucleic acids. NMR can 

be used to screen large libraries of compounds to identify those that bind to a target for 

example by fragment-based drug discovery.27 Moreover, it can be used to study the 

interactions between a lead compound and its target protein, protein-protein complex, 

nucleic acid in detail in order to optimize the lead compound, making it more potent and 

selective28 or to determine the three-dimensional structure of a protein or a nucleic acid 

both in presence and in absence of a binder. Furthermore, NMR can be used to study the 

absorption, distribution, metabolism, and excretion (ADME) properties of drug 

candidates for understanding how a drug will behave in the body and whether it is likely 

to be effective.29  
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1.4 Computer aided drug design (CADD) 

In the past decades, the field of computer-aided drug design (CADD) has brought a 

significant transformation in the way that we use to identify small molecules that target 

large molecular assemblies, such as proteins and nucleic acids.30  

CADD is a multidisciplinary field that combines principles of chemistry, biology, and 

computational science to expedite the process of discovering and designing new drugs. It 

involves the use of computational tools and techniques to predict, analyse, and optimize 

drug candidates, ultimately streamlining the drug discovery and development pipeline. 

CADD involves four main aspects: target identification, which means identifying the 

molecular targets that are associated with a certain disease; hit identification, CADD uses 

to search chemical libraries for potential drug candidates or leads that could interact with 

the chosen target; lead optimization, once the leads are identified, CADD can be used to 

help optimize their chemical structure to enhance their efficacy and safety; preclinical and 

clinical testing, the promising candidates move on to preclinical and clinical trials, where 

their safety and effectiveness are rigorously assessed.31 

CADD has been increasingly gaining attention because of the large benefits derived 

from its application. Firstly, it allows to save costs and times thanks to the more efficient 

identification of potential candidates. It reduces laboratory work by narrowing down the 

list of compounds for synthesis and testing, minimizing the need for extensive laboratory 

work. Furthermore, computational models are constantly improving, resulting in higher 

prediction accuracy and fewer experimental failures and it encourage the collaboration 

between chemists, biologists, pharmacologists and computational scientists.32 

CADD techniques comprehends a huge list of techniques that can be divided into 

different classes depending on the information that is available, in particular there are two 

subjects in a computational experiment, i.e., the biological target and the potential binder 

and they can both be either known or unknown. If the information regarding both the 

subjects is available, we can make use of what is called structure-based drug design 

(SBDD), which relies on the knowledge of a target’s 3D structure, typically determined 

through X-ray crystallography or NMR or cryo-electron microscopy (cryo-EM), and 

include virtual screening, molecular docking and molecular dynamics simulations in which 

libraries of molecules get screened to find new potential leads; if the 3D structure of the 

target is unknown but we have access to the information of the structure and the 

properties of the binders, we can make use of ligand-based drug design (LBDD), as 
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quantitative structure-activity relationships (QSAR), pharmacophore modelling and 

similarity search which exploits the information about the known ligands for the 

identification of new hits; when the information about the target in known but there are 

no or too few ligands, de novo drug design, in which entirely new compounds are generated 

computationally based on desired properties and target interactions, can be enrolled. 

Lately, the use of machine learning and artificial intelligence has become an always more 

advantageous thanks to the ability to predict biological activities, to analyse large datasets 

and to optimize drug candidates.33  

1.4.1 Structure-based drug design (SBDD) 

As stated above, SBDD makes use of the 3D structures of biological molecules 

generated from either X-ray crystallography, NMR studies, cryo-EM, or homology 

modelling, which are then employed to screen extensive compound libraries. This 

approach greatly aids medicinal chemists in the initial stages of identifying and optimizing 

ligands that interact with the target. In this category, we can include techniques such as 

target protein and binding site identification, molecular docking and molecular dynamics 

simulations.34  

Target protein and binding site identification 

Target structure and binding site characterization is the initial and pivotal stage within 

the SBDD process. The experimental determination of binding sites within the 3D 

structure of the target macromolecule relies on integrative structural biology techniques, 

such as NMR, X-ray crystallography and cryo-EM. Once the target protein's structure is 

resolved, the subsequent step involves the identification of the binding pocket(s).35 This 

pocket represents a confined space where the ligand binds and exerts its therapeutic or 

desired effects. Moreover, even though the binding site of a specific protein is already 

known, identifying new potential binding pocket may be important for achieving different 

biological effects. To gain insights into the energy interactions and Van der Waals (vdW) 

forces within the binding site, various methods have been developed for binding site 

mapping. These methods play a critical role in pinpointing the specific regions of the 

target protein that interact with the appropriate functional groups on drugs and can be 

divided into: sequence-based approaches which exploit sequence and structural 

information to search in homology models conserved residues in a protein family which 

are assumed to be linked to the protein function; template-based approaches which 
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compare specific arrangement of residues that are essential for a macromolecule to 

perform its function; geometric methods which move the focus from the residues to the 

features of the binding site, they rely on the fact that a binding site is usually a cleft or a 

pocket, different points are assigned to the structure of the protein and of the solvent so 

that the pocket is defined as a region in space that contain solvent points surrounded by 

protein points; energy-based approaches that are based on the assumptions that a binding 

site is characterised by specific energetic properties which are diverse from the rest of the 

protein and analysing these energetic features, regions where ligands, such as drug 

molecules, are likely to bind can be identified.36  

An example of a binding site predicition is depicted in Figure 1.4.1. 

 

Figure 1.4.1. (a) Example of a binding site prediction on serotonin transporter (SERT) (PDB ID 5I73) highlighting multiple possible 

outcome; (b) example of a molecular docking within the binding site. The inset shows the chemical structure of the molecule prior 

the computation with few of the possible degrees of freedom. 

Molecular docking  

Molecular docking is a computational approach used to model the interaction between 

small molecules and proteins at the atomic level. It involves predicting the conformation 

(pose) and position of the ligand within the protein's binding site and assessing the binding 

affinity. The binding site may be known beforehand, enhancing docking efficiency, or it 

can be performed without prior assumptions (“blind docking”).37 Early docking methods 

were based on the "lock-and-key" theory, treating ligand and receptor as rigid bodies. 

Later, the "induced-fit" theory introduced flexibility in both ligand and receptor, resulting 

in more accurate binding predictions.33 However, due to computational limitations, 

flexible ligand and rigid receptor docking remains prevalent. (Figure 1.4.1b)  
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Docking consists of two main steps: sampling ligand conformations in the active site 

and ranking these conformations using a scoring function. Given the extensive number 

of possible binding modes between molecules, various sampling techniques are employed 

in molecular docking. Matching algorithms, which use molecular shape and chemical 

features, map ligands into a protein's active site quickly.38 Incremental construction 

methods break the ligand into fragments breaking its rotational bonds, one fragment 

(which may have a significant functional role) is initially placed in the active site and the 

remaining fragments are added incrementally.39–41 Stochastic approaches like Monte Carlo 

randomly modify ligand conformations to explore conformational space. Monte Carlo 

generates ligand poses through bond rotation, and poses passing an energy-based criterion 

are saved for further modification. This process continues until the desired number of 

conformations is collected. Monte Carlo's main advantage is its ability to surmount energy 

barriers on the potential energy surface due to substantial conformational changes.42,43  

The scoring function's purpose is to distinguish correct poses from incorrect ones in 

terms of efficacy of the binding, they are normally expressed in kcal/mol and represent 

the binding energy of the complexes, therefore they can be used to rank the compounds 

efficiency of the target-ligand binding.37 Scoring functions can be categorised into force-

field-based, empirical, or knowledge-based functions. Force-field-based scoring functions 

evaluate binding energy by computing non-bonded interactions, including electrostatic 

and van der Waals forces. Electrostatic terms are calculated using Coulombic principles, 

with a distance-dependent dielectric function often applied to account for real 

environmental conditions. Van der Waals interactions are described by the Lennard-Jones 

potential function, and different parameter sets can control the "hardness" of the 

potential. Force-field-based functions suffer from slow computational speed, often 

necessitating the use of cut-off distances, which reduces accuracy for long-range effects. 

Extensions of these functions consider hydrogen bonds, solvation, and entropy 

contributions.44–46 Empirical scoring functions decompose binding energy into 

components like hydrogen bonding, ionic interactions, hydrophobic effects, and binding 

entropy. Coefficients for each component are determined through regression analysis on 

ligand-protein complexes with known binding affinities, resulting in relatively simple 

energy terms.47–51 Knowledge-based scoring functions utilize statistical analysis of crystal 

structures of ligand-protein complexes to establish interatomic contact frequencies and 

distances. These interactions are converted into pairwise atom-type potentials, with scores 

favouring favourable contacts and penalizing repulsive interactions within a set cut-off 
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distance. Knowledge-based functions are computationally simple and can model rare 

interactions but may be limited by training data bias, especially with uncommon 

interactions like those involving metals or halogens. Consensus scoring combines multiple 

scores to evaluate docking conformations, improving the identification of strong binders 

during virtual screening. While it enhances pose prediction, binding energy predictions 

may still lack accuracy.52–56 To address this, physics-based scoring methods like MM-

PB/SA and MM-GB/SA (MM stands for molecular mechanics, PB and GB for Poisson-

Boltzmann and Generalized Born, respectively, SA for solvent-accessible surface area) are 

employed for rescoring and lead optimization to enhance binding affinity predictions.57,58 

Molecular dynamics (MD) simulations 

Molecular dynamics (MD) simulations are computational methods in which the 

movements of single atoms belonging to a molecular system are predicted over time and 

are ran including a solvent in contrast with molecular docking. These simulations are 

based on a model of the physical forces governing interactions between atoms. They can 

provide valuable insights into various biological processes, including how proteins change 

shape, how they bind to other molecules, and how they fold into their functional 

structures.59 MD simulations can also help understand how biomolecules respond at the 

atomic level to different conditions like mutations, chemical modifications, or changes in 

their environment. MD simulations are often used in combination with a wide variety of 

experimental structural biology techniques, including X-ray crystallography, cryo-EM, 

NMR, electron paramagnetic resonance (EPR), and Förster resonance energy transfer 

(FRET). While MD simulations have been used for several decades, they have gained 

significant popularity and visibility, especially among experimental molecular biologists in 

recent years.60   

The increased attention to MD simulations can be attributed to two main factors. 

First, recent breakthroughs in experimental techniques, like X-ray crystallography and 

cryo-EM, have provided a wealth of structural data for critical biomolecules, making them 

suitable for MD simulations. Second, advances in computing hardware, such as graphics 

processing units (GPUs), have made MD simulations more accessible and affordable, 

allowing researchers to perform powerful simulations on standard computers. Lastly, 

even though MD simulations are based on approximate physical models, they are valuable 

because they offer a detailed, atomic-level view of biomolecular systems, allowing precise 

control over simulation conditions.61 
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Figure 1.4.2. Representation of the steps of a molecular dynamics simulation experiment.62 

In order to perform a MD simulation, we need an algorithm which can take into 

account three components: a description of the system, a description of the system’s initial 

condition and a defined force field (ff). The system description typically encompasses 

details such as the identity and coordinates of all its atoms, along with their mass, charge, 

and radius. It also includes information about the bonds between these atoms and 

particulars about the solvent molecules in the system. Establishing initial conditions 

necessitates specifying the initial velocities for each atom, the simulation temperature, and 

defining boundary conditions. The ff, a complex aspect of the simulation, substitutes 

classical mechanics for quantum physics in the simulation of biological systems.60 Figure 

1.4.2. shows an example of the workflow of a MD simulation. 

Biological systems are often too intricate to be precisely described at the atomic level 

using quantum physics due to their complexity. As a result, approximations are employed, 

such as classical mechanics instead of quantum physics, ignoring electron movement, and 

using approximated ff.63 In the classical simulation, atoms are represented as solid spheres 

with van der Waals radii, and their mass and charge are concentrated at their centres. 

Bonds between atoms are depicted as springs obeying Hooke's Law. The macromolecule 

is described as a specific set of spheres and springs. In order to simulate the movement, 

the position of each atom through time needs to be known and is described by the simple 

equation of motion where velocity is calculated in terms of acceleration and therefore 

related to internal energies U. The ff incorporates multiple terms that combine to calculate 

the total energy of the system. These terms arise from different interactions and 

contributions within the system, comprising bonded and non-bonded interactions. 

Bonded interactions include stretching which considers the change in bond length, 

bending that evaluates the angle formed by three-atom bonds, and torsion of bonds. Non-

bonded interactions are typically represented by Coulomb and Lennard-Jones potentials, 

accounting for charged atoms and induced interactions such as van der Waals forces. The 
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sum of all the specified terms give rise to the equation of the ff which is described as 

follows:64 

𝑈 =  𝑈௕௘௡ௗ௜௡௚ + 𝑈௦௧௥௘௧௖௛௜௡ + 𝑈௧௢௥௦௜௢௡ + 𝑈஼௢௨௟௢௠௕ + 𝑈௅௘௡௡௔௥ௗି௃௢௡௘௦  
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Several software programs are available for conducting MD simulations, with popular 

choices like CHARMM,65 Gromacs,66 NAMD,67 and Amber,68 each offering unique 

features and capabilities.  

MD simulations can be described as a ff application for a system that it is allowed to 

evolve over time from the starting conditions. This simulation takes place within a virtual 

environment or "box" where specific variables are held constant. These variables are 

typically associated with specific ensembles, such as the microcanonical ensemble (NVE), 

canonical ensemble (NVT), or isothermal-isobaric ensemble (NPT). The simulation can 

be run either on the receptor alone, on the ligand alone, or on the complex formed when 

the ligand binds to the receptor. Typically, the system is placed within an explicit solvent 

box. Depending on the chosen timescale for the simulation, various phenomena can 

occur and be observed and measured. One of the most significant measurements obtained 

by MD is the root mean square deviation (RMSD) that is crucial assess the overall stability 

of the system. It can be calculated separately for the receptor or the ligand and plotted in 

a single graph to account for the ligand movement during the simulation. The RMSD 

measures the average displacement of atoms at a given moment during the simulation 

concerning a reference structure, typically the initial frame or the crystallographic 

structure. It serves as a valuable tool to analyse structural changes over time 69 and is 

calculated as follows: 

𝑅𝑀𝑆𝐷 = ඩ
1

𝑁
෍[𝑟௜(𝑡) − 𝑟௜(0)]ଶ

ே

௜ୀଵ

 

where 𝑟௜(𝑡)and  𝑟௜(0) are the coordinates of the i-th atom at time t and 0, respectively, 

and N is the number of atoms in the domain of interest.70 

Deviations from the initial coordinates often indicates an unequilibrated simulation. 

However, in an equilibrated simulation, it can happen that the structure oscillates around 

a consistent average conformation and only a subset portion of the macromolecule is 

fluctuating, therefore other parameters must be taken into account, such as the radius of 

gyration (Rg), which measures the compactness of a structure,60 and root mean square 
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fluctuations (RMSF), which are typically associated with the fluctuation of specific 

residues in the context of protein simulations, and is calculated as follows: 

𝑅𝑀𝑆𝐹௜ = ඩ
1

𝐽
෍[𝑟௜(𝑗) − 𝑟௜]

ଶ

௃

௝ୀ଴

 

where 𝑟௜(𝑗) are the coordinates of the ith atom in the time step j, 𝑟௜ their average 

positions, and J is the time of simulations, expressed as the total number of time steps 

collected.70 

1.4.2 Ligand based drug design (LBDD) 

Ligand-based drug design, also known as indirect drug design, is a powerful approach 

in the realm of pharmaceutical research and development. This methodology is 

particularly valuable when structural information about the three-dimensional structure 

of the target receptor is lacking. Instead, it leverages knowledge of molecules that interact 

with the biological target of interest. Ligand-based drug design aims to identify or design 

molecules, known as ligands, that can effectively bind to and modulate the function of 

the target.33 

In contrast to SBDD, LBDD does not necessitate prior knowledge of mechanisms of 

action but relies on structural information and bioactivity data for small molecules. LBDD 

is based on the principle that molecules with similar structures tend to have similar 

properties.71 

Often, LBDD involves retrieving and preparing small molecule libraries. These 

chemical structures are usually represented and processed as molecular graphs, consisting 

of nodes and edges to represent atoms and bonds, respectively. Molecular graphs are 

communicated using connection tables and linear notations. Connection tables contain 

information about atom types, connection types, and coordinates and are found in 

formats like mol2, sdf, and pdb. Linear notations, like Simplified Molecular Input Line 

Entry Specification (SMILES) and Wiswesser line notation, use alphanumeric characters 

and are more compact for storing or transferring large sets of small molecules.33  

The primary LBDD techniques include molecular similarity-based search, QSAR, and 

pharmacophore modelling. 
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Molecular Similarity-Based Search 

Molecular similarity-based search is a straightforward LBDD technique used to 

identify specific small molecules of interest. In this method, small molecule libraries are 

searched using molecular descriptors that are numerical values representing various 

characteristics of small molecules, ranging from simple physicochemical features to 

complex structural properties. These descriptors, derived from experiments, quantum-

mechanical tools, or previous knowledge, include properties like molecular weight, atom 

types, bond distances, surface area, electronegativities, and more.72 Depending on the 

dimensionality, descriptors can be 1D, 2D, or 3D. 1D descriptors represent scalar 

physicochemical properties, while 2D descriptors are derived from molecular constitution 

or configuration, and 3D descriptors are derived from molecule conformation. 

These molecular descriptors allow for rapid comparisons of structural and 

physicochemical features of small molecules. The Tanimoto coefficient (T) is a popular 

tool for measuring similarity between two molecules. While a T value greater than 0.85 

suggests a good fit, it doesn't necessarily indicate biosimilarity. 

Applications of molecular similarity-based search include the identification of novel 

targets based on the chemical similarity of small molecules and predicting off-target 

interactions and adverse drug reactions (off-target prediction).73  

Quantitative Structure-Activity Relationship (QSAR) 

QSAR is a computational technique for establishing relationships between the 

chemical structures of molecules and their biological activity. It is commonly used in 

rational drug design, and it can also be applied to predict various physicochemical 

properties, hence the term quantitative structure-property relationship. QSAR is based on 

the assumption that molecules with similar structures are likely to have similar biological 

activities.74  

Data type determines the statistical approach for building QSAR models. Quantitative 

data are processed using regression-based methods, while graded response data are 

processed using classification-based methods. Common techniques for building linear 

QSAR models include multiple linear regression (MLR), principal component analysis 

(PCA), and partial least square (PLS) analysis.75,76 

In contrast to linear models, biological systems often exhibit nonlinear relationships 

between molecular descriptors and biological activities. Neural networks are widely used 



1 General Introduction 

1.4 Computer aided drug design (CADD) 

 

- 36 - 

for modelling these nonlinear relationships. It is essential to validate QSAR models, and 

this is done using both internal and external validation methods.77  

Ligand-based pharmacophore (LBP) 

LBP is a favoured method when there's a lack of structural information about the 

therapeutic target. According to the International Union of Pure and Applied Chemistry, 

a pharmacophore is defined as a combination of steric and electronic attributes necessary 

for facilitating optimal interactions with a specific biological target structure to either 

activate or inhibit its biological response.78  

LBP is designed to identify a 3D pattern of features that's vital for enabling most input 

ligands to bind effectively to the receptor. This process becomes increasingly intricate 

with more input ligands and their varying degrees of flexibility. Hence, performing a 

conformational search is a crucial, albeit costly, step in LBP. An essential part of LBP 

involves identifying a "bioactive" conformation for an active molecule, serving as a 

reference to align the remaining molecules. In cases where a 3D bioactive conformation 

is unavailable, databases are scoured to find a molecule conformation resembling the 

input ligands. Alternatively, the most active molecule can be geometrically optimized, and 

its resulting minimum energy conformation is considered the bioactive conformation for 

aligning the other molecules. It's crucial to validate the developed LBP before further 

utilization. Much like QSAR, a separate set of molecules is designated as a test set to 

validate the predictive capabilities of the LBP. 

After the selection of active and inactive molecules and the optimization of the 

molecular structure using an appropriate ff, the molecules are superimposed using their 

bioactive conformation or the minimized conformation of the most active molecules. 

Then, the generated pharmacophore model is used to screen databases of compounds.79,80 

(Figure 1.4.3) 
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Figure 1.4.3. Pharmacophore query. Notes: A pharmacophore query is comprised of different features. The features represent 

molecular recognition motifs such as hydrogen bond acceptors or donors, anionic, cationic, hydrophobic, and aromatic groups.81 
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1.5 Circular dichroism (CD) spectroscopy 

Circular dichroism is a spectroscopy that measures the difference in absorption of left 

and right circularly polarised light (CPL) of chiral molecules and it is defined as follows: 

𝐶𝐷 = 𝐴௟ − 𝐴௥ 

It is used for all kind of molecules but it finds the most important application in the 

study of large biological molecules. For example, as protein’s secondary structure is 

sensitive to environments changes, such as temperature or pH, CD is used to check how 

the arrangement change with these variables or with the interaction of other molecules.82  

A molecule is defined as chiral if it cannot be superimposed to its mirror image by any 

combination of rotation, translations and some conformational changes. The two mirror 

images are called enantiomers, all the physical and chemical properties of enantiomers are 

identical except for the way they interact with polarised light and the way that they interact 

with other chiral molecules.17 

Linearly polarised light is an electromagnetic wave whose oscillations are confined to 

a single plane; (Figure 1.5.1) CPL is the result of two linearly polarised light waves of equal 

amplitude that are out-of-phase by a quarter-wave. This results as a helix that can be right- 

or left-handed and their images are non-superimposable. If the vector rotates counter 

clockwise when the observer looks down the axis of propagation, the light is left circularly 

polarized (L-CPL). If it rotates clockwise, it is right circularly polarized (R-CPL).83 (Figure 

1.5.1) 

 

Figure 1.5.1. Representation of linearly, circularly and elliptically polarised light.84 

At the same time, linearly polarized light can be thought as a combination of L-CPL 

and R-CPL with the same amplitude, a solution of chiral compounds creates an 

anisotropic environment where L-CPL and R-CPL propagate at different velocities, 

therefore the phases of the two components changes and the linearly polarized wave starts 
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to rotate. This is called optical rotation and it is quantified with a polarimeter, that 

determines the optical rotatory dispersion (ORD) measuring the optical rotation as a 

function of wavelength.85 

For CD to occur, light has to be absorbed by the molecule, and in particular L- and 

R-CPL are absorbed to different extent because of the difference in indices of refraction 

for the two components. Therefore, CD occurs only at specific wavelengths of light and 

the spectrometer will record it withing a range of specified frequency so that the result is 

a spectrum in which the differential absorption of the components of the radiation is 

displayed as a function of frequency or wavelength.86  

The CD experiments (Figure 1.5.2) starts with a light source which emits unpolarised 

light, it passes through a monochromator which select a specific wavelength and then a 

linear polarizer that filters the light to ensure that all the light waves are vibrating in the 

same plane, making it linearly polarised. Before hitting the sample light pass through a 

modulator, typically a photoelastic modulator or Pockels cell, this component rapidly 

changes the polarization of light between R-CPL and L-CPL, resulting in a beam of light 

that alternates the polarization. The alternating CPL enters the sample cell where the 

analyte is placed inside a cylindrical cuvette and where the two components of light will 

be absorbed to different extent, causing a difference in absorbance. After passing through 

the sample, light is directed to a detector (a photomultiplier tube or a photodiode) that 

measures the intensity for both L-CPL and R-CPL. The difference is recorded at different 

wavelength and the data is plotted as a CD spectrum, showing how the absorbance 

difference varies across the selected wavelength range.83  

 

Figure 1.5.2. Schematic representation of CD experiment 

CD is measured therefore as a difference in absorption of light and according to 

Lambert-Beer, the equation above can be rewritten as  

𝐶𝐷 =  ∆𝐴 = (𝜀௟ − 𝜀௥)𝐶𝑏 
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where ε is the molar absorptivity or molar extinction coefficient that measures the 

probability of the electronic transition, C is the concentration of the sample and b is the 

cell pathlength. Rearranging the equation and dividing the CD by the concentration of 

the sample and the cell pathlength, we can obtain the molar circular dichroism ∆𝜀 which 

is expressed in 𝐿 ∙ 𝑚𝑜𝑙ିଵ ∙ 𝑐𝑚ିଵ (or 𝑀ିଵ 𝑐𝑚⁄ ). For proteins there is another important 

unit for CD, the mean residue molar circular dichroism, substituting the concentration C 

of the protein with the mean residue concentration (CMR) obtaining the molar CD for 

individual protein residues instead of the whole protein molecules so that it is easier to 

compare proteins with vastly different size. Specifically, there are two ways to determine 

the CMR depending on how much is known about the protein: if the sequence is known 

we can obtain it by multiplication if the protein concentration in molar with the number 

of residues, whereas is the sequence is unknown you can estimate is by dividing the 

concentration of the protein in g/L per the average amino acid residue weight of 113 

g/mol.87  

Historically, the unit for CD has always been the so-called ellipticity, expressed in 

degrees (or millidegrees since often the measurement is quite small) which is more 

relatable to optical rotation measurements as it measures the change in the polarisation 

state of a linearly polarised analysed beam. As previously mentioned linearly polarised 

light can be thought as a combination of left and right circularly polarised light with the 

same amplitude. When linearly polarised light pass through the optical active sample, the 

two components are still circularly polarised, but the magnitude is no longer equal, 

therefore its direction is no longer a circle but an ellipse. The ellipticity (θ) is defined as 

the tangent of the ratio of the minor to major elliptical axis. Molar ellipticity can be derived 

as ∆𝜀 to normalise it to pathlength and concentration (or CMR).83  

1.5.1 Applications of CD 

CD spectroscopy is a non-destructive, label-free technique that provides valuable 

information about the chiral properties of molecules. It is widely use to probe the 

conformational, structural and interaction aspects of chiral compounds and mostly 

biomolecules, such as proteins and nucleic acids. 

It can be used to gather information on the secondary structure of proteins and 

peptides as the CD spectra of α-helices, β-sheets, random coils and other structural 

elements are all characteristic for each conformation. Noteworthy with CD one can only 

determine the relative fraction of residues in each conformation but not where each 
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structural feature is located. Hence, it is used mostly to show conformational changes in 

molecules due to changes of pH, temperature, salt conditions, to determine how similar 

a wild type protein is to mutant or to gain information upon ligand binding.88,89 

CD spectroscopy can provide information about the secondary structure and 

conformational changes of nucleic acids, such as DNA and RNA. It is used to study the 

formation of DNA duplexes, triplexes, quadruplexes, and RNA secondary structures, and 

to monitor interactions with ligands or proteins. Furthermore, the CD spectrophotometer 

can be equipped with a temperature control system. The wavelength of the radiation can 

be fixed to a maximum in the CD spectrum of the analyte and temperature can be 

increased gradually recording the CD value at regular temperature intervals. Nucleic acids 

are organised (folded) into higher order structure that are held together by hydrogen 

bonds. As the temperature rises, thermal energy disrupts the hydrogen bonds, causing the 

disruption of the three-dimensional arrangement in a process called denaturation. As 

consequence, the CD value will gradually decrease to 0. The temperature at which this 

denaturation process occurs is known as the melting temperature (𝑇௠), it can be 

calculated from the spectrum and it is defined as the temperature at which half of the 

nucleic acid molecules are denatured. The 𝑇௠ should be registred upon ligand addition to 

trace the improved stability of the three-dimensional arrangement.90  

It is employed also in fields like organic synthesis, drug development, and natural 

product chemistry to analyse of chiral molecules and determining their absolute 

configuration and enantiomeric purity.91
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2 Main project: Developing new ligands targeting G-

quadruplex 

2.1 Nucleic acids and G-quadruplex 

2.1.1 Introduction to nucleic acids 

Since the discovery of the DNA structure by Watson and Crick in 1953,92 research on 

nucleic acids has emerged as a prominent domain of scientific progress. This 

breakthrough started a multitude of investigations aimed at unravelling the intricate 

biological mechanisms occurring within cells, which led to the formulation of the central 

dogma of molecular biology: DNA was defined as the molecule responsible for 

information storage, RNA as a carrier molecule (such as messenger RNA, mRNA) or a 

template molecule (like ribosomal or transfer RNA, rRNA/tRNA), and proteins as the 

dynamically active agents within cells.93 For this reason, for a substantial period of time 

research in medicinal chemistry was largely focused on proteins. One of the main reasons 

was the incorrect hypothesis that a single gene exclusively encoded a single protein 

(enzyme) which in turns catalyse a specific biochemical reaction, the theory is known as 

the One-Gene-One-Enzyme hypothesis and was postulated in the 1940s by George 

Beadle and Edward Tatum.94 In reality, thanks to the discovery that many proteins contain 

more than one polypeptide chain specified by different genes, thanks to apprehending 

that one gene often give rise to more than one polypeptide since genes organise into 

polypeptide-encoding exons and noncoding introns, thanks to the phenomenon of 

alterative splicing  and thanks to the discovery that some genes do not encode a 

polypeptide at all, but functional RNA molecules, the theory was proven wrong and 

nucleic acids research has increasingly played a significant role on the study of biological 

processes for potential therapeutic purposes.95  

Nucleic acids, and particularly DNA, were first discovered in the 1870s by the Swiss 

biochemist Friedrich Miescher, who isolated by precipitation a substance different from 

proteins and lipids for its high content of phosphorus and its resistance to proteolysis 

from the nuclei of white blood cells and called it “nuclein”.96,97 Subsequently, many 

scientists continued the research in this field but it is only thanks to the Russian 

biochemist Phoebus Levene that the composition of the nucleic acids was determined as 

polynucleotide model in which each nucleotide was composed by one of the four 
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nitrogen-containing bases, a sugar molecule and a phosphate group.98 Levene’s proposal 

ended with the identification of the so-called tetranucleotide structure according to which 

nucleotide were always linked in the same order as G-C-T-A repeats. This was also one 

of the causes of the lost interest on nucleic acids in drug developments because, if the 

tetranucleotide theory were true, DNA would have been a monomeric unit that could not 

encode information in its sequence, contrary to proteins that being composed of 20 

different amino acids could explain better the complexity and diversity of the different 

life forms.99 In 1950 the Austrian biochemist Erwin Chargaff published one of the major 

breakthroughs for the discovery of the structure of nucleic acids thanks to his analysis of 

DNA coming from different species.100,101 The first outcome of his research was that the 

nucleotide composition varies among species, hence the tetranucleotide structure was 

proven wrong. The second result was the all DNA maintains certain properties regardless 

of its origin: the so-called Chargaff’s rule, whereby the amount of adenine (A) is always 

similar to the amount of thymine (T) and the amount of guanine (G) is always similar to 

the amount of cytosine (C).102  

The real proof that DNA indeed contains the genetic material was due to the 

contribution of Frederk Griffith and later Oswald Avery, Colin MacLeod and Macylan 

McCarty. Griffith in 1928 postulated the “transforming principle”, he demonstrated that 

genetic material can be transferred and transform living cells. He worked with two strain 

of the bacterium Streptococcus pneumoniae: a virulent (disease-causing) strain and an 

avirulent (non-disease-causing) strain. Killing the virulent strain and mixing its heat-killed 

remains with the living avirulent strain, led to observation that the avirulent strain became 

virulent, causing disease in laboratory mice. Therefore, genetic material could indeed be 

transferred.103 In 1944, Avery, MacLeod and McCarty demonstrated that was DNA that 

could transform the species by isolating the crude RNA and destroying any protein, lipid, 

carbohydrate and RNA and by showing that the remaining DNA was still able to 

transform the avirulent strain whereas its degradation with DNAse lead to the loss of this 

ability.104  

After this major discovery, lots of scientists worked on determining the three-

dimensional structure of DNA. Rosalind Franklin and Maurice Wilkins at King’s College 

London obtained X-Ray diffraction data of DNA fibres and were the firsts proposing its 

helical structure,105,106 this research was continued by James Watson and Francis Crick in 

Cambridge that put together all the information and developed the well-known double 

helix structure of DNA in 1953 which will be described in the next paragraph.92 
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As previously mentioned, nucleic acids are polymers of nucleotides, each composed 

of a pentose sugar (ribose in RNA and 2’-deoxyribose in DNA), a nitrogen-containing 

base or nucleobases and one or more phosphate groups. The building block for the 

synthesis contains three phosphate groups but two are lost during the process, meaning 

that in a strand each nucleotide contains one phosphate group. The nucleobases may be 

double-ring purines such as adenine (A) and guanine (G) or single-ring pyrimidines, as 

cytosine (C), thymine (T, in DNA) and uracil (U, in RNA). The carbon atoms in the sugar 

are numbered as 1’ to 5’, the nucleobase is linked to the C1’ forming the N-glycosidic 

bond and the phosphate is bonded to the C5’. The chain is formed by the formation of 

the phosphodiester bond linking the hydroxyl of the C3’ to the phosphate of the following 

nucleotide.102 A representation of the different nucleobases, of the nucleotide and of a 

strand can be depicted in Figure 2.1.1.  

 

Figure 2.1.1. Schematic representation of a nucleic acid structure showing the chemical structure of the sugars, phosphate groups and 

nucleobases. 
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The pentose sugar is non-planar (puckering) and can adopt various conformations 

which are described using pseudo rotation parameters P am ϕm as function of the five 

endocyclic torsion angles, although it has been demonstrated by Altona and 

Sundaralingam107  that in the crystal structure of isolated nucleosides and nucleotides, 

there are two preferred geometries: the north conformer C3’-endo type and south 

conformers C2’-endo type which are depicted in Figure 2.1.2. Also, the phosphodiester 

backbone can be described with six torsion angles that are correlated one another.108 

Lastly the glycosidic torsion angle Χ can also assume different conformations but it has a 

preference for two of them: syn and anti which are also depicted in Figure 2.1.2.109   

 

Figure 2.1.2. (left) Wheel of the sugar pucker with all the possible conformations, C3’-endo and C2’-endo are depicted as they are the 

two preferred conformations. Figure adapted from Egli110 (right) Representation of the two possible glycosidic torsion angles. 

The secondary structure of nucleic acids is stabilized by base-pairing, which forms 

when two nucleobases interact through hydrogen bonds (H-bonds) at one of the three 

interaction sites of each base, which are described as Watson-Crick edge, Hoogsteen edge 

and sugar-edge.111 By definition, base pairing requires the formation of at least two H-

bonds and therefore Saenger et al. defined 29 different possible base pairs (with at least 2 

H-bonds) taking into account not only the edges involved, but also their orientation.112 

The structural differences of nucleic acids range from minor variations in some local 

parameters of the Watson-Crick paired duplex structure to structure that are completely 

different, even in their essential features as handedness, base-pairing scheme or number 

of strands. In a recent review it has been revealed that all but four letter of the English 

alphabet have already been used to indicate the various structural geometries adopted by 

DNA.113 
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One of the possible base pairings is the one named Watson-Crick. The model 

proposed by Watson and Crick included the paring between a purine and a pyrimidine 

and, more specifically, A with T/U and G with C. This base-pairing give rise to the most 

common secondary structure motif, the helix. Within helical structures, DNA or RNA 

strands engage in complementary base pairing interactions, resulting in their alignment in 

a coiled helical configuration that is stabilized by stacking interactions. These strands are 

typically arranged in an antiparallel manner. The formation of helical structures gives rise 

to two distinctive grooves, often referred to as the major and minor grooves, distinguished 

by their respective sizes.92  

In nature, three primary types of helices are observed: A- and B-helices (right-handed), 

and Z-helices (left-handed), which are depicted in Figure 2.1.3. A-helices exhibit a C3’-

endo sugar-pucker configuration, while B-helices display a C2’-endo sugar-pucker 

configuration. In both cases, the nucleobases adopt an anti-configuration concerning the 

sugar moiety. Naturally occurring DNA is typically found in a double-stranded state, 

predominantly as B-DNA which is the model described by Watson and Crick (also called 

dsDNA). Conversely, double-stranded RNA is generally observed in the A-

conformation.114  

As previously mentioned, together with these canonical structures, also non-canonical 

structures are present in nature, which are termed non-B forms, and they have been 

demonstrated to influence critical genetic processes such as DNA replication, 

transcription, recombination and repair and they include the left-handed helix Z-form, i-

motif and G4.115 During this work, the attention will be focused on one of these possible 

arrangements, namely the G4 that has been the focus of the main project. 
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Figure 2.1.3. Different types of helices forms of DNA based on X-ray fibre diffraction analysis. Twelve-base-pair fragments of calf 

thymus A-DNA and B-DNA with arbitrary sequence dATCGATCGATCG and of Z-DNA with alternating sequence 

dCGCGCGCGCGCG. In the top row, the straight helix axis is vertical, and the view is into the minor groove at the helix center.116  

2.1.2 G-quadruplex structure 

The first difference in structure of G4 from B-DNA is the different base pairing, the 

Hoogsten type which employs the so-called Hoogsteen edge that is defined by N6 and 

N7 in A and O6 and N7 in G. These non-canonical base pairs provide additional 

interaction pattern for building triplets and quartets, which are the fundamental structural 

units of triplex and quadruplex, respectively. 

The ability of G-rich sequences to form G4 was first observed in 1910, when a 

concentrated solution of guanylic acid (5’-guanosine monophosphate, GMP) was 

demonstrated to form a gel in water at high millimolar concentrations.117 Only fifty years 

later, though, in 1962 the structure of this gel was determined by X-ray diffraction of 

guanylic acid fibres by Gellert, Davies and Lipsett.118 Thanks to Hoogsten base pairing, 

four GMP units could form a square planar arrangement by cyclic interactions in which 

each G forms in total four H-bonds with two more G, in particular between the imino 

proton H1 and carbonyl oxygen O6 and between the amino proton H2 and one of the 

imidazole nitrogen, N7. This was called G-tetrad and is depicted in Figure 2.1.4. The 

stacking of more of these planes on top on each other (Figure 2.1.4) would form the 
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three-dimensional arrangement producing a helix that would justify the X-ray pattern and 

the jellification at high concentration.118  

 

Figure 2.1.4. Representation of a G-quartet (left) and the resulting three-dimensional G4 with all the possible topologies (right) 

Adapted from Luo et al.119  

G4 can be formed by one nucleic acid molecule, which are known as intramolecular 

(monomeric), or by more than one nucleic acid molecules, thus they are defined 

intermolecular (multimeric). Intramolecular G4 are prevalent in biological context, mostly 

formed by three tetrads, they tend to form rapidly and display a remarkable diversity in 

their conformation, such as folding topology, loop conformation and capping structure.120  

The nucleotide in the sequence that connects the quartets are called loops and they 

can take on various shape: lateral (or edgewise), diagonal, and double chain reversal (or 

propeller). The four Gs forming the G-quartet can be differently oriented (regarding 5’ to 

3’ polarity and can be divided into four topologies: parallel if they have the same polarity 

(↑↑↑↑) often referred to as “propeller”-type, antiparallel if they have opposite polarity 

(↓↑↓↑ or ↑↑↓↓) on adjacent or diagonal  strands (leading to two different geometries: 

“chair”-type and “basket”-type respectively) or hybrid with three strands share the same 

polarity and one has the opposite (↓↓↑↓ or ↑↓↑↑).121–123 (Figure 2.1.4)  

Also, the glycosidic bond of the Gs can be different and as stated above it can be 

either syn or anti depending on the orientation of the strands. Parallel topologies contain 

all anti Gs, whereas antiparallel and hybrid structures contain a mix of syn and anti.124 The 

combination of different loop shapes, strand orientations, and the number of strands 

involved results in a wide variety of G4 structures. It's worth noting that while there are 

theoretically 26 possible G4 topologies, only a limited number of them (6) have been 
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observed in laboratory settings.121,122 This suggests that some topologies may be 

energetically unfavourable, either thermodynamically or kinetically.  

The factors that contribute to the stability of G4 structures and determine their 

specific folding patterns or a combination of patterns involve several key elements: 

stacking interactions, hydrogen bonding, solvation, and the binding of cations. The effects 

of cations on G4es are notably different from their effects on duplex DNA structures.125  

Similar to other nucleic acid secondary structures, the stability of G4s relies on the pi-

pi stacking of consecutive guanines from different tetrads. The relative stability order of 

guanine stacks has been predicted, and it depends on their orientation (from 5' to 3'): 

syn/anti > anti/anti > anti/syn > syn/syn.126 However, this order may not fully align with 

the actual structures, partly due to computational biases. Quantum mechanical 

calculations have provided a more consistent picture, with ΔE values of anti/anti > 

syn/anti > anti/syn > syn/syn.127 The specific folding of a G4 depends on its sequence and 

the buffer conditions (including cation types and co-solvents). Stacking interactions are a 

significant source of energy gain, making it energetically favourable to increase the 

number of G-tetrads. The number of consecutive tetrads often matches the length of the 

guanine tracts, although exceptions can occur.128 Higher-order G4 structures, such as 

dimers, can be formed through the stacking of external tetrads from monomeric units, 

contributing to additional stabilization. Most reported dimer structures exhibit a 5' to 5' 

interface.129 

Hydrogen bonding is another crucial element in stabilizing biomacromolecules, 

particularly the interaction between bases in nucleic acids. In G4, the stabilization of a 

tetrad involves eight H-bonds, and this cooperative effect exceeds the sum of four 

individual G•G pairs. This cooperation arises from charge transfer between pairs of 

guanines, leading to charge separation and stronger donor-acceptor orbital interactions.130 

Cations such as (K+
, Na+, Li+, Mg2+, Ca2+, Sr2+, Pb2+ etc.) play a crucial role in the 

formation and stabilization of G4. These cations are coordinated by the O6 of Gs 

pointing towards the inner channel formed at the centre of the G-quartet. Laszlo and co-

workers in 1980 demonstrated that the driving force for the assembly of GMP is actually 

the cation binding and not the hydrophobic interactions, therefore their presence and 

nature is critical to the formation of G4.131 The cavity formed at the centre of the G-tetrad 

is surrounded by negative charge, therefore dehydrated cations could be stabilized it. The 

electrostatic repulsion between cations could be shielded by the negative changes on the 

O6, meaning that the cation would be positioned in between two G-quartets. Rueda et al. 
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demonstrated by MD simulations that the G4 cavities may indeed be empties but they are 

filled within few ns, so they have a short lifetime.132 

Regarding the nature of these cations, Wong and Wu showed by solid-state NMR 

studies that the stabilization induced by them on GMP self-assemblies has the following 

order: K+>NH4
+> Rb+> Na+>Li+.133 

Noteworthy some bivalent cations (Ca2+, Co2+, Mn2+, Zn2+, Ni2+ and Mg2+) 

demonstrated to be able to enter transiently open G4 and coordinate N7 and O6 

preventing the formation of the G-quartets and therefore inducing the dissociation of 

G4.134 Due to their physiological relevance, the coordination of Na+ and K+ is the most 

studied on X-ray determined structures and two G-quartets form mostly a bipyramidal 

geometry with the cation located between them. Thanks to its small size, Na+ is the only 

cation that is able to coordinate in plane with four Gs as demonstrated in PDB: 1JB7.135  

In general, Hud et al. showed that G4 coordinated with K+ is more stable compared 

to G4 coordinated with Na+ due to two main reasons: the coordination energy and the 

cation dehydration energy. As revealed by their melting temperature Tm, they 

demonstrated that there is a free energy gain from the conversion of Na+ with K+ due to 

the optimal fit of K+ within the coordination sites formed by the G-quartets. However, 

considering the bigger energy difference required for the dehydration of Na+ compared 

to K+, the preference for the latter is more probably due to the greater dehydration energy 

required to remove water from the Na+ shell.136  

The nature of the stabilizing cation is a source of the polymorphism that is known for 

G4. Noteworthy, not only different sequences can adopt different topologies, but a given 

sequence can also fold into different conformation, and for example it has been 

demonstrated that different cations can also induce diverse G4 structures as demonstrated 

by Sen and Gilbert, especially for human telomeric DNA sequences.137  

2.1.3 Biological relevance of G4 

Computational analyses have revealed that potential G4 motifs are not randomly 

distributed in the human genome and are evolutionarily conserved, suggesting their 

significance in various biological processes.  

Early reports identified over 350,000 putative G4 sequences (PQS) using pattern-

based rules, such as  

G௡N௟ଵG௡N௟ଶG௡N௟ଷG௡ 
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where n is the number of G stacks and l1, l2 and l3 are the number of nucleotides 

belonging to loop 1, 2 and 3 respectively. The restraints for the parameters n, l1, l2 and 

l3 vary in different algorithms but the maximum length of the loop is usually set to 7 

nucleotides, on the basis of molecular modelling138 and biophysical studies139 suggesting 

that an increase in the loop length has a major effect on the G4 stability. However, Yang 

and co-workers have recently shown that the major G4 conformation formed by the 

purine rich sequence involved in the regulation of the gene BCL2 contains a 13 nt-long 

chain reversal loop,140 revealing the necessity to refine the prediction algorithm taking into 

account the thermodynamic stability of G4. 

A distinct computational approach is the one using G4 sequencing (G4seq) that 

merging the genome-wide DNA polymerase-stop assay and high-throughput sequencing 

identified more than 716’000 G4s in the human genome in a volume (for a HeLa cell 

nucleus) of 0.22 pL, corresponding to a cellular G4 concentration of 6 μM, which is quite 

remarkable.141–143 

PQS are relatively rare in the human genome compared to what would be expected 

by chance, about one third less suggesting evolutionary selective pressure against G4 

formation in mRNA,144 however they are highly concentrated in gene promoters, 

especially near the transcription start site (TSS).145  

Specifically, G4s exhibit a notable accumulation within a short distance (a few hundred 

bases) immediately preceding the TSS. This proximity suggests increased stability 

compared to G4 found elsewhere in the genome, likely due to their prevalence of one-

nucleotide loops.146  

 Importantly, over 40% of the promoter regions associated with annotated genes 

contain one or more PQS. DNase I hypersensitive sites (NHS) show enrichment in PQS 

in these regions, suggesting structural transitions from dsDNA to an unwound form that 

are prerequisites for transcription activation in gene promoters.147  

The "G4P calculator," (http://depts.washington.edu/maizels9/G4calc.php) assesses 

whether consecutive segments of 100 bases contain a minimum of four sequences, each 

comprising three or more Gs, irrespective of their spacing.148 Maizels and colleagues 

introduced the concept of a "G-quadruplex genome" to describe these motifs' 

involvement in key processes and they adopted a different approach to quantify the 

potential of genomic region to form the G4 (G4P).149 G-protein-coupled receptors, 

sensory perception, nucleosome assembly, ubiquitination and nucleic acid binding are 

examples of functions characterized by low G4P, while functions such as transcription 
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factor activity, cell signalling, muscle contraction, development, growth factors and 

cytokines present high G4P. Interestingly, the distribution of G4P for tumour suppressor 

genes was shifted from the RefSeq (RefSeq, 

http://www.ncbi.nlm.nih.gov/refseq/rsg/about/) median towards lower values, while 

the distribution of proto-oncogenes was shifted towards higher G4P. Analysis of the G4P 

frequency in genomic sequences used as reference standards for well-characterized genes 

shows that motifs with high potential of forming G4s (with loop size 1-12 nt) are frequent 

at the TSS, at the 5’-UTR and at the 5’-end of the first intron, but most of the coding 

regions are depleted of  PQS.148 

The existence of G4 structures in functional parts of the genome has been a subject 

of debate.150 Evidence for the presence of G4 at telomeres have provided using 

engineered antibodies. These antibodies have helped visualize G4 structures both at 

telomeres and outside them.151,152 However, the detection methods typically require cell 

fixation and permeabilization, which may impact cellular integrity. Alternative techniques 

targeting G4s in living cells have emerged, avoiding fixation and permeabilization. As an 

example, recently Di Antonio and co-workers demonstrated G4 formation in vivo in living 

cells through single-molecules fluorescence imaging using a fluorescent probe at a lower 

concentration with respect to biophysical and cellular experiments, leading to a minimized 

global perturbation of G4.153 These methods have contributed to a better understanding 

of G4 distribution in the genome. 

Overall, G4 have emerged as a fascinating area of research in genomics with potential 

roles in various biological processes and disease-related gene regulation. 

G4 and DNA replication 

G4 DNA have a dual role in DNA replication, acting as vital components of metazoan 

replication origins and, simultaneously, as obstacles impeding the replication process.  

In mammalian genomes, numerous DNA replication origins are predicted, a 

significant portion of which (~ 80-90 %) contains GC-rich regions forming origin G-rich 

repeated elements (OGRE), with the potential to form G4 structures. A previous study 

demonstrated that G4 motifs within DNA replication origins are indispensable for 

initiating replication. Disrupting the stability of G4 structures also negatively impacts the 

functioning of these origins, as depicted in Figure 2.1.5a.154 Moreover, a recent 

investigation confirmed that the removal of G4 motifs in OGRE significantly diminishes 

the initiation of replication in mouse cells. Interestingly, introducing a G4 sequence from 
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OGRE into an unrelated origin-free region can create a completely new functional 

replication origin.155 The mechanism behind G4-induced replication initiation appears to 

involve the recruitment of factors responsible for starting replication at origin sites, such 

as the origin recognition complex, the treslin-MTBP complex, and the replication timing 

regulation protein Rif1, all of which have been reported to specifically bind to G4 

structures, both in cell-free environments and within cellular systems.156 

 

Figure 2.1.5. Possible G4 influence mechanism on replication. Adapted from Teng et al.156  

On the other hand, as DNA replication commences, replicative helicases are 

responsible for separating the two DNA strands. While the leading strand undergoes 

continuous synthesis, the lagging strand's synthesis follows a discontinuous pattern, 

causing it to become momentarily single-stranded and rendering it inherently more 

susceptible to the formation of G4 structures. This has the effect of stalling the DNA 

replication machinery, as illustrated in Figure 2.1.5b. 

To enable the DNA polymerase to utilize the DNA strand as a template, G4 structures 

must be effectively resolved. Numerous DNA helicases have demonstrated their capacity 

to both bind to and unwind G4 structures in in vitro experiments. Among these helicases 

are human counterparts like WRN, BLM, FANCJ, and PIF1. Dysfunctions related to 

these helicases have been linked to genomic instability and an elevated risk of cancer.157 

In cell lines derived from human patients afflicted by Fanconi anaemia, it has been 

observed that the loss of the ability to unwind G4 is correlated with genomic deletions 

that overlap regions with high PQS.158 This observation underlines the significance of the 

capability to resolve G4 structures in connection with human diseases. 

Additionally, research by Paeschke et al. has postulated that the resolution of G4 by 

the PIF1 helicase serves to suppress genome instability.159 This highlights the crucial role 

played by helicases in maintaining the stability of the genome.  
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G4 and gene transcription  

G4s influence gene transcription in complex ways, and their impact depends on 

factors such as their orientation (on the template or non-template strand) and their 

location concerning the TSS. When G4 structures are present on the DNA template 

strand during transcription, they obstruct the progress of RNA polymerase (as depicted 

in Figure 2.1.6a). This obstruction leads to the interruption or even termination of 

transcription, directly reducing the expression of the target genes.160,161 Notably, G4s on 

the non-template strand of DNA can also disrupt the transcription process by forming a 

stable RNA/DNA hybrid with the nascent RNA, as illustrated in Figure 2.1.6b.162–164 

In contrast, recent research has revealed that G4s on the non-template strand can 

interact with and stabilize a structure called an R-loop,165 facilitating transcription through 

a mechanism involving the repeated formation of R-loops.166 However, it's essential to 

note that the spreading of R-loops caused by numerous stabilized G4 structures can lead 

to the accumulation of DNA double-strand breaks (DSBs) in human cancer cells, 

resulting in genome instability and triggering cell apoptosis.167 

 

Figure 2.1.6. Possible G4 influence mechanism on transcription Adapted from Teng et al.156  

As reported above, G4s have been mapped and found to be enriched in cancer 

breakpoints and near the TSSs of highly transcribed genes in human cells, especially in 

oncogenes, such as c-MYC, BCL2, KRAS, c-KIT, and VEGF.156  

G4s found in TSSs play diverse roles during gene transcription (Figure 2.1.6c). A 

prominent example is the G4 in the promoter of the BCL2 gene, which encodes a protein 

that inhibits apoptosis and is overexpressed in various tumours and diseases.168 Three 

promoters have been identified in BCL2: P1, P2, and M. The P1 promoter contains 

multiple G4 DNA sequences. Of these, Pu39 has six runs of guanine tracts and acts as a 
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transcriptional silencer during BCL2 expression.169 Mutations in the Pu39 site have been 

shown to increase P1 activity, indicating its regulatory role. Several transcription factors 

can bind to Pu39 and relieve its inhibitory effect on BCL2 expression.170–172 Similar to 

Pu39, the G4 P1G4 and P32 also function as BCL2 transcription repressors. The 

regulation of G4s near the P1 promoter on BCL2 expression relies on the transcription 

factors recruited by these G4s. The interplay between different G4s and their cross-talk, 

especially for Pu39 and P1G4, is an area of further study.173,174 

Similar to BCL2, the oncogene KRAS also contains putative G4 sequences, each with 

distinct characteristics relative to the TSS. The interactions of these G4s with transcription 

factors influence KRAS transcription.175,176 

Another example is the G4 in the promoter of c-MYC, a significant driver of cancer.177 

The G4 sequence Pu46 contributes to most of c-MYC transcription and can form stable 

G4 structures with multiple topologies. It serves as both a suppressor of c-MYC 

expression and a recruiter of other transcription factors that regulate c-MYC 

transcription.178,179 NM23-H2, nucleolin, SP1, and CNBP are among the transcription 

factors that interact with Pu46. These factors either maintain the single-stranded form of 

Pu46 to activate c-MYC transcription or contribute to G4 formation and stabilize Pu46 

to inhibit c-MYC expression.180–184  

G4 in telomeres 

Telomeres are specialized DNA sequences, often complexed with proteins situated at 

the ends of linear chromosomes in eukaryotic organisms.185 They serve to shield 

chromosome ends from homologous recombination, prevent recognition as double-

strand breaks, and offer a solution to the "end-replication problem”.186  

The structure of telomeric DNA typically consists of repetitive sequences rich in G 

and varies between organisms. In humans, it comprises a 10-15 kilobase double-stranded 

region and a 150-250 nucleotide single-stranded 3'-overhang which in humans is 

composed by d(TTAGGG) repeats.187 This 3'-overhang plays a vital role by recruiting 

specific proteins called shelterin that protect telomeres and serving as a primer for 

telomerase-mediated extension. It can also form alternative structures such as G4 and T-

loops, with the latter being proposed as a primordial mechanism for chromosome-end 

protection.188,189  



 Main project: Developing new ligands targeting G-quadruplex 2 

 Nucleic acids and G-quadruplex 2.1 

 

- 57 - 

 

Figure 2.1.7. Influence of telomeric G4 formation on various mechanism.190 

G4 formation is demonstrated to play crucial role on different mechanisms involving 

telomeres. (Figure 2.1.7) At first, G4 structures were demonstrated to serve a crucial role 

as a protective cap for telomeres,191 preventing the degradation of the 3'-tail single-

stranded section by nucleases. This function ensures the overall integrity of the telomere. 

However, it's important to note that G4 structures could also pose a potential threat to 

telomere integrity. If found within the double-stranded repetitive segment of the 

telomere, G4 can potentially impede DNA replication carried out by DNA polymerase. 

In cases where specific G4-binding proteins like helicase WRN,192 Pif1,193 DNA2 

nuclease,194 and EXO1195 are lacking, replication at the telomeres might slow down or 

even halt altogether, leading to possible collapse. Consequently, G4 structures play a dual 

role in the maintenance of telomere integrity. Moreover, G4 structures exert influence on 

the activity of telomerase.156  

Telomerase is the enzyme responsible for adding DNA repeats to the 3’-overhang of 

telomeres, effectively addressing the "end-replication problem." It is composed of TERT 

(telomerase reverse transcriptase) and TER (telomerase RNA) subunits, with their size 

and sequences varying among species.196 The TERT subunit attaches to the single-

stranded telomeric DNA and is recruited to the telomeres by TPP1. Telomerase helps 

elongate telomeres in a processive manner, with the RNA template portion pairing with 

single-stranded telomeric DNA. After adding one telomeric repeat, the overhang 

dissociates briefly from the RNA template before base pairing to add another repeat, and 
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so on. The precise mechanism of re-aligning the DNA overhang with the RNA template 

is not entirely clear. Telomerase processivity can vary under different conditions.197 

Telomeres play a crucial role in determining the replicative potential of a cell. In 

normal human cells, telomeres shorten with each division, ultimately reaching a certain 

size that according to the Hayflick Limit lead to cellular senescence.198 Conversely, cancer 

cells, which need to proliferate extensively, exhibit high levels of telomerase activity to 

maintain telomere length and evade this limitation in 80-90 % of human carcinomas.199 

Notably, some tumours utilize an alternative mechanism known as the "alternative 

lengthening of telomeres" (ALT) pathway, which relies on homologous recombination 

and a different type of telomeric overhang structure.200 

Early research revealed that the folding of telomeric DNA into G4 impedes the 

elongation of telomeres in the ciliate Oxytricha nova.201 Furthermore, antiparallel and hybrid 

G4 structures formed by telomeric overhangs hinder telomerase elongation.202–204 

Notably, the POT1-TPP1 complex has the capability to bind to and unwind all types of 

telomeric G4 structures, including parallel, antiparallel, hybrid, or two contiguous 

quadruplexes, through a mandatory unfolding process.205,206 The replication protein A 

(RPA), situated at the telomere, functions as a telomere end-binding protein and facilitates 

the unwinding of G4 structures. Once the POT1-TPP1 complex or RPA disrupts 

telomeric G4 structures, telomerase can then effectively elongate the telomere.207,208 

G4 in RNA  

RNA G4s have been a subject of extensive discussion and scrutiny since the early 

1990s.209 Initially, their existence and roles in cellular processes were questioned. In 2016, 

Bartel and colleagues used reverse-transcriptase stop assays after DMS-treatment to 

propose a widespread unfolding of RNA G4s in eukaryotic cells and their gradual 

disappearance in prokaryotic cells.210 Recently, concrete evidence for RNA G4 formation 

within cells has been provided by the Balasubramanian lab, employing G4 structure-

specific antibodies.211  

These RNA G4 structures are found in various RNA types, including mRNAs, 

especially in untranslated regions (UTRs), long non-coding RNAs (lncRNAs), and 

telomeres. Interestingly, telomeres, once considered transcriptionally silent, are now 

known to produce TERRA RNAs, transcribed by RNA polymerase II, involved in 

chromatin remodelling and the regulation of telomerase activity.212–214 TERRA transcripts, 

originating from the C-rich strand of telomeric DNA, consist of tandem repeats of 
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r(UUAGGG) with variable lengths and exhibit G4 structures both in vitro and in vivo.215–

218 TERRA acts as a potent ligand for telomerase but not as its substrate, inhibiting 

telomerase activity and participating in the regulation of telomere length.219 There is also 

evidence suggesting that TERRA can directly interact with telomeres, forming 

DNA/RNA hybrid G4 structures that play a role in telomere end protection.220–222 

Decreased TERRA levels have been observed in various telomerase-positive cancer types, 

implicating TERRA in age-associated neurodegenerative diseases such as Alzheimer's, 

Parkinson's, and amyotrophic lateral sclerosis (ALS).223–225 Moreover, TERRA plays a role 

in regulating telomeric heterochromatinization and development.226 

RNA G4s, as well as G-rich regions with PQS, are known to exert specific regulatory 

functions, particularly in modulating translational efficiency. In cap-dependent translation 

initiation, the 40S ribosomal subunit scans mRNA from the 5'-cap towards the 3´ 

direction, determining the TSS.227 G4 formed within the 5´-UTR downregulate 

translation. The position and thermal stability of these G4 structures influence the degree 

of translation inhibition. G4s located more than 50 nucleotides from the 5´-cap or with 

low thermal stability tend to have a limited regulatory effect.228 On the other hand, in cap-

independent translation initiation, G4s can promote translation when situated close to the 

internal ribosome entry site (IRES), as seen in FGF2 or hVEGF.229,230 The IRES serves 

as an alternative ribosome recognition site and is utilized under various cellular conditions. 

Additionally, G4 structures in the 3´-UTR can influence translation efficiency. The exact 

mechanism remains poorly understood, but it is thought to involve mRNA maturation, 

localization, and interactions with auxiliary proteins, potentially linked to polyadenylation 

and alternative poly(A) sites.231–233 Polyadenylation affects mRNA stability, export, and 

translation by shortening the 3´-UTR, and G4 structures have been associated with 

increased polyadenylation efficiency and the usage of alternative poly(A) sites.234,235 

G4s also have indirect effects on translational efficiency, impacting mRNA 

maturation, localization, and interactions with other molecules.236 They can influence the 

localization of lncRNAs237 and microRNAs (miRNAs) in regulatory processes.238 

Furthermore, G4 have been identified not only in the human genome but also in 

various non-human organisms, including human pathogens,239 including viruses240,241 like 

human immunodeficiency virus I (HIV),242–244 hepatitis C virus (HCV),245 Zika,246 Ebola,247 

and SARS-CoV-2.248 Recently, researchers have even found G4 in plant genomes.249 

Interestingly, while DNA G4 exhibit a diversity of folding topologies, RNA G4 tend 

to adopt an all-parallel folding with propeller loops, irrespective of the flanking 
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nucleotides and the experimental conditions.250 RNA G4s are thermodynamically more 

stable than DNA G4s,251 and the structural rationale for this stability has been proposed 

by Neidle and co-workers on the basis of X-ray data and molecular modelling.252 Their 

stability is attributed to interactions involving the 2’-hydroxyl group, phosphate, backbone 

oxygen atoms, and polar groups from the bases, which create a strong hydrogen bonding 

network within the structure, reducing the number of structural water molecules. These 

extensive intramolecular contacts confer stability to the overall structure.253 

2.1.4 Targeting G-quadruplex with small molecules 

Recognition of the biological significance of G4 has driven the research and 

development of small molecule ligands that interact with G4. The discovery of G4 

structures in critical genomic regions, such as human telomeres and oncogene promoters, 

has provided a unique opportunity for targeted cancer-specific drug development.254–259 

In 1997, the potential therapeutic application of targeting telomeric G4 to inhibit 

telomerase was first reported and has since been actively pursued.255–258,260 G4-ligands have 

also been found to hinder the ALT pathway, responsible for maintaining telomere stability 

in about 15% of cancer cells.261–264  

The regulatory potential of G4 on cancer cell growth is further substantiated by their 

possible presence in the promoter regions of various human genes, including 

retinoblastoma susceptibility,265 insulin,266 muscle-specific,267 vascular endothelial growth 

factor,268 hypoxia-inducible factor 1α,269 fragile X mental retardation genes,270–272 and 

oncogenes like c-MYC,179,273–275 K-RAS,176, BCL2,276–278 c-KIT,279,280 or RET oncogenes.281 

As a result, there is ongoing research exploring novel anti-cancer therapeutic strategies 

with G4-DNA at their core.282 

To date, there are over 1000 compounds which showed interesting G4-binding 

activity, and more information on them can be found in the website www.g4ldb.org. 

The development of small molecules aimed at targeting G4 has been actively pursued 

through traditional experimental and computational screening methods, as well as rational 

drug design approaches. These efforts have been crucial in designing G4-specific 

ligands.283,284 Additionally, the structural information obtained from complexes formed 

between G4s and ligands has significantly contributed to our understanding of how small 

molecules recognize G4 structures, guiding the design of G4 -specific compounds.285,286 

This includes the determination of several NMR solution structures of intramolecular G4-

ligand complexes, such as those involving the c-MYC 283,287–289 and the telomeric G4,284,290–
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292 as well as X-ray crystallographic structures of both intramolecular and intermolecular 

complexes formed between ligands and target.286,293–299 

The telomeric G4 ligand known as PIPER (N,N′-bis(2-(1-piperidino)ethyl)-3,4,9,10-

perylenetetracarboxylic acid diimide), depicted in Figure 2.1.7, which has a wide 

hydrophobic core and two amine extensions, was initially discovered by Fedoroff and 

colleagues.300 Interestingly, Liu and co-workers had previously explored this molecule as 

a selective ligand for both G and C-rich DNA.301 When interacting with the intermolecular 

G4 motif derived from the [dTTAGGGTT]4 sequence, it was observed that a 1:1 complex 

formed initially. As more ligand was added, a 2:1 ligand to G4 ratio was reached, indicating 

the existence of two potential binding sites with slightly different affinities. Notably, a 

stable tail-to-tail G4-ligand-G4 complex was formed using the [dTTAGGG]4 sequence. 

Moreover, when employing the potentially more biologically relevant [dTAGGGTTA]4 

sequence, PIPER exhibited an alternative binding mode characterized by threading 

intercalation at the GT step. Subsequent evaluation of PIPER's biochemical effects 

revealed its ability to inhibit helicase Sgs1-mediated G4 unfolding, suggesting a broader 

mechanism for G4 ligands.302   

In 2002, researchers identified a small molecule called TMPyP4 (depicted in Figure 

2.1.7), which stabilizes the G4 structure formed in the c-myc promoter. This discovery 

led to the inhibition of c-myc expression, highlighting the therapeutic potential of 

targeting promoter G4 for transcriptional regulation.179,303 TMPyP4, a porphyrin 

derivative (5,10,-15,20-tetra-(N-methyl-4-pyridyl)porphine), developed by Wheelhouse 

and colleagues, is renowned as one of the most well-known G4 ligand.304 This molecule 

was deliberately designed to possess the appropriate shape and dimensions required to 

stack on top of a G4. 

Initially, the cationic porphyrin TMPyP4 was shown to have the capability to bind to 

and stabilize G4 within human telomere sequences, consequently inhibiting telomerase 

activity. To gain a deeper understanding of the mechanism underlying telomerase 

inhibition by TMPyP4, researchers conducted a cDNA microarray analysis on cells treated 

with TMPyP4 and TMPyP2, a positional isomer of TMPyP4 with low affinity for G4 

which is also depicted in Figure 2.1.7. The analysis of time course data from the 

microarray experiments revealed that TMPyP4 and TMPyP2 treatments led to alterations 

in the expression of several gene clusters. Among these, the c-myc oncogene, was 

specifically down-regulated by TMPyP4 but not by TMPyP2. The hTERT gene, 

responsible for encoding the catalytic subunit of telomerase, is transcriptionally regulated 
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by c-MYC, and TMPyP4 was found to decrease the transcripts of human telomerase 

reverse transcriptase. This suggests two possible mechanisms for the impact of TMPyP4 

on telomerase activity. Moreover, TMPyP4, but not TMPyP2, demonstrated the ability to 

prolong survival and reduce tumour growth rates in two xenograft tumour models.305  

 

Figure 2.1.7. Chemical structure of PIPER, TMPyP4 and TMPyP2 

Various categories of compounds, including quindolines and ellipticines, have been 

documented to hinder the transcription of the c-MYC gene by stabilizing the G4 structure 

within the c-MYC promoter.306–309 Subsequently, other compounds that stabilize G4 in 

gene promoters were found to repress the transcription of different oncogenes. 

McLuckie and colleagues, employing a functional cell-based assay, identified two 

novel G4-ligands, specifically two Benzo[a]phenoxazines (depicted in Figure 2.1.8). These 

compounds demonstrated a reduction in the transcription of a luciferase reporter gene 

under the control of the G4-containing c-KIT gene promoter. Additionally, they showed 

that these molecules led to decreased expression of the endogenous c-KIT gene in a 

human gastric carcinoma cell line. Biophysical analysis, using surface plasmon resonance, 

revealed that these ligands exhibited a strong preference for binding to one of the two G4 

sequences within the c-kit promoter over dsDNA.310  

 

Figure 2.1.8. Benzo[a]phenoxazine designed by McLuckie et al.310  

Wang et al. conducted a study demonstrating that the G4 structure within the human 

BCL2 gene was disrupted when a partial mutation changing G to A was introduced. This 

mutation resulted in a twofold increase in the basal transcriptional activity of the BCL2 

gene promoter. Indolquinoline derivatives (depicted in Figure 2.1.9), which are highly 

active G4-ligands developed by their research group, were found to significantly suppress 
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the activation of BCL2 transcription but was less effective on the transcription of the 

mutated BCL2 gene. These findings provided direct evidence that the G4 structure 

formed in the BCL2 promoter region could function as a transcriptional repressor 

element, and G4-specific ligands could regulate the transcription of BCL2 by stabilizing 

the quadruplex structure. Moreover, the results indicated that quindoline derivatives could 

induce apoptosis in HL-60 tumour cells.311  

 

Figure 2.1.9. Quindoline derivatives synthesized by Wang et al.311 

In 2013, Lavrado and colleagues reported the synthesis of 20 compounds derived 

from the same scaffold (named indolo[3,2-b]quinolines (IQb)) with mono-, di-, and 

trisubstituted basic side chains. The chemical structure of one of these ligands is displayed 

in Figure 2.1.10. Molecular modelling studies were also conducted to understand the 

binding orientations of these ligands with G4. The results suggested the thermal stability 

of different G4 DNA sequences increased upon ligand binding when they had an N5-

methyl or a 7-carboxylate group and propylamine side chains. Selectivity between G4 and 

dsDNA appeared to be influenced by the number and relative positions of basic side 

chains. Among all the IQb derivatives studied, the novel trisubstituted compounds which 

featured a 7-(aminoalkyl)carboxylate side chain, stood out as the most promising 

compounds. They exhibited high G4 thermal stabilization with a preference for Hsp90A, 

KRas21R, and F21T, a 10-fold selectivity for G4 over dsDNA, and a 100-fold selectivity 

for the HCT116 cancer cell line over primary rat hepatocytes. These compounds led to 

decreased protein expression levels of Hsp90 and k-ras in HCT116 cancer cells.312 

 

Figure 2.1.10. Indolo[3,2-b]quinoline derivatives designed by Lavrado and colleagues.312  
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In 2015, the same research team proposed the synthesis of novel derivatives of 

indolo[3,2-c]quinolines (IQc) designed to target DNA and RNA G4 within the promoter 

and 5'-UTR mRNA of the k-ras gene, which are depicted in Figure 2.1.11. Biophysical 

experiments demonstrated that di-substituted IQc compounds effectively stabilized k-ras 

G4 and selectively inhibited the proliferation of k-ras mutant cancer cell lines (0.22 < IC50 

< 4.80 μM). These compounds also reduced k-ras promoter activity in a luciferase 

reporter assay and lowered both k-ras mRNA and p21KRAS levels in mutant k-ras colon 

cancer cell lines. Furthermore, IQcs induced apoptosis in cancer cells, in part due to their 

capacity to repress KRAS gene expression.313 

 

Figure 2.1.11. Indolo[3,2-c]quinoline derivatives designed by Lavrado and colleagues.313  

More recently, it has been observed that compounds known to stabilize G4 structures 

can induce damage to DNA, leading to genomic instability. Moreover, they exhibit a 

synergistic effect when combined with inhibitors or the deficiency of DNA repair 

mechanisms.192,314–317 

Salvati and their colleagues reported that the stabilization of G4 DNA by RHPS4 

(3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-kl]acridinium methosulfate), depicted in 

Figure 2.1.12, results in the uncapping of telomeres. This, in turn, triggers the specific 

recruitment and activation of poly-adenosine diphosphate (ADP) ribose polymerase I 

(PARP1) at the telomeres. PARP1 forms multiple ADP-ribose polymers that co-localize 

with the telomeric repeat binding factor 1 protein and are inhibited by selective PARP(s) 

inhibitors or PARP1-specific small interfering RNAs. Knocking down PARP1 prevents 

the repair of RHPS4-induced telomere DNA breaks, leading to an increase in 

chromosome abnormalities and ultimately inhibiting the growth of tumour cells, both in 

vitro and in xenograft animal models. Remarkably, when combined with a Topoisomerase 

I inhibitor (a class of compounds that acts as anticancer agent interfering with DNA 

replication and therefore leading to cancer cell death), this multi-component treatment 

strategy has proven to be highly effective, resulting in complete regression of the tumour, 

significantly improved overall survival, and curing mice, even when treatments are 
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initiated at a very late stage of tumour growth. This research unveiled an uncharted 

connection between PARP1 and G4-ligands, demonstrating the excellent efficacy of a 

multi-component strategy that involves the use of PARP inhibitors in telomere-based 

therapy.315 

Pyridostatin (PDS) has also emerged as a promising platform for developing ligands 

aimed at targeting G4 as a therapeutic approach to inhibit cancer growth. The chemical 

structure of PDS is depicted in Figure 2.1.12. In 2013, the research groups of 

Balasubramanian and Jackson demonstrated that PDS induces growth arrest in human 

cancer cells by causing replication- and transcription-dependent DNA damage. A 

genome-wide analysis using chromatin immunoprecipitation sequencing of the DNA 

damage marker γH2AX revealed the distribution of sites where PDS induces damage, 

highlighting its affinity for regions with a propensity for G4 formation. This led to the 

modulation of gene expression, including the proto-oncogene SRC. Notably, PDS 

reduced the abundance of SRC protein and suppressed SRC-dependent cellular motility 

in human breast cancer cells, validating SRC as a target of this drug. This unbiased 

approach to defining the sites of drug action within the genome sets the stage for 

discovering functional interactions between DNA and drugs.316 

Subsequently, McLuckie and colleagues reported that PDS stabilizes G4s within cells, 

provoking a DNA damage response characterized by the formation of DNA DSBs. Cell 

death caused by ligand-induced G4 stabilization can be enhanced in cells deficient in 

DNA damage repair genes. Their findings demonstrated that PDS acts synergistically with 

NU7441, an inhibitor of the DNA-PK kinase vital for nonhomologous end joining repair 

of DNA DSBs, as well as in BRCA2-deficient cells that exhibit genetic impairments in 

homologous recombination-mediated DSB repair. These G4-targeting ligands have a 

promising potential as cancer therapeutic agents, particularly when combined with the 

inhibition or mutation of DNA damage repair mechanisms.317  

In the context of BRCA-deficient cancers, Zimmer and colleagues illustrated that 

homologous recombination (HR) plays a significant role in telomere replication, 

stabilizing and resuming stalled replication, and repairing DSBs. They found that cells 

lacking HR exhibited a substantial reduction in the efficiency of replicating G-rich 

telomeric repeats. Furthermore, treatment with the G4-stabilizing compound PDS 

heightened the fragility of telomeres in BRCA2-deficient cells, indicating that G4 

formation contributes to telomere instability. Significantly, PDS reduced the proliferation 

of HR-deficient cells by inducing DSB accumulation, activating checkpoints, deregulating 
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G2/M progression, and exacerbating the intrinsic replication defect associated with HR 

deficiency. The toxicity of PDS extended to HR-deficient cells that had developed 

resistance to Olaparib through the loss of 53BP1 or REV7. These findings underscored 

the therapeutic potential of G4-stabilizing drugs in selectively eliminating HR-

compromised cells and tumors, including those that had become resistant to PARP 

inhibition.318 

Quarfloxin (CX-3543), an innovative drug, entered phase II clinical trials 

(NCT00780663) as a prospective treatment for neuro-endocrine carcinomas. This 

compound originally belonged to the fluoroquinolone class of compounds, known for 

their dual interaction with topoisomerase II and G4s. Cylene Pharmaceuticals engineered 

Quarfloxin (Figure 2.1.12) by optimizing fluoroquinolone-based structures to create a 

superior compound with potent anticancer properties, while eliminating any residual 

topoisomerase II inhibitory effects. Initially considered a selective binder for the myc G4 

structure, subsequent investigations revealed that Quarfloxin predominantly targets G4 

structures within ribosomal DNA (rDNA) in the nucleolus. This results in the inhibition 

of RNA polymerase I transcription. Notably, Quarfloxin induces apoptosis and 

significantly reduces tumour volume in pancreatic cancer xenograft models, such as 

MDA-MB-231 and MIA-PACA-2. Despite its initial promise, Quarfloxin was later 

withdrawn from clinical studies, leading to the discontinuation of its development.319 

Following this, Cylene Pharmaceuticals developed a derivative of Quarfloxin, known 

as CX-5461 (Figure 2.1.12). CX-5461 has demonstrated the induction of autophagy, but 

not apoptotic cell death, in cancer cells. When administered orally in xenograft models of 

pancreatic carcinoma and melanoma, CX-5461 exhibited in vivo antitumor activity. 

Currently, CX-5461 is undergoing advanced phase I clinical trials for patients with 

BRCA1/2-deficient tumors (NCT02719977). A recent study has shed light on the novel 

mechanism of action of CX-5461, showing that it blocks replication forks and causes 

DNA damage through the formation of single-stranded DNA gaps/breaks. Repairing 

these DNA lesions requires the involvement of the BRCA and NHEJ pathways. 

Moreover, immunofluorescence experiments using a G4-specific antibody indicated that 

CX-5461 primarily induces DNA damage in G4-enriched genomic sequences. 

Biochemical assays further demonstrated that CX-5461 specifically binds to and stabilizes 

these G4 structures, including those derived from myc, c-kit, and telomeres, showing a 

preference for G4 over ds DNA. Additionally, CX-5461 inhibits ribosomal RNA 

biogenesis, highlighting a multifaceted mechanism of action.320  
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Figure 2.1.12. Chemical structure of RHSP4, Pyridostatin (PDS), Quarfloxin and CX-5461 

A Japanese research group, led by Haruo Seto, uncovered a natural product known as 

Telomestatin, derived from Streptomyces anulatus. This compound emerged as a novel ligand 

for telomeric G4 and a telomerase inhibitor (Figure 2.1.13). In Telomerase Repeated 

Amplification Protocol (TRAP) assays (a common technique to determine telomerase 

activity in mammalian cells and tissue samples), Telomestatin exhibited a remarkable 

ability to inhibit telomerase activity with an IC50 value of 5 nM, while showing no activity 

against DNA polymerases such as Taq polymerase.321 The structure of Telomestatin is a 

neutral polycyclic compound consisting of five oxazoles, two methyloxazoles, and one 

thiazoline ring. It is characterized by high hydrophobicity, nearly complete flatness, and 

an ideal size and shape that enables effective stacking on top of G-quartets. Moreover, 

the structural resemblance between Telomestatin and a G-tetrad suggests that its 

telomerase inhibition may result from its ability to either facilitate the formation of G4 

structures or trap preformed G4, thus sequestering single-stranded d[TTAGGG]n primer 

molecules essential for telomerase activity. 

Further structural studies on Telomestatin were conducted, revealing that it promotes 

or stabilizes the formation of intramolecular G4, particularly at high concentrations. A 

simulated annealing molecular docking protocol generated models of four different 

Telomestatin-G4 structures, including two potential 1:1 end-stacked complexes, a 2:1 

complex, and a 1:1 complex in which Telomestatin was intercalated between two G-

quartets.322 The ability of Telomestatin to stabilize telomeric G4 arrangements was 

assessed using a FRET assay, indicating strong stabilization effects on G4 in the presence 

of 100 mM Na+ or 10 mM K+. A competition experiment with double-stranded DNA 

under the same conditions showcased the complete selectivity of Telomestatin for G4s 

over dsDNA.323 In addition to its high affinity for telomeric overhangs, Telomestatin can 

disrupt telomere-specific binding proteins (TRF2 and POT1) involved in the telomere 

capping process. As a result, apoptosis occurs more rapidly compared to simple 
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telomerase inhibitors. Therefore, Telomestatin was categorized as a "telomere disrupting 

agent". It has proven to be an effective anti-proliferative agent, with IC50 values ranging 

from 0.1 to 5 μM in various cancer cell lines, while showing no significant effects on 

healthy cells.319 Unfortunately, Telomestatin faces challenges, primarily its limited 

availability in large quantities through total synthesis or natural extraction. Its high 

hydrophobicity and poor water solubility also present obstacles to its use as a drug.322 

In 2001, Neidle and his research team introduced a well-known G4 ligand, BRACO-

19, featuring 3,6-bis(aminoalkyl) substituted acridine (Figure 2.1.13). This compound was 

meticulously designed through computer modelling to engage with the grooves of G4 

structures while also having the capacity to stack atop a G-tetrad. BRACO-19 

demonstrated remarkable inhibitory activity in the TRAP assay, displaying a 90 nM IC50, 

and exhibited moderate cytotoxicity towards the uterine carcinoma cell line UXF1138L, 

with an IC50 of 2.5 μM. Moreover, it displayed IC50 values of 10.0, 10.1, and 13.0 μM in 

the telomerase-positive human ovarian carcinoma cell lines A2780, CH1, and SKOV-3, 

respectively. Its capability to stabilize the G4 arrangement resulted in a remarkable 

increase of 27.5 °C at a concentration of 1 μM.324–327  

Bisquinolinium compounds have emerged as highly selective ligands for G4s. In 2007, 

Monchaud introduced PhenDC3, a 6,6'-disubstituted-2,2'-bipyridine and 2,9-

disubstituted-1,10-phenanthroline conjugate (Figure 2.1.13). This compound's 

conformation is locked through the formation of intramolecular hydrogen bonding, 

resulting in excellent stabilization of the human telomeric F21T G4 (ΔTm = 29.7 °C), even 

in the presence of dsDNA. Subsequently, several 1,10-phenanthrolines, conjugated with 

benzimidazole moieties, were synthesized to create a ligand capable of distinguishing G4 

present in the promoter regions of oncogenes, from telomeric G4. Among these 

compounds, Phen-Pr (Figure 2.1.13) exhibited robust stabilization of a c-MYC G4, with 

a ΔTm of 20 °C. More recently, the aromatic scaffold has been further modified at 

positions 2 and 9 of the heterocycle, resulting in bis-triazoles and bisoxazoles derivatives. 

(Figure 2.1.13) Specifically, the former displayed moderate stabilization of c-kit and c-myc 

G4, while the latter demonstrated limited affinity for various G4 structures.319 
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Figure 2.1.13. Chemical structure of Telomestatin, BRACO-19, Phen-DC3 and Phen-Pr. 

G4–ligand selectivity at several levels 

Most of G4-binding ligands share three major structural aspects, which enhance G4 

affinity: an extended heteroaromatic chromophore, needed for the pi-stacking interaction 

with the G-quartet; extended side chains which develop into the grooves and loops of 

G4s, improving stability through van der Waals and electrostatic interactions; a positive 

charge, normally at the end of the side chain but also on the chromophore itself, which 

can improve the solubility of the compound in physiological conditions and strengthen 

the pi-stacking interaction with the G-quartet.259 

pi-stacking occurs between the aromatic rings of the ligand and the guanine aromatic 

units, specifically the pyrimidine and imidazole rings.328 These interactions are electrostatic 

in nature and result from the spatial orientation of two similar quadrupoles. They typically 

manifest as edge-to-face or off-centred parallel stacking rather than face-centred parallel 

stacking. Electrostatic interactions involve the sugar-phosphate backbone of the G4's 

grooves, and they enhance the overall binding energy of a ligand to the G4. These 

interactions typically occur between negatively charged phosphate ions in nucleotides and 

positively charged moieties on the ligands, often amines. While ionic interactions favour 

G4 binding, they lack specificity for the G4 motif and can also increase affinity for the 

canonical DNA arrangement with negatively charged major and minor grooves.329–333  

One of the major challenges when developing DNA-binding molecules is obtaining a 

selectivity both versus different sequences of G4 within the genome and versus dsDNA. 

Although there is strong evidence that some G4s have sufficient diversity features, G4 

arrangements share some structural homology that make this intent more difficult. 

Moreover, simultaneously targeting more oncogenes participating in several distinct 

signalling pathways can be therapeutically advantageous when considering large-scale 

profiles of genetic mutations and heterogeneity present in many human tumours. In 

contrast the selectivity towards G4 versus dsDNA is essential in order to avoid or at least 

reduce the side effects that lead to cellular toxicity. Generally, a compound is considered 
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highly selective when its binding energy with G4 is on the order of 107 M-1 while the 

binding energy with dsDNA is at least two orders of magnitude smaller.334 As mentioned 

earlier most of small molecules interact with G4 through quasi-external stacking, with the 

heteroaromatic chromophore pi-stacked onto the face of an external G‑quartet and the 

side chains extended in the grooves. G4 versus duplex selectivity can be explained, at least 

in part, by the difference between the large, highly accessible surface area of a terminal 

quartet compared with the much smaller, less accessible A·T or G·C base pair surface 

area of a typical duplex DNA intercalation site.259  

Furthermore, the objective of many studies is to target specific G4 structures among 

several options. However, due to the limited characterization of G4s in the human 

genome (less than 1%), complete G4 selectivity is challenging. Typically, studies screen a 

small-molecule library (4-6 members), with a small panel of well-studied G4s, occasionally 

revealing selectivity between some of them. Nevertheless, complete specificity for a single 

G4 structure is rarely found. An example can be found in the binding studies performed 

with the alkaloid chelerythrine, which was found to bind to three promoter G4s with 

similar efficiency.335 The challenge arises from the structural similarity of G4s and the 

architectural features shared among most G4s. Nevertheless, it's important to note that 

these variations are usually of lesser significance when compared to the overarching 

structural similarities found in the majority of G4.259  

Finally, achieving cellular selectivity, as measured by differences in cell growth, 

viability, or death when treating cancer cell lines compared to normal cells, is a desirable 

goal. However, attributing these effects to promoter G4 binding remains complex. 

Telomeric G4s are exceptions, as small molecules binding to them are known to inhibit 

telomerase or to induce DNA damage repair in cells, with selective lethality demonstrated 

in cancer cells.315,316,336  Assessing whether a specific gene and its promoter G4 are a 

legitimate target can be done using appropriate assays, for instance for the compound (2-

(4-(10H indolo[3,2 b]quinolin 11 yl) piperazin 1 yl)-N,N dimethylethanamine) that was 

found to effectively bind to the myc G4 in vitro, leading to myc downregulation and cell-

growth inhibition. However, the myc G4 targeting wasn't directly linked to its 

downregulation.337 The influence of small molecules on 'G4 target' genes might therefore, 

be indirect and depends on the compound's nature and cell type.  

These various facets of G4 ligand selectivity contribute to our understanding of how 

these ligands interact with G4 structures, impacting their application in cellular and 

therapeutic contexts.259 
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2.2 Methods to study G4-ligand interactions 

2.2.1 ESI-MS for the study of G-quadruplex:ligand interaction 

As previously discussed, MS functions by converting molecules into ions. In the 

preceding section within Chapter 1.2, the various analysers capable of achieving ionization 

have been extensively covered, all of which are applicable to nucleic acid analysis. 

However, among these methods, ESI has emerged as the preferred ion source due to its 

“soft” ionization process.338–341  

ESI has found widespread use in analysing a diverse range of biomolecules, including 

peptides, proteins, and nucleic acids. The earliest reports on detecting intact dsDNA by 

ESI-MS date back to the early days of native mass spectrometry.342–346  

As mentioned earlier, ESI-MS has garnered its reputation primarily because of its 

"soft" ionization method, characterized by minimal fragmentation. Consequently, non-

covalent interactions, such as those found in ligand-target complexes, remain unperturbed 

during the ionization process.347 ESI-MS is renowned for its sensitivity and demands 

relatively small sample volumes. In standard setups, as little as 20-100 μL of a sample with 

nucleic acid concentrations ranging from 1-10 μM is sufficient for routine analysis. An 

example of an ESI-MS spectrum is depicted in Figure 2.2.1. 

In physiological conditions, nucleic acids tend to carry an excess of negative charges 

on their phosphate groups (their pKa<1), while the bases are generally in a neutral state 

at physiological pH. As a result, the analysis of nucleic acids is typically more sensitive 

when conducted in the negative ion mode. Few research groups have explored the impact 

of both ionization modes on the detection of nucleic acid complexes.348–350 

In the case of noncovalent complexes, employing positive ionization mode for 

analysis posed certain challenges.349 For instance, complexes involving intercalating agents 

could not be reliably detected in the positive ion mode, despite being detectable in 

negative ionization mode where they exist in the solution and complexes featuring minor 

groove binders could be observed in the positive ion mode, but their relative intensities 

did not accurately mirror their abundance in the solution. This discrepancy arises from 

the nature of the charge carriers in each ionization mode. In negative ionization mode, 

the sprayed ions are primarily charged through the phosphate groups, similar to their state 

in solution. Not all phosphate groups remain negatively charged, as many are neutralized 

by counterions. In contrast, in the positive ion mode, the phosphate groups need to be 

entirely neutralized, and in addition, some nucleobases must be protonated. 
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Consequently, the native noncovalent bonds within the complexes are more susceptible 

to disruption in the positive ion mode when compared to the negative ion mode.351  

Nucleic acids rely on an adequate ionic strength to overcome repulsion between 

phosphate groups and attain their folded structures. Typically, mammalian cells contain 

around 139 mM K+, 12 mM Na+, and 0.8 mM Mg2+ ions.352 Unfortunately, these 

conditions are often incompatible with electrospray ionization, as alkali or alkaline-earth 

metals have a strong affinity for oxygen atoms, leading to the formation of non-volatile 

adducts that cannot be removed by increasing the internal energy of the system. In 

contrast, ammonium ions (NH4
+) are volatile; when the system's internal energy is 

elevated, a proton can transfer from ammonium to the biomolecule, releasing NH3. 

Consequently, ammonium acetate is a common choice in native mass spectrometry, and 

its concentration is adjusted to achieve the desired ionic strength, with 150 mM NH4OAc 

closely mimicking physiological conditions.351  

Furthermore, G4 sequences often adopt similar structures when interacting with 

either ammonium or potassium, which is a biologically relevant cation.353 Recent advances 

in experimental conditions allow for the study of G4s in an environment that closely 

resembles physiological conditions and is more biologically meaningful, using potassium 

as the cation for sequence stabilization.354 The strategy entails folding the G4 in a low 

concentration of potassium (1 mM), which doesn't interfere with the ionization process, 

while employing a volatile bulky buffer like triethylammonium acetate (TEAA) to provide 

sufficient ionic strength for efficient ionization. Notably, TEAA is too big to fir in the G4 

cavities, therefore it cannot compete with K+ in the folding process.355 

In some spectrometers, samples can be directly acquired from aqueous solutions, 

although the addition of 10-20% of an organic cosolvent, typically methanol or 

isopropanol, can enhance the sample's volatility and consequently improve the signal-to-

noise ratio.354,356,357 A reliable procedure involves adding 15-20% methanol to the samples 

before infusion to reduce the surface tension of the droplets. Importantly, it has been 

confirmed through CD analysis that the addition of methanol does not induce 

conformational changes or alter peak ratios.358 However, higher concentrations of organic 

solvents, such as 50% methanol, can lead to structural modifications and even trigger a 

shift to a different G4 topology.359–361 



 Main project: Developing new ligands targeting G-quadruplex 2 

 Methods to study G4-ligand interactions 2.2 

 

- 73 - 

 

Figure 2.2.1. Example of MS spectrum of telomeric wtTel23a G4 in presence of a specific ligand. In red we can see the peaks 

corresponding to the complex, in blue and cyan the peaks relative to the free G4 and ligand, respectively. 

In pharmacology, the effectiveness of a drug is assessed based on its ability to 

influence a biochemical process. This effectiveness is closely related to the fraction of the 

target molecules that form bound complexes with the drug. To compare the activity of 

different ligands targeting the same biomolecule, it's valuable to evaluate the fraction of 

the target molecules that form bound complexes at specific concentrations of both the 

total target and ligand.351  

To begin, the intensities of peaks in MS spectra are considered proportional to the 

concentrations of the corresponding species in the analysed solution. Therefore, these 

peak intensities can be used to calculate macroscopic equilibrium binding constants (KD) 

and ligand binding affinity (BA). In this context, KD is defined as the ratio of 

[DNA][ligand] to [1:1 complex], taking into account the total amount of the 1:1 complex 

without specifying the number of ligand binding sites.353 However, it's essential to assume 

that both free and bound nucleic acid fractions exhibit the same instrumental response 

during ionization. This assumption implies that peak intensities accurately reflect their 

relative concentrations in the solution, which can be influenced by ionization efficiency 

and various instrumental factors. Typically, complexed and uncomplexed G4 species 

respond similarly to ESI, but it's necessary to sum the contributions of ion adduct peaks 

for each stoichiometry. Additionally, it's important to consider that species with similar 

m/z values have similar responses, especially when they share the same charge state. 

Therefore, a quantitative analysis is ideally conducted by considering the same charge 

state, and comparing assemblies of vastly different sizes should be avoided. It's 
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recommended to separately determine binding constants for each charge state and then 

calculate an average.358 

Many research papers have employed KA values determined from single mass spectra 

to rank ligands based on their affinities.349,358,362–366 ESI-MS titration, which involves 

collecting mass spectra at different ligand-to-nucleic acid (NA) ratios, can reveal 

stoichiometries that might not be apparent when observing a single concentration. A 

titration curve plots the concentration of the added ligand on the x-axis against the 

concentration of free nucleic acid and/or complexes on the y-axis.  

ESI-MS is generally capable of determining association constants (KA) with values 

ranging from 103 M–1 to 108 M–1.364,367 The individual KD (dissociation constant) values are 

then derived by numerically fitting the titration curves.368,369  

 However, it's important to acknowledge that errors in the determination of binding 

constants can occur due to complex disruption during ionization or transit into the 

spectrometer, leading to underestimation, or due to the fragmentation of the unbound 

nucleic acid, resulting in overestimation.358  

Furthermore, the intensities of the peaks representing different molecular species can 

be used to calculate BA, a semi-quantitative measure describing a molecule's inclination 

to bind with nucleic acid or a larger macromolecular target in general. This parameter is 

calculated as follows:  

𝐵𝐴 =  
∑ ூಸర ್೚ೠ೙೏

∑ ூಸర ೠ೙್೚ೠ೙೏ା∑ ூಸర ್೚ೠ೙೏
× 100 338 

ESI-MS also serves as a valuable tool for visually assessing the relative affinity of a 

ligand for various nucleic acid sequences. In a typical "selectivity screening" arrangement, 

a test compound is simultaneously incubated with a G4 (or different G4 sequences), 

dsDNA, and a single-stranded sequence. 

In addition to evaluating BA, the effectiveness of stabilizing the macromolecular 

structure can be determined through fragmentation techniques. The most common 

method employed is CID, which has already been described in the previous chapter. 

(Figure 2.2.2)  

It's crucial to note that dissociation in a mass spectrometer is an irreversible process. 

Therefore, when ranking complexes in terms of their gas-phase kinetic stability, we refer 

to the dissociation kinetics rather than a dissociation equilibrium. This ranking is typically 

based on ECOM
50%, expressed in electronvolts (eV), representing the centre-of-mass 

collision energy required to promote the dissociation of the complex to half of its original 

intensity. 358 
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The dissociation reaction, measured by MS/MS, involves the ligand breaking away 

from the complex. The value of ECOM
50% can be directly calculated from the plot of the 

relative intensities of the complex that undergoes the dissociation and the applied collision 

energy converted with the opportune formula (that depends of the spectrometer) in eV. 

This plot is referred to as dissociation curve (depicted in the inset in Figure 2.2.2) and the 

relative intensity is determined using the formula:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 % =  
𝐼௖௢௠௣௟௘௫

𝐼௖௢௠௣௟௘௫ + 𝐼ௗ௜௦௦௢௖௜௔௧௜௢௡ ே஺ ௣௥௢ௗ௨௖௧௦
× 100 

This parameter is particularly relevant when assessing small molecules as G4 binders, 

since as previously stated, G4 stabilization is a critical property for triggering biological 

effects.  

 

Figure 2.2.2. Example of CID study. A ligand-G4 complex (wtTel23a), marked with a star in the spectrum, undergoes fragmentation 

by loss of the ligand. In the inset, a dissociation curve as the plot of relative intensity of the complex against collision energy (eV) is 

depicted.  

While ESI-MS provides mass-related information regarding complex stoichiometry 

and their relative intensities, it does not offer insights into the specific binding mode or 

interaction site. However, valuable information can be deduced from the MS spectrum, 

such as characterizing stoichiometry, counting cation adducts, and identifying patterns of 

complex fragmentation. It enables the detection of binding cooperativity and even low-

abundance species with unique stoichiometries. For example, a binding stoichiometry 

limited to a 2:1 ratio suggests an external stacking interaction. Furthermore, the count of 

cation adducts can provide additional insights into the interaction, as ligand intercalation 

can displace one of the cations that stabilize the G4 assembly, an event clearly observed 

by ESI-MS. It's worth considering that in some cases, depending on the structure, ligand 
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interaction may lead to the entrapment of an additional cation.358,370 Xu et al. conducted 

an investigation into the CID patterns for ligand-G4 complexes, revealing that different 

fragmentation patterns correspond to different binding motifs. Intriguingly, complex 

fragmentation by the loss of the small molecule is associated with stacking interactions.371 

2.2.2 NMR spectroscopy of nucleic acids 

NMR is widely used for the structure characterization of organic small molecules but 

also for studying nucleic acids. The simplest analysis that can be performed is 1D-1H 

experiment. Nucleic acids consist as repetitive building blocks and therefore the 1D 

spectrum contains regions where atoms located at the same position in the nucleobase 

resonate. A scheme of the chemical shift dispersion for the various nucleobase region is 

displayed in Figure 2.2.3.  

Imino protons resonate normally between 10 and 15 ppm but as they are acidic 

protons (their 𝑝𝐾௔ value is 9.2)372 they exchange rapidly with the solvent (buffered water) 

so their signal will be broadened due to the detection of an ensemble of chemical shifts. 

When the nucleic acid folds into its secondary structure, these protons become protected 

from solvent exchange give rise to sharper signals which can be detected in the NMR 

spectrum, even though they still remain weaker and broader than the other signals. 

Additionally canonical base-pairs normally lead to lower field imino protons resonance 

with respect to non-canonical base-pairs, i.e., Hoogsteen base-pairs (Figure 2.2.3a, see 

chapter 2.1 for further information). Aromatic protons, such as H2 for adenine, H8 in 

purines and H6 in pyrimidines resonate between 6 and 9 ppm, whereas H5 in pyrimidines 

usually resonate at lower ppm. Their exchange with the solvent is relatively slow, so their 

signal is usually sharp but since 1 or 2 protons for each base are observed in a relatively 

small region the signals are normally overlapping especially with increasing size of the 

nucleic acid.373 

The same problem even at a larger extent applies to the sugar protons which resonate 

between 3.5 and 6.5 ppm, the H1’ protons are normally shifted downfield compared to 

the remaining sugar atoms, overlapping with the aromatic H5 of pyrimidines. Therefore 
1H-1D experiments cannot be the tool for the structure determination of nucleic acids 

but they are normally used to study comparatively fast effects, for example in kinetic 

studies, or to be employed repetitively as in titration experiments.  
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Figure 2.2.3. (a) 1H NMR spectra of 22CT, 22AG (complementary strands) and their 1:1 mixture in different conditions to represent 

the chemical shift difference ∆𝛿ு of the imino protons with different base-pairings: i.) 22CT at pH 4.5; ii.) 22AG at pH 4.5; 

iii.) 22CT + 22AG at pH 7; (iv.) 22CT + 22AG at pH 4.5. Imino protons of thymines in the i‐motif structure are labelled with a star. 

Figure adapted from Phan et al.374 (b) 1H NMR spectra of TERRA12 with annotation of the specific region of resonance of aromatic 

and sugar protons. 

NMR experiment to study the binding of ligands 

Although NMR is a very useful and widely used technique, it is important to keep in 

mind that its sensitivity is rather small, thus it is necessary to operate with high 

concentrated sample (min. ~100 µM) therefore a precise determination of the 

thermodynamic dissociation constant KD for high affinity ligands (KD in the nanomolar 

range) is rather complicated. Nonetheless, once the 1D-1H NMR signals have been 

assigned, their changes can be followed during a stepwise titration of the ligand to a 

nucleic acid sample, as the signals closer to the binding of the ligand will suffer the largest 

variation.  

The binding kinetic has a large impact on the NMR signals and depends on the 

equilibrium between bound and free state which give rise of course to different signals. 

This leads to the three different case scenarios: 

- fast exchange: if the binding constant is significantly larger that the difference of the 

resonance frequencies between bound and free states. In this case only one NMR signal 

per nucleus is observed at the weighted average of the chemical shifts.  

- intermediate exchange: when the 𝑘௕௜௡ௗ௜௡௚ is similar to the difference of the chemical 

shifts, leading to a broad signal that is the most unfavourable event, because the signals 

can even become undetectable. 
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- slow exchange: for high affinity complexes, when the 𝑘௕௜௡ௗ௜௡௚is significantly lower 

than the chemical shifts difference, two signals are observed for each proton. Upon ligand 

addition the signal corresponding to the bound state will increase, whereas the signal 

corresponding to the free state will decrease.375–378 

A representation of the NMR signal changes for the three cases can be seen in Figure 

2.2.4. 

 

Figure 2.2.4. Schematic representation of NMR signal changes during titration with a ligand in the case of a binding process in fast, 

intermediate and slow exchange 

Structure determination of nucleic acid  

As mentioned earlier, more sophisticated methods are needed for determining the 3D 

structure of the nucleic acids. More specifically for the assignment of all signals a 

combination of different 2D NMR experiments has to be used. 

Two-dimensional NOESY usually facilitates the assignment of imino and aromatic 

protons. The quantum chemical nuclear Overhauser effect allows the magnetization 

transfer by cross-relaxation of two different nuclei and depends on the spatial distance 

between the two nuclei but not on the chemical bonds. In the 2D spectrum, cross-signals 

between two signals are observed whose intensities directly related to the distance 

between the two atoms giving the signals.379 (Figure 2.2.5) 
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Figure 2.2.5. NOESY spectra of 26CEB (a) The imino-H8 connectivities (b) Gα·Gβ·Gγ·Gδ tetrad showing the proximity of imino 

and H8 protons (red arrows). (c) The H8/6-H1′ sequential connectivities. Intraresidue H8/6-H1′ cross-peaks are labelled with 

residue numbers. Missing sequential connectivities are marked with asterisks. (d) Schematic structure of the 26CEB G4, guanines of 

the same G quartet are coloured with the same colour. (e) H8/6-H1’ proximity with the various glycosidic bonds. Adapted from 

Amrane et al.380  

NOESY spectra can be useful for several effects that can be observed: 

- imino protons give rise to the so-called “imino-walk” because the distance 

between the imino protons of two consecutive base-pair is below 6 Å in several 

secondary structure (which is the upper limit distance for the formation of cross-

signals), therefore cross-signal between the imino protons of two sequential 

nucleotides can be observed 
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- in G4, the formation of the quartets causes the vicinity of the aromatic H8 of one 

G and the imino H1 of the adjacent G on the same quartet, therefore Gs of the 

same quartet can be easily recognized 

- the H1’ of the sugar and the aromatic proton of both the same nucleotide and of 

the adjacent nucleotide are also sufficiently close to give a cross-signal, therefore 

it is possible to trace the Harom(n)-H1’(n)-Harom(n+1) sequential walk. Depending 

on the glycosidic torsion angle the walk may be interrupted if there is an anti-syn 

step, otherwise the full walk could be obtained. Similarly, the sequential walk 

between the aromatic protons and the H2’/H2” of the sugar can be traced. 

As previously mentioned, the NOESY cross-signals depends directly on the 

interatomic distance, therefore NOESY spectra can be used for determining distance 

restraints for structure calculations.120 

Another experiment performed for the assignment of the signals is the 2D HSQC 

that shows cross-signals between protons and their covalently bonded hetero atoms 

(either 13C or 15N) relying on 1st order J-coupling.381,382  
1H,15N-HSQC can be used to differentiate between the imino protons of different 

nucleotides, for example the imino nitrogen of uracil resonate at 15 ppm whereas in 

guanine it resonates around 70 ppm. Furthermore, exchange protected amino residues 

can be monitored with this experiment.383 
1H,13C-HSQC also gives valuable information because it allows to distinguish between 

different aromatic protons, the C2 resonates around 152 ppm whereas the other aromatic 

carbons resonate at lower ppm, or to distinguish between the aromatic H5 of 

uracil/thymine with their H1’ as the sugar carbon resonate at lower ppm than aromatic 

carbons. With sufficient resolution it is possible to assign pyrimidine C6 and purine C8 as 

the latter are normally found few ppm upfield, although the values are comparable.384 An 

example of a 1H,13C-HSQC can be found in Figure 2.2.6. 
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Figure 2.2.6. 1H,13C HSQC spectrum of GG-Az1-GG construct. Zooms of the regions marked with a box are shown in panels. 

Figure adapted from Thevarphadam et al.385   

13C,1H- HMBC experiments are similar to HSQC but it allows the observation of the 

cross-signal between the proton and heteroatoms separated by two, three or four bonds. 

The long-range 3JHC-couplings can be also exploited to correlate via the carbon C5 the 

imino and the aromatic proton belonging to the same residue.386  

The sugar protons are usually assigned thanks to the combination of COSY and 

TOCSY experiments. As previously stated, in the first experiment a cross-signal is 

observed between protons that are coupled to each other and that are two or three bonds 

apart, whereas TOCSY shows correlations between all the protons of a given spin system, 

the magnetization is transferred successively to coupled protons unless there is a small or 

zero proton-proton coupling or in the presence of heteroatoms.   

The determination of the three-dimensional structures of biomolecules by NMR has 

its origins in the 80s with the work of Kurt Wüthrich that resolved the structure of 

proteinase inhibitor IIA.387 The structural parameters restraints obtained by NMR 

experiments are utilized for the calculations which are performed by molecular dynamics 

that gives as result a multitude of possible structures, the arrangements with the highest 

overall energy are depleted whereas a subset of the most stable are selected. The quality 

of the simulation is evaluated in terms of RMSD values of all atoms or of heavy atoms.  
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The restrains are obtained by the intensity of the cross-peaks in the NOESY spectrum, 

in terms of integrations, that are correlated, as previously mentioned, with interatomic 

distances by the use of a well characterized fixed distance, such as the H5-H6 vector.388  

Iterative computer assisted approaches such as ARIA (Ambiguous Restraints for 

Iterative Assignment) can help obtaining more exact distance restraints.389 The calculation 

is often repeated to remove the errors of the initial data.  

As previously mentioned, the determination of the three-dimensional arrangement of 

the complex is particularly useful in the early drug discovery because it provides insights 

of the crucial interactions that takes place in the binding, giving important information 

about SAR relationship and mechanism of action of the binder.  

2.2.3 CD spectroscopy of G-quadruplex 

 CD is by far the most commonly used and straightforward low-resolution method 

for investigating the topology of G4 structures.390–393 As mentioned in Chapter 1.5, CD is 

a spectroscopic technique that assesses the difference in the absorption of left- and right-

circularly polarized light by chiral compounds or compounds in a chiral environment. 

G4 are typically identified by their unique UV absorption bands in the range of 210–

300 nm. These bands result from electronic transitions occurring between stacked guanine 

bases. More precisely, there are pi-pi* transitions within guanine exciton couples observed 

at 279 and 248 nm, leading to the appearance of CD bands. The specific sign and intensity 

of these bands depend on the relative orientation of the stacked guanines. In the case of 

parallel topologies, there is a prominent positive band centred at 260 nm and a negative 

band at 240 nm. Antiparallel topologies are marked by a positive band at 290 nm, a 

sometimes-shallow negative band at 260 nm, and a positive band at 245 nm. Hybrid-type 

structures exhibit a positive band at 290 nm and a shoulder at 260–270 nm.125 Example 

of the CD spectra of the different topologies can be seen in Figure 2.2.7.  

 

Figure 2.2.7.  Difference on the CD spectra of parallel (black), antiparallel (red) and hybrid (blue) topologies.394  
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CD is a relatively fast and simple technique, but it provides limited resolution since it 

offers only a global view of the guanine stacks within the sample. It is challenging to 

differentiate mixtures of different G4 structures from pure ones. For example, spectra 

arising from mixtures of antiparallel and hybrid or parallel structures may resemble those 

of pure hybrid-type structures, leading to interpretative challenges. Furthermore, other 

supramolecular features, such as additional base stacking, double helices, and mismatches, 

can influence the overall CD spectrum and potentially lead to misinterpretations.395 

An instance of additional guanine stacking altering the CD signature can be seen in 

the case of the PDB ID: 2KF8 structure.128 Despite having a 2-tetrad antiparallel topology 

with tetrads of guanines stacked in a syn/anti fashion, its CD signature exhibits a positive 

band at 260 nm, which could be mistakenly interpreted as a hybrid-type topology. This is 

due to the presence of additional base stacking on both tetrads of triads composed of 

loop nucleotides, resulting in anti/anti stacking.395 Moreover, non-classical tetrads (e.g., 

G•C•G•C, as found in the mutant human telomeric GGGCTA motif) can also impact 

the CD spectra.396  

In addition to its role in structural analysis, CD is highly valuable for investigating 

ligand-G4 interactions. Through titration experiments, CD provides important insights 

into relative binding strength and, if applicable, the emergence of changes in G4 structure. 

Furthermore, CD is employed to determine how a ligand influences the thermal stability 

of a G4 motif in melting assays. 
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2.3 Development of ligands for G-qaudruplex 

2.3.1 Aim of the work 

During my PhD the attention has been focused on the design, synthesis and 

optimization of new ligands potentially able to bind to G4 and stabilize this arrangement. 

Throughout the three years different scaffolds have been explored, the following chapters 

will present the studied ligands divided according to their chemical class, at the beginning 

of each chapter a small introduction on the chemical structure and the rationale behind the 

choice will be provided together with some examples of the use of that particular moiety 

in literature, then the results of the study will be presented accompanied by the description 

of the methods used for the synthesis, the extraction and the analysis. 

New potential G4 binders are normally designed after a careful literature analysis and 

are either extracted from plants, derivatized with simple reactions or synthetized from 

commercially available starting materials. After accurately designing and studying the 

reactions and techniques to use, further optimized while operating, the compounds and 

intermediates are fully characterized by analytical techniques such as 1H- and 13C-NMR 

spectroscopy, MS and HPLC.  

The obtained compounds were then subjected to binding assays based on different 

techniques. Their interaction with DNA species is studied with ESI-MS using both G-

rich sequences folded into G4 and dsDNA in order to calculate binding affinity and gas-

phase stability for all the different arrangements and therefore their selectivity both 

towards G4 over dsDNA and towards one G4 sequence over the others. 

Furthermore,  in silico modelling was used to provide a preliminary insight into the 

three-dimensional arrangement through molecular docking and molecular dynamics 

(MD). Moreover, the screening of the same compounds was studied through NMR 

techniques, performing 1D 1H-NMR titrations and 2D HSQC, NOESY, HMBC, TOCSY 

and COSY on the sequences with the most promising compounds which would lead to 

structural elucidation. 

Thanks to the collaboration with other research groups, the compounds were also 

tested through different techniques that will be presented in the following.  
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2.4 Flavonoids  

2.4.1 Introduction  

Phenolic compounds are widely distributed in nature and represent an important class 

of secondary plant metabolism. They are involved in the mechanism of antioxidants 

thanks to their propensity to donate hydrogen or electrons and thanks to their 

composition carried by stable intermediate radicals, which block the oxidation of various 

food ingredients, especially lipids.397 Phenolic compounds are categorized into different 

groups depending on their chemical structure: phenols, phenolic acids (such as 

hydroxybenzoic acid and hydroxycinnamic acid), stilbenes, condensed and hydrolysable 

tannins, lignans and lignins, coumarins and flavonoids.398 

Flavonoids were first discovered in 1930 by Albert Szent-Gyorgyino from a 

compound isolated from orange. It was first classified as “vitamin P”, only later it was 

characterized as a flavonoid and in particular as “rutin” together with the discovery of 

other varieties.399 Ever since, flavonoids have gathered a lot of attention due to both 

experimental and human evidences on their biological and therapeutic actions.400 To date, 

more than 8000 different flavonoids have been described. They comprise a group of 

phenolic compounds with low molecular weight polyphenolic structures and are divided 

into flavonols, flavones, flavanones, anthocyanins, isoflavones and flavanols.401   

Flavonoids are demonstrated to have beneficial effects in modulation of the enzymatic 

activity and inhibition of cellular proliferation.402  

Rutin and quercetin 

Rutin is defined a “multi-targeted nutraceutical agent” because of its antioxidant, 

neuroprotective, hepatoprotective and cardioprotective effects. It structurally consists of 

the flavonoid quercetin and the disaccharide rutinose (Figure 2.4.2). Nouri et al. very 

recently collected the evidences supporting its role as an anticancer agent targeting 

multiple signalling pathways.403  

In 2007, rutin was also demonstrated to interact with “extended” G4 by Sun et al.404 

but in general all the studies have been focused more on quercetin, “the most abundant 

dietary flavonoid” than on the glycosidic analogue.405–407 
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Figure 2.4.1. Chemical structures of quercetin (orange) and rutin (green) 

Spectroscopic studies have been performed to investigate the interaction of quercetin 

with monomeric and dimeric G4. Quercetin resulted to bind to the monomeric 

conformation as a groove binder, whereas through pi-stacking to the dimeric 

conformation.408 Later, Tawani and Kumar performed detailed biophysical studies for the 

interaction of four representative flavonoids (luteolin, quercetin, rutin and genistein) with 

the human telomeric G4 sequence Tel7, which is formed by four strands of 

d(TTAGGGT) repeat. Among all the flavonoids they obtained the best results with 

quercetin and they focused the further structural study on that. They showed that it is able 

to stabilise the G4 structure and does not open the G-tetrad. The interaction was 

performed through pi-stacking at two sites, the upper and lower quartet.409 Bhattacharjee 

also performed a selectivity study on quercetin and showed that among all the several G4 

structures, there was a “preference” for VEGF over the other G4 sequences and 

dsDNA.410  

On the other hand, the interaction of rutin with G4 was still not investigated in depth, 

and there was a lacking on information regarding ligand-target stoichiometry, its 

selectivity and its ability to stabilise the G4. In the following section, the result obtained 

from an ESI-MS binding study conducted on quercetin and rutin towards a telomeric G4 

sequence and dsDNA, together with a docking study to investigate the possible binding 

mode and published in 2020 will be presented.411  

Flavonoids derived from M. Pomifera 

Osajin, pomiferin, scandenone and auriculasin are demonstrated to possess 

antibacterial, anti-inflammatory, antidiabetic and antinociceptive properties.412–414 In 

particular, osajin and pomiferin were also previously reported to promote apoptosis in 

nasopharyngeal carcinoma cells and tumorigenic breast epithelial cells.415 Their potential 
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to act as anti-tumorigenic and antiproliferative agents has been reported previously but is 

not yet fully understood. Hence, targeting human telomeric G4 DNA could be one of the 

mechanisms by which these flavonoids exert anticancer activity. 

 

Figure 2.4.2. Chemical structure of the flavonoids derived from M. Pomifera and their semi-synthetic derivatization 

In previous works of our research group, the flavonoids derived from Maclura Pomifera, 

namely osajin, pomiferin, scandenone and auriculasin have been tested against telomeric 

G4 and dsDNA using both blind molecular docking and electrospray ionization mass 

spectrometry (ESI-MS). They all showed a certain affinity for both sequences but, 

particularly for osajin and scandenone, they showed higher selectivity for G4.416,417 Semi-

synthetic modification of osajin via B-ring derivatization (by the introduction of two 

different aryl sulfonate groups)  was demonstrated in a previous work to lead to an overall 

decrease in DNA binding affinity, but the difference was more considerable for dsDNA, 

therefore improving the selectivity towards G4, in particular the toluensulfonyl derivative 

retained satisfying G4 affinity values and stabilization properties compared to the 

benezensulfonyl osajin.417 In the following section, the most recent data of the study 

conducted on semi-synthetic flavonoids deriving from M. Pomifera substituted with this 

promising functional group (i.e. p-toluensulfonyl) will be presented. (Figure 2.4.2) 
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2.4.2 Results and discussion 

Rutin and quercetin 

In the current study, rutin and quercetin were tested against the telomeric wtTel23a 

G4 and dsDNA as control using ESI-MS and molecular docking. The chemical structure 

of the two compounds is depicted in Figure 2.4.2. Calculating the BA for both NAs (the 

results are presented in Table 2.4.1), rutin and quercetin demonstrated comparable G4 

BA, both forming a 1:1 ligand-target complex. However, quercetin showed an interaction 

also with dsDNA, whereas rutin demonstrated selectively towards G4, as no trace of 

binding was detected. CID experiments were then performed to evaluate the stability of 

G4/flavonoid complexes. Again, the calculated 𝐸஼ைெ
ହ଴%demonstrated that rutin is able to 

stabilise more efficiently the G4 arrangement (Table 2.4.1, Figure 2.4.3). The MS and CID 

spectra together with the characterization of the compounds can be found in the 

Appendix (Section 5). 

Table 2.4.1 BA and ECOM50% values determined by ESI-MS interaction assays between rutin, quercetin and wtTel23a G4 and dsDNA 

sequences. Quercetin results are coloured in orange, rutin results in green. 

 

Figure 2.4.3. CID curves and calculated 𝐸஼ைெ
ହ଴%of G4-ligand complexes for quercetin (orange) and rutin (green) 

Molecular docking experiments were conducted to investigate the possible binding 

motif of the flavonoids with the telomeric G4. As previously mentioned, the interaction 

mode of rutin was never investigated at the time that the study was conducted, whereas 

quercetin was reported to bind to G4 via external binding and via groove binding 

Compound 

ESI-MS binding study Molecular docking 

BA G4 BA dsDNA 
Selectivity ratio 

(𝑩𝑨 𝑮𝟒 𝑩𝑨 𝒅𝒔𝑫𝑵𝑨⁄ ) 𝑬𝑪𝑶𝑴
𝟓𝟎% G4 (eV) 

Docking score G4 (-
kcal/mol) 

Quercetin 36.8 21.1 1.74 34.7 -8.8 

Rutin 39.3 - - 38.9 -9.7 
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depending on the G4 sequence used.410,418 It must be pointed out that the G4 chosen for 

the computational study represent a parallel G4 which is reported to be the prevalent 

topology in cellular overcrowded solution conditions.419–421 According to our results 

(Figure 2.4.4), rutin was predicted to interact via stacking, while quercetin via groove 

binding. Docking results are resumed in Table 2.4.1. These findings have been published 

in 2020 by our research group.411  

 

Figure 2.4.4. Predicted interaction patterns with G4 (PDB ID: 3CE5) for • quercetin and • rutin. 

The major topology of wtTel23a has been demonstrated to be hybrid-2 according to 

the study performed by Dai et al.422 Unfortunately, its three-dimensional structure has not 

been fully resolved by NMR or other techniques, therefore, to conduct the study of the 

interaction of rutin and quercetin with the telomeric G4, we decided to use wtTel26 which 

is resolved by NMR423 and is known to fold in the same topology. 

An NMR titration of this G4 with the addition of the two ligands has been performed 

and the data are represented in Figure 2.4.4. Both the ligands showed indeed an interaction 

with the NA as can be evinced by the change of the peaks of the G4, however both the 

ligand showed an intermediate exchange between the bound and unbound species. This 

is demonstrated by the broadening of the signals, thus the interpretation to obtain 

information on the binding mode is not feasible, and more detailed 2D experiments to 

determine the three-dimensional structure would be needed (Figure 2.4.5). 
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Figure 2.4.5. 1H NMR titrations of wtTel26 with increasing amount of • quercetin and • rutin recorded at 298 K and 600 MHz with 

(a) excitation sculpting (aromatic region) and (b) jump-return (imino region) and water suppression.  



 Main project: Developing new ligands targeting G-quadruplex 2 

 Flavonoids 2.4 

 

- 91 - 

Flavonoids derived from M. Pomifera 

For what concerned the flavonoids deriving from M. Pomifera, the compounds were 

extracted from the fruits of the plant with ethyl acetate or diethyl ether to give pomiferin 

(1) and osajin (2) in high yield,424,425 with chloroform to gain extracts rich in auriculasin (3) 

and scandenone (4).426 Isopomiferin (5) and isoosajin (6) were synthesized by heating the 

natural compounds in a mixture of acetic and sulfuric acid, whereas the p-toluensulfonyl 

derivates (7-12) were prepared adding at r.t. a solution of 4-methylbenzenesulfonyl 

chloride in pyridine to the isoflavone dissolved in pyridine.427  

Table 2.4.2. BA and ECOM50% values determined by ESI-MS interaction assays between compounds 1-12 and wtTel23a G4 and dsDNA 

sequences.  

 

We investigated their behaviour thanks to an ESI-MS study in which all compounds 

were tested against the telomeric wtTel23a G4 sequence and dsDNA to assess whether 

these compounds are able to bind to the nucleic acids and how selective they are towards 

G4 over dsDNA. The data are presented in Table 2.4.2. Furthermore, we performed a 

series of molecular docking vs a G4 structure varying different parameters, such as grid 

dimension and precision and we carried out molecular dynamics simulations with the 

most represented poses to study the stability of the complexes during the simulation 

timeframe. 

All the compounds, whose chemical structure is depicted in Figure 2.4.2, (except for 

7) showed interaction with both G4 and dsDNA but their selectivity towards G4 

increased upon tosylation for most of the ligands compared to the native isoflavones, 

even though the BA affinity was slightly lower, as expected from a previous work.417 In 

addition to the BA, the efficiency in stabilizing the macromolecular arrangement was 

determined through CID, calculating ECOM
50%. The dissociation curves are depicted in 

Compound 

ESI-MS binding study CID fragmentation 

BA G4 BA dsDNA 
Selectivity 

(𝑩𝑨 𝑮𝟒 
𝑩𝑨 𝒅𝒔𝑫𝑵𝑨ൗ ) 𝑬𝑪𝑶𝑴

𝟓𝟎%  G4 𝑬𝑪𝑶𝑴
𝟓𝟎%  dsDNA 

1. Pomiferin 94 90 1.0 41.10 31.29 
2. Osajin 67 21 3.2 56.61 36.98 

3. Auriculasin 97 99 1.0 41.09 30.33 
4. Scandenone 76 38 2.0 51.97 48.96 
5. Isopomiferin 26 15 1.7 40.91 50.72 

6. Isoosajin 27 16 1.7 44.98 33.82 
7. PomiTolSO2 - - - - - 
8. OsaTolSO2 34 - - 54.09 - 
9. AuriTolSO2 34 21 1.6 44.89 40.26 

10. ScandeTolSO2 19 8 2.4 45.27 48.32 
11. IsopomiTolSO2 35 31 1.1 51.69 61.46 
12. IsoosajinTolSO2 18 10 1.8 43.81 39.87 



2 Main project: Developing new ligands targeting G-quadruplex 

2.4 Flavonoids 

 

- 92 - 

Figure 2.4.6 whereas representative MS and CID spectra together with the 

characterization of the compounds are reported in the Appendix (Section 5). Interestingly, 

the tosylated derivates maintained almost the same values as the unsubstituted 

isoflavones, meaning that their ability to stabilize the G4 arrangement is preserved after 

the tosylation and the first event observed upon fragmentation is the loss of the ligand 

and the appearance of the peaks corresponding to the unbound G4. It is worth pointing 

out that some tosylated isoflavones showed the ability to alkylate the G4, for example 10 

scandenone toluensulfonyl. Importantly, the same effect was not observed for dsDNA, 

therefore it may be interesting to further investigate this behaviour for a possible 

development of a ligand that could selectively deliver DNA damage.  

 

Figure 2.4.6. Plot of relative intensity of the complex (a) G4-ligand, (b) dsDNA:ligand against collision energy (eV) applied for the 

different compounds: • 5; • 6; • 9; • 10; • 11; • 12. 

A computational study was then performed on the most promising compounds, i.e., 

the compounds that showed the highest selectivity ratio values for G4 over dsDNA. 

Osajin, p-toluensulfonyl-osajin, scandenone and p-toluensulfonyl-scandenone (2, 4, 8 and 

10) were subjected to a multiparametric docking process to obtain the poses for a 

following MD simulation using a telomeric parallel G4 structure, which is the prevalent 

topology in the cellular overcrowded solution conditions.419 The four compounds were 

docked to the telomeric parallel G4 structure (PDB ID: 7KLP)428 using Glide and varying 

key parameters to obtain a complete ensemble of interaction modes for each complex, 

namely grid dimension (15 to 32 Å), docking precision (SP or XP), ions presence (two or 

three), and exhaustiveness of the sampling of conformer generation and of poses 

selection. This workflow produced a multitude of possible poses for every docked 

compound, that allowed us to select the best stacking and the best groove binding poses 

for each group in terms of docking score. The results are resumed in Figure 2.4.7. It is 

worth mentioning that the current work on tosylated derivatives of flavonoids have been 

performed in different years with respect to the work presented on rutin and quercetin in 
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the previous section, therefore the procedure adopted and the software used for the 

computational study has been modified and optimized.  

 

Figure 2.4.7. Poses overlap of the multiparametric molecular docking: osajin 2 (a), p-toluensulfonyl osajin 8 (b), scandenone 4 (c), p-

toluensulfonyl scandenone 10 (d). The docked poses corresponding to a similar position on the G4 have been coloured with the same 

colour for simplicity. 

A MD simulation (the details of the procedure can be found in the Material and 

Methods, Chapter 2.9) was then performed for each of the selected poses. The 8 

trajectories obtained were then analysed and the over-time RMSD values were calculated 

for the ligands and for the Gs of the G4 structures. Osajin and scandenone (2 and 4) 

showed a preference for a stacking interaction as their stacking pose showed a stable 

trajectory with only small RMSD fluctuations, whereas the RMSD values of their tosylated 

derivatives (8 and 10) demonstrated a preference for the groove binding probably due to 

the steric hindrance of the tosylate moiety. Noteworthy, the groove binding pose of the 

native compounds showed a transition during the simulation timeframe, and the ligand 

move its position to stacking after 80 ns for scandenone (Figure 2.4.8 (a-d)) and after 10 

ns for osajin (Figure 2.4.8 (e-h)). 



2 Main project: Developing new ligands targeting G-quadruplex 

2.4 Flavonoids 

 

- 94 - 

 

Figure 2.4.8. MD frames showing the pose transition from groove to stacking binding mode: scandenone 4 simulation time = 85 ns 

(a); simulation time = 88 ns (b); simulation time = 92 ns (c); simulation time = 95 ns (d), osajin 2 simulation time = 6 ns (e); simulation 

time = 10 ns (f); simulation time = 12 ns (g); simulation time = 15 ns (h).  

Additionally, osajin and its tosylated derivate have been tested also by NMR titration 

against wtTel26 for the same reason as above and the data are presented in Figures 2.4.9.  

The lack of changes in the NMR spectra upon addition of the ligand for both the 

compounds suggests that the compounds are not forming a stable complex with these 

particular G4s. This is probably due to the difference in the sequence between the G4s 

tested through NMR and ESI-MS. In order to support this hypothesis, we performed an 

ESI-MS binding study on wtTel26 that showed the absence of interaction between the 

ligand and its target, hence implying a possible sequence specificity of the wtTel23a. This 

aspect should be further investigated. 

Thanks to the collaboration with Prof. Sissi group at the University of Padova, the 

compounds are currently being tested through CD titration and FRET melting. 

The data presented are confidential as to date they are still unpublished. 
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Figure 2.4.9. 1H NMR titrations of wtTel26 with increasing amount of • osajin and • p-toluensulfonyl osajin (green) recorded at 298 

K and 600 MHz with (a) excitation sculpting (aromatic region) (b) and jump-return (imino region) water suppression. 
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2.5 Antraquinones 

2.5.1 Introduction 

Anthraquinones (AQs) represent an interesting planar scaffold for the design of 

ligands targeting G4. The chemical structure of the natural compounds doxorubicin and 

daunorubicin which are known dsDNA intercalating agents is AQ based.430 For this 

reason and thanks to their low redox potential and their ability to photosensitize through 

a one-electron oxidation reaction, they have been extensively used in the past.431  

In 1997, Sun and colleagues reported a 2,6-diamido AQ derivative that showed human 

telomerase inhibition properties and G4 binding by means of NMR thermal denaturation 

which indicated a drug-induced increase in the G4-DNA 𝑇௠ by about 20 °C.260   

Subsequently, Perry et al. prepared a series of 1,4- and 2,6-difunctionalized amido AQs 

and demonstrated their telomerase inhibition ability, the most potent having IC50 levels 

of 4-11 μM. Moreover, a second group of AQ derivatives substituted at the position 1,5, 

1,8, and 2,7 were shown to be able to interact with human telomeric G4 DNA. Their 

cytotoxicity appeared moderate against a panel of three ovarian cell lines and their ability 

to inhibit telomerase was assessed with promising IC50 values in the range of 1.3−17.3 

μM. For two of the compounds, an isothermal titration calorimetry (ITC) assay was 

performed in order to determine the binding constants to the human telomeric sequence 

d[AGGG(TTAGGG)3], the values obtained were up to 7.9 x 104 M-1.432  

In 2008, Zagotto and colleagues developed a series of AQ substituted in positions 2,6 

and 2,7 with a small dipeptide (Figure 2.5.1) investigating whether the direction of the 

amide bond could influence G4 recognition and telomerase inhibition.433,434 Fluorescence 

melting studies revealed that introducing amino acids (AAs) with a positive charge, like 

lysine (Lys) or arginine (Arg), could give rise to electrostatic interaction with the 

phosphate groups of the backbone increasing the affinity towards the G4, whereas, adding 

apolar AAs, like phenylalanine (Phe), leucine (Leu) and isoleucine (Ile), would reduce the 

affinity for the NA. The telomerase inhibition activity was tested obtaining IC50 values up 

to 0.8 μM in particular for the 2,6 and 2,7-AQ-βAla derivatives (derivatives whose side 

chain first AA was β-alanine (β-Ala) and the terminal AA was either Arg or Lys). 

Furthermore, all the compounds exhibited poor short-term cytoxicity against the cell lines 

HeLa and 293T compared to the reference drug mitoxantrone, again the lowest value 

were obtained by the compounds containing Lys or Arg. However, in a senescence 

induction assay against HeLa cells prolonged for 6 days, a marked effect was produced by 
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the highly charged ligands, demonstrating their ability to trigger the envisioned 

mechanism and to internalize in the cells. 

 

Figure 2.5.1. General scheme for the development of amino acid - anthraquinone conjugates interacting with G4 arrangement by 

stacking interaction through the anthraquinone rings and groove recognition by the charged side-chains.433  

Moreover, in 2011 the same group proposed a novel series of aminoacyl-AQ 

derivatives that were symmetrically functionalized with N-terminal Lys conjugated with a 

Gly, Ala, or Phe spacer to study the influence of side chains with different length, 

flexibility, lipophilicity, and bulkiness.435 Moreover, different substitution positions were 

tested, namely 2,6, 2,7, 1,8, and 1,5, again to assess whether the position of the side chain 

could influence the selectivity for G4.  

FRET fluorescence melting showed a general higher stabilization for the G4 DNA 

with respect to dsDNA with 𝛥𝑇௠ values up to 20.1 °C for the ligands substituted in 

position 2,6 and 2,7, whereas the opposite was shown for the ligands substituted at 

position 1,5 and 1,8. The CD study revealed that the ligands were promoting a shift on 

the G4 topology from a mixed type to an antiparallel topology, notably though, some 

variations were also observed on the spectra of dsDNA, suggesting a possible interaction 

also with this canonical arrangement. Furthermore, Taq polymerase and telomerase 

inhibition assays were conducted to determine the effects of the ligands on enzymatic 

processes involving DNA, they demonstrated a general inhibition of telomerase-mediated 

DNA elongation at lower concentrations compared to the DNA amplification by Taq 

polymerase. Moreover, the modulation of telomerase elongation was compared with the 

thermal stability obtained by the FRET melting and an almost linear dependence of the 

IC50 values for telomerase inhibition with 𝛥𝑇௠ 𝑇௠⁄  was observed. 

To summarise, thanks to the works of Perry et al. and Zagotto et al. it was possible to 

observe that the position of side chains on the central scaffold is crucial for the selectivity 

for specific DNA arrangements, in particular the 1,4-substitution is preferred for the 
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interaction with the dsDNA whereas the insertion of side chains at position 2,6 or 2,7 

favours the recognition of triplex and G4 motifs.432,435   

In 2013, Ranjan et al. proposed the functionalization of various aromatic scaffold with 

a known aminosugar (neomycin) and the antraquinone derivative showed the highest 

affinity towards human telomeric G4 with IC50 in the nanomolar range.436 Whereas Xodo 

and colleagues opted for the introduction of guanidinium groups on the similar 

anthrathiophenedione, developing a group of compounds with KD below 0.2 µM toward 

hTELO and KRAS.437 Freccero's group took a different route, covalently attaching AQ 

to a quinone methide precursor, capable of generating a potent alkylating agent to form a 

stable covalent bond with different G4s and showing lack of interactions with dsDNA.438 

Keeping all these information in mind, we decided to synthesize a new group of 2,6-

AQ amino acid conjugates (2,6-AQs) and to test them with an ESI-MS binding assay to 

the telomeric tel23 G4 and dsDNA. Then thanks to the collaboration with Prof. Sissi 

FRET melting and CD titration were also conducted on different G4 sequences and 

dsDNA to gain more insights on the physico-chemical properties of the interaction and 

provide a preliminary sequence selectivity. Additionally, a molecular docking was 

performed on all the G4 topologies to investigate the possible binding motif. The work 

has been published in 2022.439  

Recently, an NMR titration assay was also conducted with the best performing 

compound to investigate more in depth the binding and the possible selectivity for a 

particular G4 sequence. The data of this last study is still unpublished. 

2.5.2 Results and discussion 

In the current study, a series of 2,6-AQs were designed and prepared following a 

convergent synthetic scheme (Figure 2.5.2). The synthesis included the preparation of two 

2,6-diazidoacetamido derivatives, which were used as the central scaffolds, and of 6 

propargylamide derivatives used as side chains, 4 containing a single AA, namely L-Gly, 

Phe, Lysine and ornithine (Orn) and 2 dipeptides, i.e., Gly-Lys and βAla-Lys). The choice 

of the AA was dictated to investigate the influence of the side chain length and charges. 

Finally, a CuAAC click reaction led to the desired final compounds (AQ3 - AQ9) after 

removal of the protecting groups.  
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Figure 2.5.2. General scheme for the synthesis of the set of 2,6-bis-substituted anthraquinone-amino acid conjugates 3–9. i: 

chloroacetyl chloride, NaN3/DMF; ii: sodium ascorbate, CuSO4, K2CO3, DMSO/water, iii: TFA/DCM; 3-azidopropanoyl chloride 

was prepared by reacting 3-bromopropanoic acid with NaN3/water and oxalyl chloride/DMF, DCM. 

More specifically, the synthesis of bis(2-azidoacetamide) (AQ1) was achieved by di-

amidation of 2,6-diaminoanthraquinone (SM) using an excess of chloroacetyl chloride 

which was then subjected to a nucleophilic substitution reaction with NaN3. The bis(3-

azido propanamide) (AQ2) was prepared similarly but the SM was directly reacted with 

3-azidopropanoyl chloride, previously prepared from 3-bromopropanoic acid according 

to a procedure known in literature.440 The side chains were prepared by liquid phase 

coupling procedures known in the literature from the propargylamine and the mono- and 

di- BOC-protected AA L-Gly, Phe, Lys and Orn.441–444 At the end, the final compounds 

AQ3-AQ9 were obtained through the CuAAC coupling reaction in which thanks to a 

catalytic amount a pre-formed Cu(I) catalyst, obtained in situ by the reduction in water of 

Cu(II)SO4 with sodium ascorbate, the central scaffolds and the side chains were coupled. 

Initially the reaction was conducted in neutral conditions without success, as per the 

mechanism proposed by Fokin (Figure 2.5.3),445–447 the reaction requires the 

deprotonation of the alkyne C-H, therefore subsequently a sub-stoichiometric amount of 

K2CO3 was added and yielded to the successful preparation of all the compounds. At the 

end the BOC-protecting groups were removed by the addition of TFA to a solution of 

the compounds dissolved in DCM leading to the TFA salts of compounds AQ3-AQ9.  
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Figure 2.5.3. Mechanism of the catalytic cycle composing the CuAAC reaction between a terminal alkyne and an azide, the scheme 

includes the alkyne deprotonation and formation of a reactive copper acetylide which reacts with the triple bond in a [4+2] fashion 

that generates the aromatic triazole ring.447 

As previously mentioned, ESI-MS binding studies were performed to assess the ability 

of compounds AQ3-AQ9 to interact with the telomeric wtTel23a G4 and the selectivity 

for G4 was investigated using a dsDNA oligonucleotide as control. The sample were 

prepared with a 10:1 molar ratio of ligand:DNA in water with a 15-20% of MeOH. While 

no interaction with G4 was detected for AQ3 and AQ5 having Gly and Phe as side chains, 

all the other compounds showed a marked selectivity for G4 over dsDNA, since no 

binding was observed with the canonical arrangement. Furthermore, under our 

experimental conditions the complexes observed had a 1:1 stoichiometry. In terms of BA, 

compounds AQ7 (42.5) and AQ4 (37.1), both containing Lys, were highlighted as the 

most promising ligands probably due to the added positive charge of the amines which 

are able to intercept a higher number of negative charges present in the nucleic acid 

grooves. CID experiments were also performed to calculate the 𝐸஼ைெ
ହ଴% , ligands AQ8 (46.2 

eV) and AQ9 (41.8 eV), bearing βAla-Lys and Lys respectively as side chains, showed the 

highest values, whereas limited stability was observed for compound AQ6, in agreement 

with the low BA. The values obtained by this study are reported in Table 2.5.1, whereas 

the MS and CID spectra together with the dissociation curves and the full characterization 

of the compounds can be consulted in the Appendix, Section 5. 
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Table 2.5.1. BA and 𝐸஼ைெ
ହ଴%(eV) values determined by ESI-MS interaction assays between compounds AQ 3- AQ9 and the wtTel23a 

G4 telomeric or dsDNA sequences. 

 

 

 

 

 

 

Fluorescence melting analyses were performed thanks to the introduction of two 

functional groups (FGs) on the target DNA sequences, namely a fluorophore (6-FAM) 

and a quencher (Dabcyl). When the two FGs are in close proximity, i.e., when the NA is 

folded the fluorescence signal of the FAM is quenched, upon DNA denaturation achieved 

by increasing the temperature, the two labelling groups fall apart and an enhancement of 

fluorescence is observed.448,449 As for CD melting experiments, the 𝑇௠ is calculated upon 

addition of all the ligands and at different concentration and compared to the 𝑇௠ of the 

NA without ligand to calculate the ∆𝑇௠, giving an idea of the stabilization induced by the 

formation of the complex. This experiment was performed using different G4 sequences, 

namely Tel23, Tel24, KIT* and BCL2, and again a dsDNA sequence as control. The 

resulting ligand stabilization data are summarized in Figure 2.5.4. The efficiency of the 

tested compounds in stabilizing the G4s can divide the ligands into three main groups: 

compounds AQ4, AQ7 and AQ9 are the best stabilizers, AQ6 and AQ8 showed 

intermediate efficiency while AQ3 and AQ5 have the lowest stabilizing effect.  

Summing up the information derived from the ESI-MS and the fluorescence melting, 

AQ4, AQ7, AQ8 and AQ9 were highlighted as good binders while AQ3 and AQ5 do not 

interact with G4, the ranking order was not affected by the preferred topology assumed 

by the NA even though the maximal ∆𝑇௠ detected can vary according to the sequences 

and the compounds seems to perform best in presence of parallel G4 (i.e., Tel24 in 

presence of 20% PEG or BCL2). Furthermore, when tested in the presence of a dsDNA, 

the stabilizing effect was much more reduced and only compound AQ7 significantly 

incremented the dsDNA 𝑇௠. This pointed to AQ4 and AQ9 as the most promising 

compounds for a further study.  

Compound BA G4 𝑬𝑪𝑶𝑴
𝟓𝟎%  1:1 (eV) BA dsDNA 

AQ3 - - - 
AQ4 37.1 33.1 - 
AQ5 - - - 
AQ6 14.5 31.8 - 
AQ7 42.5 36.4 - 
AQ8 30.0 46.2 - 
AQ9 22.8 41.8 - 
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Figure 2.5.4. Values of ΔTm of different DNA sequences with increasing concentration of ligands. Different colours indicate different 

ligands: • AQ3; • AQ4; • AQ5; • AQ6; • AQ7; • AQ8; • AQ9. 

These derivatives were subjected to CD titrations in order to gain different 

information: to assess whether the folding topology is influenced upon ligand addition, 

to verify if that the different buffer condition used with the ESI-MS and the fluorescence 

melting could affect the G4 topology and to calculate the KD. The data are presented in 

Figure 2.5.6. As expected, the CD spectra obtained by the target sequence wtTel23a both 

in K+ or NH4
+ are comparable both in presence and in absence of ligands. The experiment 

was performed both in K+ and NH4
+ buffer in order to assess whether the condition used 

in the MS experiment would lead to the same G4 topology as the one folded in a more 

physiological-like environment. Interestingly, our data showed an increment of the 

positive contribution at 290 nm and a decrease of the minimum at 260 nm. This could be 

explained by a partial shift of the folding topology from hybrid-2 to antiparallel, although 

the CD spectra of a “pure” antiparallel topology would be more symmetrical.  
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Figure 2.5.6. CD spectra of 4 μM wtTel23a in 10 mM Tris-HCl (pH 7.4) in KCl or NH4OAc at increasing ligand/G4 molar ratios (the 

darker the line colour the higher molar ratio).  

Finally, the variation of the CD signal was used to derive the KD of the binding 

process, which are reported in Table 2.5.2. Similar values, in the range of ~ 10 μM, were 

observed in both the buffers. However, it must be pointed out that changes in CD signals 

were modest with NH4
+, thus leading to a reduced reliability of data analyses. 

Table 2.5.2. Equilibrium dissociation constants obtained from CD experiments performed in 10 mM Tris-HCl, 1 mM EDTA, at 1:1 

ligand/DNA molar ratio. 

 

Eventually, in order to investigate the binding mode of the 2,6-AQ most promising 

derivatives with the telomeric G4 arrangement, a computational study was performed. In 

particular, compounds AQ4 and AQ9 were docked to four G4 structures, one for each 

topology, namely parallel, antiparallel, hybrid-1 and hybrid-2 (PDB IDs: 1KF1,293 143D,450 

2HY9,451 2JPZ,423 respectively), following sequence preparation and docking protocol of 

a previous work.452 The pose obtained are depicted in Figure 2.5.7. 

Sequence  Buffer  Ligand  KD (μM)  
wtTel23a  50 mM KCl  AQ9  8.8 ± 1.4  
wtTel23a  50 mM KCl  AQ4  13.64 ± 1.2  
wtTel23a 150 mM NH4OAc  AQ9  12.04 ± 2.26  
wtTel23a 150 mM NH4OAc  AQ4  9.91 ± 1.93  
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Figure 2.5.7. Predicted binding modes for the ligands with the four G4 topologies. Ligand AQ4: parallel (PDB ID: 1KF1) (a), hybrid-

1 (PDB ID: 2HY9) (c), hybrid-2 (PDB ID: 2JPZ) (e), antiparallel (PDB ID: 143D) (g). Ligand AQ9: parallel (PDB ID: 1KF1) (b), 

hybrid-1 (PDB ID: 2HY9) (d), hybrid-2 (PDB ID: 2JPZ) (f), antiparallel (PDB ID: 143D) (h). 

According to the predicted models for the parallel arrangement, as expected, our 

derivatives interact with G4 by pi-stacking on the upper guanine tetrad, elongating the 

side chains in the grooves, whereas for the other topologies the final quartets are more 

hindered thus less available to the pi-stacking interactions, the position that is adopted, 

therefore, resemble a stacking interaction and may be thought as a starting point for 
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following molecular dynamics simulations in which flexibility is allowed also for the 

receptor. Moreover, according to the CD experiments, there might be a conformational 

change on the hybrid topology that cannot be taken into account during molecular 

docking. 

All the data presented and the detailed experimental procedure used for FRET melting 

and CD have been published in 2022. The detailed experimental procedure adopted is 

reported in Chapter 2.9, for the FRET melting and the CD titrations performed from the 

cooperation research group please refer to the publication.439  

Given the relevant results obtained in this study, compound AQ9 was then selected 

for a subsequent study using NMR for titrations on different G4 sequences, namely 

wtTel26, BCL2 and TERRA12. wtTel26 was chosen in lieu of the wtTel23a used for the 

ESI-MS, fluorescence and CD study, since unfortunately, to date the three-dimensional 

structure of the latter is still unresolved but is reported to fold as hybrid-2, equal to 

wtTel26.423 The BCL2 (PDB ID: 2F8U)276 used for the NMR is also reported to fold into 

hybrid-2 topology, whereas TERRA12 (PDB ID: 2KBP)218 is a bimolecular parallel 

topology. The data are presented in Figure 2.5.8 and 2.5.9.  
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Figure 2.5.8. 1H NMR titrations of • wtTel26, • BCL2 and • TERRA12 with increasing amount of compound AQ9 recorder at 298 K 

and 600 MHz with excitation sculpting water suppression (aromatic region). 
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Figure 2.5.9. 1H NMR titrations of • wtTel26, • BCL2 and • TERRA12 with increasing amount of compound AQ9 recorder at 298 K 

and 600 MHz with jump-return water suppression (imino region). 
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The ligand showed indeed binding with all the sequences with similar efficacy, 

although unfortunately, as for the case of rutin and quercetin, the broadening of the signal 

suggested an intermediate exchange which does not allow further structural studies. 

Noteworthy, a clear shift of the topology was not revealed by the NMR titration, even 

though it cannot be excluded because of the lack of sharp peaks. Therefore, we decided 

to investigate the binding of the ligand by CD titration also with wtTel26 to check whether 

the behaviour was the same as with wtTel23a. The data are reported in Figure 2.5.10a.  

The initial spectra of the two sequences showed a maximum at 290 nm but the shape 

of the two full spectra is different. It is important to keep in mind that, when a specific 

topology is “assigned” to a sequence, it does not mean that it is the only topology present 

in solution, but that it represents the major conformation. Still, other minor 

conformations might still be present and it is what can lead to differences in the CD 

spectrum. In our study, upon ligand addition, the increase of the peak at 290 nm was 

detected for both the telomeric G4s and also the decrease of the signal at 260 nm, 

although for wtTel26 that signal was initially the maximum of the CD spectra, therefore 

the final shape does not resemble an antiparallel topology. However, the change in shape 

suggested that there could be a shift or that the ligand could preferentially bind to one of 

the conformations present over the others. Specifically, wtTel26 is known to fold into 

hybrid-2 (major) and hybrid-1 (minor). For this reason, a second CD titration was 

performed using Tel24, which is known to fold into hybrid-1 as major conformation. The 

data are presented in Figure 2.5.10b. Interestingly, upon ligand addition, no changes were 

detected on the shape of the CD spectra. This finding does not mean that the ligand is 

not binding to the NA, but that there is no difference in the folding.  

The presence of two conformations in solution is described by an equilibrium, as 

follow:  

 

therefore, if one of the concentrations of one of the species changes, there is normally 

a rearrangement of the conformations to restore the equilibrium. Hence, if the ligand 

would bind preferentially to hybrid-1 topology, the restore of the equilibrium will lead to 

a decrease of the concentration of the free hybrid-2 topology and a subsequent increase 

of the hybrid-1, that would be present both as free and in complex and that could explain 

the difference of the CD spectra. In the future, to confirm this hypothesis, an NMR 

titration could be performed using a sequence that folds into both topologies in a 1:1 ratio 

and whose signals corresponding to each topology are known, as for example Tel24.453  
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Figure 2.5.10. CD spectra of 10 μM Tel24 and wtTel26 in 25 mM K-phosphate buffer (pH 7.0) in 70 mM KCl at increasing ligand/G4 

molar ratios (the darker the line colour the higher the molar ratio).  
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2.6 Anthracenes 

2.6.1 Introduction  

Tricyclic aromatic compounds are known DNA binders, for instance drugs like 

doxorubicin and mitoxantrone that share an anthracenedione scaffold are thought to be 

able to form a ternary complex with the dsDNA and the topoisomerase II enzyme.454 

Moreover, BRACO-19 which has been described in Chapter 2.1.4, has an acridine 

structure and is considered one of best stabilizers of the G4.455 Anthracene is also an 

aromatic tricyclic compound and thanks to its complete planarity, it can form pi-stacking 

and hydrophobic interactions, which are known features that favour the interaction with 

G4, as previously mentioned.456 Some examples on compounds that are demonstrated to 

bind to NA are presented in the following. 

Anthracenyl bishydrazone (bisantrene) is an anticancer drug used clinically for years, 

it is known to bind strongly to dsDNA by intercalation and is an excellent topoisomerase-

II poison.457 Kumar and Asuncion demonstrated that 9-aminomethylanthracene binds to 

DNA with high affinity,458 while Van Arman and Czamik, showed that its derivative with 

a second side chain that increased the amine count to a total of four enhanced the 

intercalation in the dsDNA.459 So far, all the presented studies showed a good possibility 

for the interaction with dsDNA. In 2010, Folini and colleagues reported a series of 

anthracene derivatives substituted with one or two 4,5-dihydro-1H-imidazol-2-yl-

hydrazonic groups (the bisantrene side chain) at different positions on the aromatic 

system.460 The derivatives substituted in position 1,5 showed a good ability to stabilize the 

G4 with 𝛥𝑇௠ values up to 20 °C at 5 μM concentration of the ligands. From this result, 

Ribaudo and colleagues developed a series of constrained bisantrene derivatives as G4 

binders, and tested them through fluorometric and ESI-MS binding assays which 

demonstrated the tendency of the molecules to interact with G4.461 Gama et al. prepared 

a series of anthracene-terpyridine metal complexes and investigated the role as G4 ligands 

achieving high selectivity for G4 over dsDNA.462 In 2021 Coban and colleagues prepared 

a set of 9,10 di-substituted anthracene derivatives and probed their ability to bind to G4 

by NMR spectroscopy, moreover the ligands showed good inhibitory activity on the 

telomerase enzyme with IC50 values up to 18 μM against HeLa cells.463  

In a previous work of my research group, the anthracene scaffold was explored and 

in particular, a propargylamine side chain was added in position 9, which is protonated at 

physiological pH, and could be useful for targeting the negatively charged phosphates on 
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the NA backbone. (Figure 2.6.1a) Moreover, the addition of an alkyne moiety on the 

aromatic ring could increase the overall pi-conjugation of the anthracene and direct the 

side chain towards the G4 backbone. The compounds were studied in silico and their 

predicted pharmacokinetic properties suggested that they satisfy the main druglikeness 

criteria. Molecular docking showed a general preference of the molecules for the dsDNA 

with respect to the G4 arrangement, in term of docking score. ESI-MS and fluorescence 

titrations confirmed these results, however the 𝐸஼ைெ
ହ଴% calculated through CID experiment 

showed a higher stability for the complexes of G4 with the ligands.464  

Hence, these findings prompt us to an optimization of the scaffold to tune the 

selectivity towards G4. In order to do so, we thought of adding a second side chain to the 

scaffold in position 10 with the best performing amine, i.e., hydroxy ethyl piperazine, 

leading to a structure that could be less favourable for the intercalation in dsDNA, leading 

to the preparation of compound OAF89 (Figure 2.6.1b). The ligand was tested through 

ESI-MS and molecular docking on both a telomeric G4 and a dsDNA. The results have 

been published in a peer-reviewed journal.465  

 

Figure 2.6.1. Chemical structure of (a) the compounds synthesised in the previous work464 substituted in position 9 and of (b) OAF89 

substituted in position 9 and 10. 

Moreover, moved by these promising results we subjected this ligand to NMR 

titrations and CD melting on different G4 sequences of both DNA and RNA to assess 

its selectivity for the topologies. Experiments are still being carried out. 

2.6.2 Results and discussion  

The ligand selected for this work was designed on the basis of the previous work of 

my research group, the anthracene scaffold was substituted with two side chains 

containing the amine that gave the best G4 BA in such preliminary study. In particular 

hydroxy ethyl piperazine can be easily mono- or di- protonated at physiological conditions 

and presents a primary alcohol moiety.  
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Figure 2.6.2. Reaction scheme of the synthesis of compound OAF89. 

The compound OAF89 was synthesized with a multi-step procedure reported in 

Figure 2.6.2, starting from anthracene, that was first di-brominated in positions 9 and 10 

with elemental bromine. Subsequently, the intermediate was subjected to a double 

Sonogashira coupling reaction with trimethylsilyl acetylene (TMSA) on the two bromides 

in presence of a Pd(0) compound,  Tetrakis(triphenylphosphine)palladium(0), and of CuI 

as the main catalyst, an exemplificative mechanism of the reaction is depicted in Figure 

2.6.3.466 The TMSA groups were then deprotected in basic conditions obtaining the 

compounds bearing the free alkynes in position 9, and 10. The final compound OAF89 

was obtained by the Cu(I) catalysed A3 coupling reaction in the presence of formaldehyde 

and the secondary amine 1-(2-Hydroxyethyl)piperazine.  

 

Figure 2.6.3. Proposed catalytic cycle for the Sonogashira reaction including Pd and Cu cycles.466 

ESI-MS binding study was performed using the wtTel23a G4 sequence and dsDNA 

as control. The compounds showed interaction with both the NA, but the selectivity was 

in favour of G4 with respect to dsDNA. The G4/dsDNA selectivity ratio was calculated 

as 1.92, thus demonstrating that the presence of second side chain in the scaffold is able 

to increase the selectivity of the ligand towards the G4. CID experiments demonstrated 
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that the first event upon increasing energy was the loss of the small molecule indicating a 

possible pi-stacking binding mode. The results are reported in Table 2.6.1 (the spectra can 

be found in the Appendix, Section 5). 

Table 2.6.1. BA values towards G4 and dsDNA, selectivity and 𝑬𝑪𝑶𝑴
𝟓𝟎% , equilibrium dissociation constant KD for G4 as calculated from 

the ESI-MS binding experiment and docking score. 

 

Molecular docking was performed of both a parallel telomeric G4 and dsDNA and 

revealed a good interaction of the compound with the G4 structure and moreover, 

confirmed that the complex with the G4 receptor is formed through an external stacking 

with the two side chains pointed to towards the G4 grooves (Figure 2.6.4). The calculated 

energy of interaction, represented by the Glide Score values which were -13.012 kcal/mol, 

whereas its mono-substituted analogue showed a binding energy of -10.307 kcal/mol.464 

As previously mentioned, these results have been published in 2020.465  

 

Figure 2.6.4. Docking pose obtained from molecular docking, side view (left) top view (right). 

OAF89 was then tested through NMR titrations on different G4 sequences, the same 

used for the anthraquinones, namely DNA wtTel26, BCL2 and RNA TERRA12. The 

data obtained through NMR are confidential as to date they have not been published.  

The compound showed overall good interaction with all the three sequences, although 

while for BCL2 and wtTel26, upon ligand addition there was a broadening of the signals 

as for the ligands previously presented (Figure 2.6.5), for TERRA12 at the beginning the 

signals were broadening, but with the addition of more ligand they became sharper and 

we could detect proper shifts of the peaks, meaning that there is a fast exchange between 

bound and unbound G4. (Figure 2.6.6) 

Compound BA G4 BA dsDNA 
Selectivity ratio 

(𝑩𝑨 𝑮𝟒 𝑩𝑨 𝒅𝒔𝑫𝑵𝑨⁄ ) 
𝑬𝑪𝑶𝑴

𝟓𝟎% 1:1 
ligand:G4 

KD (μM) Docking score 
G4 (kcal/mol) 

OAF89 80.3 41.8 1.92 34.39 0.69 -13.012 
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Figure 2.6.5. 1H NMR titrations of • wtTel26 and • BCL2 with increasing amount of compound OAF89 recorder at 298 K and 600 

MHz with (a) excitation sculpting (aromatic region) and (b) jump-return (imino region) water suppression. 
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Figure 2.6.6. 1H NMR titrations of TERRA12 with increasing amount of compound OAF89 recorder at 298 K and 600 MHz with (a) 

excitation sculpting (aromatic region) and (b) with jump-return (imino region) water suppression. Marked in red the protons signals 

most influenced upon ligand addition, in black the protons whose signal was unvariated  
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As previously mentioned, when fast exchange happens, the NMR spectrum would 

show one peak for each proton at the average chemical shift between bound and unbound 

state. TERRA12 three-dimensional structure has already been resolved by NMR and 

published by Phan et al.218 Transferring the assignment of the peaks to the measured 

spectra, we could detect and mark which of the signals are the most influenced upon 

ligand addition. Already by the addition of a small amount of ligand (0.25 eq) we would 

see some major changes of the signal corresponding to the imino proton H1 of G3 and 

G9 and to the aromatic H6 of U1. Moreover, also the signals corresponding to the 

aromatic H8 of G3 and G9 completely change throughout the titration. The scheme of 

the G-quadruplex is depicted in Figure 2.6.7a. These changes suggest that the ligand is 

interacting with the G-quadruplex structure through pi-stacking on the upper quartet as 

all the mentioned signals are located in this region. Moreover, the aromatic signals 

corresponding to the nucleotides on the groove and on the lower quartet are basically 

unvariated even with 5 eq of the ligand, probably meaning that OAF89 could 

preferentially form a complex 1:1 with G-quadruplex and specifically bind to the upper 

quartet. (Figure 2.6.7b) 

 

Figure 2.6.7. (a) Schematic representation of TERRA12 G-quadruplex. (b)3D structure of TERRA12 (PDB ID: 2KBP).218 Marked in 

red the protons most influenced upon ligand addition, in black the protons whose signal was unvariated.  

CD melting was also performed with this ligand and TERRA12 in order to assess 

whether the ligand would provide an increased stability. Upon ligand addition, first the 

full CD spectra was recorded to determine the correct wavelength at which the 

arrangement has the maximum difference, then the melting curve was recorded. 

Interestingly, the arrangement showed a ∆𝑇௠ up to 6 °C which is in line with the best G4 

binders. ∆𝑇௠ data are presented in Table 2.6.2. 

  



 Main project: Developing new ligands targeting G-quadruplex 2 

 Anthracenes 2.6 

 

- 117 - 

Table 2.6.2. ∆𝑇௠ calculated from the MD melting curves 

 

 

 

 

 

 

 

Because of the promising results obtained, 2D spectra of the sample 5:1 ligand:G4 

have been recorded in order to possibly calculate the 3D structure of the complex. First 

of all, to ensure the best conditions for analysis, we registered 1D 1H spectra, increasing 

the temperature from 277 K to 318 K, and varying DMSO concentrations (5% and 10%). 

The results are presented in Figure 2.6.8. Focusing the attention on the imino region 

(~11.5 ppm), at lower temperature and at lower DMSO concentration only four signals 

are present, whereas the imino protons involved in Hoogsten base pairing which resonate 

in that region are six, at 318 K and 10% DMSO concentration they start appearing 

improving therefore signal resolution. Moreover, the signal at 7.6 ppm split into two 

separate signals, a duplet that is probably due to an U12 and a broader peak that is possibly 

due to the ligand. Hence, these designated conditions were chosen for further analysis. 

Conc OAF89 ∆𝑻𝒎 

0,5 eq 0,17 

0,75 eq 0,92 

1,0 eq 2,04 

1,5 eq 3,19 

4,0 eq 6,22 

5,0 eq 6,13 
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Figure 2.6.8. 1H NMR spectra from 6.5 to 12 ppm recorded every 5 degrees from 277 K to 318 K at (a) 5% DMSO concentration and 

(b) 10% DMSO concentration with excitation sculping water suppression. 

The 2D spectra were recorded in H2O for imino proton assignment whose signals, 

thanks to their rapid exchange with the solvent, would disappear in a deuterated solvent 

and in D2O for sugar proton assignment, whose signals disappear in the H2O sample 
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because they resonate close to the water signal that is suppressed. Analysis of 2D 1H-13C 

HSQC (Figure 2.6.9) and NOESY (Figure 2.6.10) spectra allowed the assignment of all 

the aromatic protons, imino protons, sugar H1’ protons, and their corresponding carbons. 

The current focus of analysis is on interpreting COSY and TOCSY spectra to assign the 

signals of all other sugar protons. Namely, as previously mentioned, in the COSY 

experiment a cross-signal is observed between protons that are coupled to each other and 

that are two or three bonds apart, whereas TOCSY shows correlations between all the 

protons of a given spin system, the magnetization is transferred successively to coupled 

protons unless there is a small or zero proton-proton coupling or in the presence of 

heteroatoms. 

 

Figure 2.6.9. 1H-13C HSQC spectra recorded at 318 K TERRA12 (1.2 mM) with 5 eq of OAF89, 25 mM of KPi, 70 mM of KCl and 

10% of d6-DMSO in D2O, detail on aromatic region and C1’-H1’ region. 
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Figure 2.6.10. 2D NOESY spectra recorded at 318 K TERRA12 (1.2 mM) with 5 eq of OAF89, 25 mM of KPi, 70 mM 

of KCl and 10% of d6-DMSO in H2O: (a) sugar H1’-aromatic region, (b) aromatic region, (c) imino-aromatic region. 
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2.7 Dimeric PEG-linked scaffolds 

2.7.1 Introduction  

Dimeric scaffold has demonstrated the potential to enhance the binding affinity and 

increase the stability of complexes with G4s. 

In a study by Jain et al., the binding of a dimeric form of 1,3-phenylenebis-

benzimidazole was compared to its monomer. The dimer showed superior G4 affinity, 

thermal stability, and telomerase inhibition activity. The BA has been studied both with 

prefolded G4 DNA and with ligand-induced G4 DNA. Noteworthy in presence of the 

ligand the G4 folding of G4 was shifted to a parallel topology. Long telomeric sequences 

in human genome are demonstrated to fold and stack end-to-end to form compact-

stacking G4 multimers.423,467 They proposed that the ligand could be able to stack onto 

two or more consecutive G4 assemblies, stabilizing the whole structure and thus inducing 

the telomerase inhibition.468 

Iida et al. proposed the synthesis of macrocyclic hexaoxazole dimers connected with 

different linker length and their ability to bind to G4 was investigated through FRET 

melting, showing that the linker length influence the ∆𝑇௠. Importantly no interaction was 

detected with dsDNA, same as what was found for the corresponding monomers. The 

authors proposed that the dimer would actually bind to the G4 as a molecular tweezer with 

the two moieties stacking on the upper and lower quartets and the linker elongating on 

the loops because of the found 1:1 ligand:G4 stoichiometry.469  

Maji and colleagues proposed the synthesis of six novel carbazole-based 

benzimidazole derivatives and four compounds in which these derivatives were 

connected with different linkers to form a dimeric molecule. The ligands ability of binding 

with G4 was then investigated using different spectroscopic, electrophoretic, enzymatic, 

and cellular studies. Finally, the possible three-dimensional structure of the complexes 

was further investigated with molecular modelling. All the ligands showed high G4 DNA 

BA with significant selectivity over the canonical arrangement. Moreover, they exhibited 

the potential of inhibiting telomerase and causing cancer cell selective toxicity. 

Noteworthy, again the dimers showed significantly higher G4 DNA binding and 

stabilization compared to their monomers.470 

As mentioned earlier, the choice of spacer type and length can also influence the 

interaction with G4. The goal of the current work was to design dimeric ligands that could 

function as molecular tweezers, allowing both the aromatic moieties to stack onto the final 
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quartets separated by a flexible spacer that would extend into the groove. The spacer 

should be chosen of the correct length for the interaction with a certain topology of G4 

to be selective.  

As per the aromatic moieties, anthracene and anthraquinone were chosen for their 

ability to interact well with the G quartets thanks to their planarity which enable them to 

form pi-stacking, other than hydrophobic, interactions as demonstrated in the previous 

chapters, as described in the previous chapter. The spacer was composed of two parts: a 

polyethylene glycol chain to confer hydrophilicity and facilitate interactions with the 

backbone, and two piperazines that, through protonation, could better interact with the 

negatively charged phosphate groups of the backbone. 

2.7.2 Results and discussion  

The synthesis process, depicted in Figure 2.8.1, began with the acylation with acetyl 

or propionyl halides of the amine-substituted scaffolds, followed by nucleophilic 

substitutions of the halide with an excess of piperazine to synthesize ANAp, ANPp, 

AQAp, and AQPp. To obtain the final compounds, the intermediates underwent another 

nucleophilic substitution with the addition of half of the equivalents of di-iodo activated 

triethylene glycol. This led to the production of the desired dimers (ANA3, ANP3, 

AQA3, and AQP3), as well as the formation of monomers in which only one aromatic 

moiety reacted with the triethylene glycol (ANA3m, ANP3m, AQA3m, and AQP3m). 

After synthesis, the compounds were characterized using ESI-MS, NMR, and HPLC. To 

enhance the feasibility of the reactions, reduce the number of steps, and improve yields, 

the reaction steps were carefully optimized. Monitoring techniques, including TLC and 

HPLC, were employed to gain insights into side product formation and the ideal reaction 

termination point. This optimization was crucial in establishing a versatile synthetic 

pathway that allows for the preparation of dimers and monomers with various aromatic 

moieties and spacer lengths, potentially paving the way for future expansion of the series.  
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Figure 2.7.1. General scheme for the synthesis of the set of anthracene and anthraquinone dimers and monomers 

The final compounds, monomers, and piperazine-derivatives underwent the ESI-MS 

binding assays that was described in previous reports to assess their ability to bind to 

dsDNA and a telomeric G4 (wtTel23a), calculating their BA and selectivity for G4 over 

dsDNA. Subsequent CID experiments were performed to investigate the stability of the 

formed complexes. The results are presented in Table 1. The most promising compound 

was AQA3, exhibiting strong BA with wtTel23a and interestingly no interaction with 

dsDNA. Noteworthy, increasing the spacer length by just two -CH2- units in AQP3 led 

to a loss of this ability. This observation holds promise for designing highly selective 

ligands, not only favouring G4 over dsDNA but also targeting specific G4 sequences. The 

compounds are currently being tested through fluorescence melting and CD titrations 

performed by the group of Prof. Sissi at the University of Padova on different G4 

sequences to explore affinity and selectivity. 

Table 2.7.1. BA, ECOM50% (eV) and selectivity ratio values determined by ESI-MS interaction assays between the synthetized 

compounds and the wtTel23a G4 or ds DNA sequences. (“-“ is indicated when the experiment showed no interaction, the blank space 

indicates that the experiment was not performed, n.c. when the result of the operation was not calculable) 

Compound BA G4 ECOM50% G4 (eV) BA dsDNA ECOM50% dsDNA (eV) Selectivity ratio  
BA G4 / BA dsDNA 

ANAp 26 - 9 - 2.9 
ANA3 -  -   

ANA3m -  -   

AQAp -  -   

AQA3 30 52.4 -  n.c. 
AQA3m -  -   

AQPp -  -   

AQP3m -  -   

AQP3 -  -   

ANPp -  -   

ANP3 -  -   

ANP3m -  -   



2 Main project: Developing new ligands targeting G-quadruplex 

2.8 General conclusions and future perspectives 

 

- 124 - 

2.8 General conclusions and future perspectives 

The major aim of the study was the demonstration of the importance of the 

combination of different techniques in the study and understanding of the binding of 

small molecules with macromolecular targets. In particular, ESI-MS emerged as a valuable 

tool to screen large library of compounds thanks to its immediate response and the very 

low sample consumption. Moreover, preliminary structural insight can be gained by the 

analysis of the fragmentation pattern of CID experiment together with the calculation of 

interaction parameters, such as BA, selectivity and 𝐸஼ைெ
ହ଴% that give an idea of the efficiency 

of the binding and on the stabilization on G4 arrangement provided by the ligands.  

Moreover, NMR is endowed with the ability of providing insights into the binding 

thanks to variations of the peaks in 1D experiments and with the possibility of resolving 

the three-dimensional structure thanks to the integration of the cross peaks obtained in 

2D experiments which can be correlated with distances. 

CD spectroscopy is one of the most studied and traditional techniques for the study 

of G4 and is thus useful to further confirm the findings obtained with the other 

techniques, not to mention to gain important information of the topology assumed by the 

G4 and thermal stabilization. 

Computational tools are also extremely valuable, not only because they are used to 

further refine and calculate the three-dimensional structure of the complexes, but also 

because they can be used priorly to other experiments to assess whether the desired 

interactions are indeed possible and favourable and to have a first idea of the binding 

energy of the complexes formed.  

In particular the study of flavonoids showed that natural compounds are endowed 

with the ability of targeting DNA special arrangements and therefore their 

antiproliferative activity could be partially explained by the inhibition of telomerase 

activity thanks to the stabilization of G4s that interfere with its binding with the single 

stranded end of telomeres. Furthermore, isoflavones derived from M. Pomifera served as 

starting compounds to identify new G4 ligands and to increase the selectivity for G4 

through semi-synthetic modifications. For this study, a combination of ESI-MS, NMR 

and extensive computational study was used to obtain structural elucidation.  

In our investigation, anthraquinone was confirmed to be an important scaffold for 

targeting G4 and in particular the preparation of 2,6-diammido anthraquinone series 

demonstrated a marked ability to interact with the DNA and specifically a high selectivity 
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for G4 over dsDNA through ESI-MS, CD, NMR and FRET melting. Noteworthy, the 

use of click-chemistry approach proved to be an important improvement for the synthesis 

of new aminoacid-anthraquinone derivatives both for the known feasibility of the reaction 

that give high yields avoiding the use of hazardous chemicals and for the possibility to 

add a triazole moiety that add polarity of the side chains. Moreover, CD spectroscopy 

changes prompted us to investigate more in detail a possible switch of the topology or 

the preference for one of the conformations present in solutions, thus explaining the shift 

observed in the spectra. In this context, 1D NMR titrations needs to be performed with 

a sequence resolved for both the hybrid-1 and hybrid-2 conformations that could be 

important to provide further selectivity between various G4 sequences.  

In Chapter 2.6, the optimization of the anthracene derivatives with the addition of 

two side chains containing an alkyne and a tertiary amine permitted to tune the selectivity 

towards G4 upon dsDNA. Molecular docking showed that indeed OAF89 bind through 

stacking interaction and its side chains elongate on the loops thanks to H-bonds 

formation between the protonated amine and the negatively charged phosphate groups 

of the backbone. 1D NMR titrations with TERRA12 showed shift of the DNA peaks 

which were further investigated with 2D experiments performed after the assessment of 

the best analysis conditions. Currently, the analysis and assignment of the peaks is still 

ongoing and new titrations involving the addition of TERRA12 to a solution containing 

the ligand will be conducted in order to obtain unambiguous ligand signals. Once all the 

signals are assigned, NOESY spectra will be recorded at various mixing times to correlate 

the obtained area with a distance in space. These results will be used in conjunction with 

molecular dynamics simulations to generate the complex's structural restrains. 

Furthermore, new CD titrations on TERRA12 with the ligand will be needed to enable 

the calculations of the dissociation constant of the complex and determine the stability of 

the complex resulting from ligand addition.  

This outcome holds particular significance as, to date, the structure of TERRA12 G4 

in combination with a ligand has not been reported. 

Finally, anthracene and anthraquinone scaffolds have been further studied in the 

context of the development of new dimeric ligands that could act as molecular tweezer. This 

new set of DNA ligands was synthesized using an efficient approach based on acylation 

and nucleophilic substitution. To enhance the feasibility of the reactions, reduce the 

number of steps, and improve yields, the reaction steps were carefully optimized. This 

optimization was crucial in establishing a versatile synthetic pathway that allows for the 
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preparation of dimers and monomers with various aromatic moieties and spacer lengths, 

potentially paving the way for future expansion of the series. Mass spectrometry binding 

experiments confirmed that some of the compounds bind to the G4 wtTel23a sequence. 

Interestingly, increasing the spacer length by just two -CH2- units led to a loss of this 

ability. This observation holds promise for designing highly selective ligands, not only 

favouring G4 over dsDNA but also targeting specific G4 sequences. To verify this initial 

hypothesis, further studies are being conducted assessing the binding towards different 

G4 topologies. 
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2.9 Materials and methods 

2.9.1 Chemistry  

Commercially available chemicals were purchased from Sigma-Aldrich and used 

without any further purification if not specified elsewhere. NMR characterization were 

performed on a Bruker Avance III 400 spectrometer (frequencies: 400.13 and 100.62 

MHz for 1H and 13C nuclei, respectively) equipped with a multinuclear inverse z-field 

gradient probe head (5 mm). For data processing, TopSpin 4.0.8 software was used, and 

the spectra were calibrated using solvent signal (1H-NMR, δH = 7.26 ppm for CDCl3, δH 

= 3.31 ppm for CD3OD, δH = 2.50 ppm for d6-DMSO; 13C-NMR, δC = 77.16 ppm for 

CDCl3, 39.52 ppm for d6-DMSO, δC = 49.00 for CD3OD). Multiplicities are reported as 

follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad; dd, doublet of 

doublets. Mass spectra were recorded by direct infusion ESI on a LCQ Fleet ion trap 

(Thermo Fisher Scientific, Waltham, MA, USA) mass spectrometer. For data processing, 

Qual Browser Thermo Xcalibur 4.0.27.13 software was used. ESI parameters for samples 

acquired in positive ionization mode: spray voltage 3.2 kV, capillary temperature 160 °C, 

capillary voltage 43 V. ESI parameters for samples acquired in negative ionization mode: 

spray voltage 5.0 kV, capillary temperature 160 °C, capillary voltage −8 V.  

The characterization of the compounds can be found in the Appendix (Section 5). 

Extraction of rutin411 

The extraction procedure was adapted from the one previously reported by Paniwnyk 

et al.471 Dried flower buds (20 g) were crushed and inserted in a round-bottom flask. 

Methanol (200 mL) was then added and the mixture was refluxed for 1 hour under 

vigorous stirring. After cooling to room temperature, solid components were filtered off. 

The obtained bright green liquid fraction was evaporated under reduced pressure. The 

resulting residue was treated with water, giving a pale green/yellow suspension that was 

washed with diethyl ether to remove chlorophyll. The aqueous suspension was then 

filtered under reduced pressure to give the product as a light green solid, which was 

further purified by crystallization from ethanol (0.8 g). 
1H-NMR (400 MHz, CD3OD) δH: 7.67 (d, 1H, J = 2.2 Hz), 7.63 (dd, 1H, J = 8.4, 2.2 

Hz), 6.87 (d, 1H, J = 8.4 Hz), 6.39 (d, 1H, J = 2.2 Hz), 6.21 (d, 1H, J = 2.2 Hz), 5.11 (d, 

1H, J = 7.5 Hz), 4.52 (d, 1H, J = 1.6 Hz), 3.81 (dd, 1H, J = 10.8, 1.0 Hz), 3.64 (dd, 1H, J 

= 3.4, 1.6 Hz), 3.54 (dd, 1H, J = 9.5, 3.4 Hz), 3.5-3.3 (m, 5H), 3.3-3.2 (m, 2H), 1.13 (d, 



2 Main project: Developing new ligands targeting G-quadruplex 

2.9 Materials and methods 

 

- 128 - 

3H, J = 6.1 Hz); 13C-NMR (101 MHz, CD3OD) δC ppm: 179.5, 166.1, 163.1, 159.5, 158.6, 

149.9, 146.0, 135.8, 123.7, 123.3, 117.8, 116.2, 105.8, 104.9, 102.6, 100.1, 95.0, 78.3, 77.3, 

75.9, 74.1, 72.4, 72.2, 71.5, 69.8, 68.7, 18.0. (ESI-) found 609.52 (C27H29O16
-, [M-H]-), calc. 

609.15. 

Synthesis of N,N'-(9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(2-

azidoacetamide) (AQ1)439 

2,6-Diaminoanthraquinone (1 eq, 500 mg, 2.10 mmol) was dissolved in chloroacetyl 

chloride (24 eq, 5.70 g, 50 mmol) and the mixture was heated at 110 °C for 4 h until a 

colour change from violet to yellow was observed. The mixture was cooled to r.t. and 

diethyl ether was added to precipitate the solid product that was filtered and washed with 

diethyl ether. Without further purification the solid was dissolved in DMF and NaN3 was 

added (6 eq), the mixture was stirred at r.t. for 16 h and then water was added. The 

resulting precipitate was filtered, washed with water and evaporated at reduced pressure 

to afford a yellow solid (680 mg, 80%).  
1H-NMR (400 MHz, d6-DMSO) δH 10.78 (s, 2H), 8.44 (d, 2H, J = 2.2 Hz), 8.19 (d, 

2H, J = 8.5 Hz), 8.05 (dd, J1 = 8.5 Hz, J2 = 2.2 Hz, 2H), 4.15 (s, 4H); 13C-NMR (101 MHz, 

d6-DMSO) δC 182.12, 170.43, 144.14, 135.03, 128.97, 128.50, 124.16, 116.42, 45.71, 

(ESI+) m/z calcd for C18H13N8O4
+ [M+H]+ : 405.10, found: 405.51.  

Synthesis of N,N'-(9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(3-

azidopropanamide) (AQ2)439 

2,6-Diaminoanthraquinone (1 eq, 200 mg, 0.84 mmol) was refluxed in 3-

azidopropionyl chloride (23 eq, 2.60 g, 19.5 mmol) at 100 °C for 4 hours. The solution 

changed from violet to yellow in colour. After 4 hours the mixture was cooled down to 

r.t. and diethyl ether (30 mL) was added to precipitate the product as a solid. The mixture 

was filtered under vacuum, washed with diethyl ether, and left to dry obtaining a yellow 

solid (258 mg, 71%).  
1H-NMR (400 MHz, d6-DMSO) δH 10.73 (s, 2H), 8.46 (d, 2H, J = 1.8 Hz), 8.19 (d, 

2H, J = 8.5 Hz), 8.05 (dd, J1 = 8.5 Hz, J2 = 1.8 Hz, 2H), 3.66 (t, 2H, J = 6.3 Hz), 2.73 (t, 

2H, J = 6.3 Hz); 13C-NMR (101 MHz, d6-DMSO,) δC 181.79, 170.22, 144.93, 134.87, 

129.08, 128.61, 123.93, 116,31, 47.07, 36.23; (ESI+) m/z calcd for C20H17N8O4
+ [M+H]+: 

433.14, found: 433.62.  
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General synthesis of the final compounds (AQ3-AQ9)439 

Propargylamide amino-acid derivatives were prepared as reported in literature.441,472–474 

Compounds AQ1 or AQ2 (1 eq) and the opportune propargylamide amino-acid derivative 

(4 eq) were dissolved in DMSO (1 mL). In a separate vial, sodium ascorbate (1.2 eq), 

anhydrous CuSO4 (0.5 eq) and K2CO3 (0.3 eq) were dissolved in distilled water (200 μL). 

The salts solution was added to the reaction mixture under an N2 stream, stoppered, and 

left to stir overnight at room temperature. Water was added and the mixture left to stir 

for 10 min in an ice bath. The mixture was filtered using a Buchner funnel and the brown 

solid obtained were washed with water and ethyl acetate and dried to obtain a brown 

crystal solid. Without further purifications, the solid was dissolved in an equal amount of 

DCM and TFA, the solution was left to stir for 2 hours. The solvents were evaporated 

under reduced pressure and left to dry overnight in vacuum affording a crystalline solid.  

 

AQ3 N,N'-(9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(2-(4-((2-aminoacetamido)methyl)-

1H-1,2,3-triazol-1-yl)acetamide) 

The product was obtained with the procedure described above yielding a brown solid 

(364 mg, 86%).  
1H-NMR (400 MHz, d6-DMSO) δH 11.20 (s, 2H), 8.87 (brs, 2H), 8.48 (d, 2H, J = 2.1 

Hz), 8.21 (d, J = 8.6 Hz, 2H), 8.11-7.97 (m, 9H), 5.44 (s, 4H), 4.45 (d, 4H, J = 4.2 Hz), 

3.59 (m, 4H); 13C-NMR (101 MHz, d6-DMSO) δC 181.07, 165.66, 165.20, 143.76, 134.27, 

128.54, 128.36, 124.36, 123.55, 115.88; (ESI+) m/z calcd for C28H30N11O6
+ [M+H]+: 

629.23, found: 629.37; calcd for C28H31N11O6
2+ [M+2H]2+ : 315.12, found: 315.23.  

 

AQ4 (2S,2'S)-N,N'-(((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(2-

oxoethane-2,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(2,6-diaminohexanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(558 mg, 92%).  
1H-NMR (400 MHz, d6-DMSO) δH 11.21 (s, 2H), 8.97 (m, 2H), 8.47 (d, 2H, J = 2.1 

Hz), 8.29-8.12 (m, 7H), 8.04 (s, 2H), 8.00 (dd, 2H, J1 = 8.6 Hz, J2 = 2.1 Hz), 7.73 (brs, 

5H), 5.42 (s, 4H), 4.45 (m, 2H), 2.76 (m, 4H), 1.72 (m, 4H), 1.53 (m, 4H), 1.32 (m, 4H); 
13C-NMR (101 MHz, d6-DMSO) δC 181.46, 168.52, 165.50, 144.01, 134.56, 128.90, 

128.70, 124.95, 123.99, 116.24, 52.40, 52.22, 38.69, 34.39, 30.61, 26.65, 21.28; (ESI+) m/z 
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calcd for C36H47N14O6
+ [M+H]+: 771.38, found: 771.57; calcd for C36H48N14O6

2+ 

[M+2H]2+: 386.19, found: 386.41.  

 

AQ5 (2S,2'S)-N,N'-(((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(2-

oxoethane-2,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(2-amino-3-phenylpropanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(456 mg, 89%).  
1H-NMR (400 MHz, d6-DMSO) δH 11.22 (s, 2H), 8.96 (brs, 2H), 8.49 (d, 2H, J = 2.1 

Hz), 8.29-8.16 (m, 7H), 8.04 (s, 2H, J1 = 8.6 Hz, Jb = 2.1 Hz), 7.39-7.11 (m, 10H), 5.43 

(s, 4H), 4.40 (brs, 4H), 4.01 (m, 2H), 3.08 (m, 1H), 2.99 (m, 1H); 13C-NMR (101 MHz, 

d6-DMSO) δC 181.08, 167.66, 165.17, 143.78, 134.69, 134.28, 129.33, 128.55, 128.38, 

124.50, 123.56, 115.90, 53.34, 52.15, 36.90, 34.08; (ESI+) m/z calcd for C42H41N12O6
+ 

[M+H]+ : 809.33, found: 809.46; calcd for C42H42N12O6
2+ [M+2H]2+: 405.17, found: 

405.33.  

 

AQ6 (2S,2'S)-N,N'-(((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(2-

oxoethane-2,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(2,5-diaminopentanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(447 mg, 93%).  
1H-NMR (400 MHz, d6-DMSO) δH 11.23 (s, 2H), 9.01 (t, 2H, J = 5.2 Hz), 8.47 (d, 

2H, J = 2.1 Hz), 8.33- 8.16 (m, 8H), 8.07 (s, 2H), 8.02 (dd, 2H, J1 = 8.7 Hz, J2 2.1 Hz), 

7.80 (brs, 6H), 5.44 (s, 4H), 4.52 (dd, 2H, Ja = 15.0 Hz, Jb = 5.5 Hz), ), 4.39 (dd, 2H, Ja 

= 15.0 Hz, Jb = 5.5 Hz), 3.81 (m, 2H), 2.81 (m, 4H), 1.76 (m, 4H), 1.59 (m, 4H); 13C-

NMR (101 MHz, d6-DMSO) δC 181.12, 168.10, 165.28, 143.80, 134.32, 128.60, 128.41, 

124.68, 123.61, 115.94, 52.17, 51.55, 38.18, 34.20, 28.06, 22.49; (ESI+) m/z calcd for 

C34H43N14O6
+ [M+H]+ : 743.35, found: 743.62, calcd for C34H44N14O6

2+ [M+2H]2+: 372.18, 

found: 372.52. 

  

AQ7 (2S,2'S)-N,N'-(((((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(2-

oxoethane-2,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(azanediyl))bis(2-oxoethane-2,1-

diyl))bis(2,6-diaminohexanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(584 mg, 88%).  
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1H-NMR (400 MHz, d6-DMSO) δH 11.27 (s, 2H), 8.77 (brs, 2H), 8.57 (brs, 2H), 8.47 

(brs, 2H), 8.31- 8.12 (m, 8H), 8.02 (brs, 4H), 7.83 (brs, 6H), 5.43 (s, 4H), 4.40 (m, 2H), 

3.83 (m, 8H), 2.76 (m, 4H), 1.72 (m, 4H), 1.52 (m, 4H), 1.38 (m, 4H); 13C-NMR (101 

MHz, d6-DMSO) δC 181.07, 168.68, 167.98, 143.80, 134.26, 128.51, 128.35, 124.60, 

123.57, 115.90, 52.12, 51.83, 41.68, 38.31, 34.00, 30.22, 26.30, 20.84; (ESI+) m/z calcd for 

C50H43N16O8
2+ [M+2H]2+: 443.21 found 443.65.  

 

AQ8 (2S,2'S)-N,N'-(((((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(2-

oxoethane-2,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(azanediyl))bis(2-oxoethane-2,1-

diyl))bis(2,6-diaminohexanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(616 mg, 91%).  
1H-NMR (400 MHz, d6-DMSO) δH 11.24 (s, 2H), 8.53-8.45 (m, 5H), 8.27-8.09 (m, 

8H), 8.07-7.96 (m, 4H), 7.89-7.71 (m, 6H), 5.42 (s, 4H), 4.35 (brs, 4H), 3.39 (m, 1H), 3.31 

(m, 1H), 2.75 (brs, 4H), 2.35 (brs, 4H), 1.66 (m, 4H), 1.50 (m, 4H), 1.29 (m, 4H); 13C-

NMR (101 MHz, d6-DMSO) δC 181.69, 170.55, 168.77, 165.86, 144.41, 134.88, 129.13, 

128.96, 124.18, 116.51, 52.75, 52.42, 38.93, 35.84, 34.63, 30.93, 26.99, 21.56; (ESI+) m/z 

calcd for C42H58N16O8
2+ [M+2H]2+: 457.23, found: 457.55.  

 

AQ9 (2S,2'S)-N,N'-(((((9,10-dioxo-9,10-dihydroanthracene-2,6-diyl)bis(azanediyl))bis(3-

oxopropane-3,1-diyl))bis(1H-1,2,3-triazole-1,4-diyl))bis(methylene))bis(2,6-diaminohexanamide) 

The product was obtained with the procedure described above yielding a brown solid 

(546 mg, 94%).  
1H-NMR (400 MHz, d6-DMSO) δH 10.81 (s, 2H), 8.93 (brs, 2H), 8.45 (d, 2H, J = 1.9 

Hz), 8.25-8.09 (m, 8H), 8.06-7.96 (m, 4H), 7.83-7.71 (brs, 5H), 4.67 (t, 4H, J = 6.2 Hz), 

4.38 (m, 4H), 3.73 (m, 2H), 3.11 (t, 4H, J = 6.2 Hz), 2.74 (m, 4H), 1.70 (m, 4H), 1.50 (m, 

4H), 1.30 (m, 4H); 13C-NMR (101 MHz, d6-DMSO) δC 181.26, 169.18, 168.25, 144.38, 

134.32, 128.53, 128.07, 123.42, 115.77, 51.92, 45.10, 38.41, 36.22, 34.22, 30.36, 26.41, 

21.08; (ESI+) m/z calcd for C38H51N14O6
2+ [M+H]2+ : 400.21, found: 400.60.  

Synthesis of 9,10-Dibromoanthracene465  

Anthracene (1 eq, 4.5 g, 25.0 mmol) was dissolved in CHCl3 (50 mL) and a solution 

of bromine (1.2 eq, 3.0 mL, 58.2 mmol) in CHCl3 (25 mL) was added dropwise, inducing 

the formation of a solid precipitate. The mixture was stirred at r.t. for 4 h and afterwards 
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the solvent was removed with a stream of N2. The solid residue was triturated with DCM, 

filtered and washed with small portions of DCM to give 1 in yellow needles (4.1 g, 36%).  
1H-NMR (400 MHz, CDCl3): δH (ppm) = 8.57 (m, 4H), 7.62 (m, 4H); 13C-NMR (100 

MHz, CDCl3): δC (ppm) = 131.2, 128.4, 127.6, 123.7.  

Synthesis of 9,10-Bis((trimethylsilyl)ethynyl)anthracene465 

9,10-Dibromoanthracene (1 eq, 236 mg, 0.70 mmol) and trimethylsilyl acetylene were 

dissolved in a mixture of toluene (37.0 mL) and triethylamine (8.4 mL). 

Tetrakis(triphenylphosphine)palladium(0) (0.02 eq, 17 mg, 0.015 mmol) and copper 

iodide (0.04 eq, 5.5 mg, 0.029 mmol) were then added. The mixture was purged with 

nitrogen and heated at reflux overnight. The solvent was removed at reduced pressure 

and the obtained mixture was poured in water and extracted with DCM, dried over 

anhydrous magnesium sulphate and evaporated under reduced pressure. The crude 

product was purified by column chromatography (silica gel, hexane) obtaining compound 

2 as a red solid (86 mg, 36%). 1H-NMR (400 MHz, CDCl3): δH (ppm) = 8.61 (m, 4H), 

7.63 (m, 4H), 0.47 (s, 18H); 13C-NMR (100 MHz, CDCl3): δC (ppm) = 132.1, 127.2, 126.4, 

117.5, 108.3, 101.7, 0.2.  

Synthesis of 9,10-Diethynylanthracene465 

9,10-Bis((trimethylsilyl)ethynyl)anthracene (80 mg, 0.22 mmol) was dissolved in a 

mixture of MeOH (6.4 mL) and THF (3.2 mL), and 10% KOH was then added (1.2 mL). 

The solution was stirred at r.t. for 3 h and then the solvent was partially evaporated under 

reduced pressure. After that, diethyl ether (20 mL) was added, the obtained mixture was 

washed with water (3 × 10 mL), dried over magnesium sulphate and evaporated under 

reduced pressure obtaining a grey solid (45 mg, 91%). 1H-NMR (400 MHz, CDCl3): δH 

(ppm) = 8.61 (m, 4H), 7.62 (m, 4H), 4.07 (s, 2H); 13C-NMR (100 MHz, CDCl3): δC (ppm) 

= 132.5, 127.2, 127.10, 117.5, 90.1, 80.3.  

Synthesis of 9,10-Bis[(4-(2-hydroxyethyl)piperazine-1-yl)prop-2-yne-1-

yl]anthracene (OAF89)465 

9,10-Diethynylanthracene (1 eq, 45 mg, 0.2 mmol), 37% formaldehyde (200 μL, 2.5 

mmol), copper iodide (0.2 eq, 7 mg, 0.04 mmol) and 1-(2-Hydroxyethyl)piperazine (1.5 

eq, 80 mg, 0.6 mmol) were dissolved in DMSO (1 mL). The solution was stirred overnight 

at r.t. and then DCM (30 mL) was added. The resulting mixture was washed with 0.1 M 
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KOH (4 × 10 mL). The crude product was purified by column chromatography (silica 

gel, gradient of MeOH/TEA/DCM from 2,5/0,75/96,75 to 10/2/88) obtaining a solid 

yellow product (25 mg, 25%). 1H-NMR (400 MHz, d6-DMSO): δH (ppm) = 8.54 (m, 4H), 

7.74 (m, 4H), 4.36 (t, 2H, J = 5.4 Hz), 3,90 (s, 4H), 3,50 (m, 4H), 2,72 (bs, 8H), 2,51 (bs, 

8H), 2,41 (t, 4H, J = 6.2 Hz); 13C-NMR (100 MHz, CDCl3): δC (ppm) = 132.8, 128.7, 

127.2, 117.0, 95.4, 82.2, 59.5, 55.4, 52.9, 51.6, 48.2;  (ESI+): calcd for [C32H39N4O2]+ [M + 

H]+  511.31, found 511.04 

General procedure for the synthesis of the first intermediates: ANA, ANP, AQA 

and AQP  

2-aminoanthracene (1 eq) or 1-aminoanthraquinone (1 eq) were dissolved in 3.5 mL 

of AcCN with K2CO3 (1 eq). The acyl halide (1.3 eq) was added dropwise to the flask and 

the reaction mixture was stirred at r.t. overnight. The reaction was monitored with TLC 

with the proper eluent. When the starting material appeared consumed and 10 mL of H2O 

were 

added to quench the reaction and the precipitate was filtered with a Büchner funnel 

and washed with ethanol (5 mL) and hexane (3*2 mL) in order to remove the excess of 

starting materials and possible by-products. The solid was characterized with ESI-MS and 

NMR. 

 

ANA (N-(anthracen-2-yl)-2-bromoacetamide) 

Yield: 121 mg, 74%. 1H-NMR (400 MHz, d6-DMSO) δH 10.58 (brs, 1H), 8.46-8.43 

(m, 3H), 8.02-7.98 (m, 3H), 7.50-7.48 (m, 1H), 7.44-7.41 (m, 2H), 4.07 (s, 2H);  (ESI+) 

m/z calcd for C16H13BrNO+ [M+H]+ : 314.02 and 316.02, found: 314.34 and 316.34.  

 

ANP (N-(anthracen-2-yl)-3-bromopropanamide) 

Yield: 142 mg, 83%. 1H-NMR (400 MHz, d6-DMSO) δH 10.32 (brs, 1H), 8.52-8.45 

(m, 3H), 8.06-8.03 (m, 3H), 7.58-7.55 (m, 1H), 7.51-7.44 (m, 2H), 3.79 (t, J = 6.35 Hz, 

2H), 3.05 (t, J = 6.35 Hz, 2H); (ESI+) m/z calcd for C17H15BrNO+ [M+H]+ : 328.03 and 

330.03, found: 327.98 and 329.98.  

 

AQA (2-bromo-N-(9,10-dioxo-9,10-dihydroanthracen-1-yl)acetamide) 

Yield: 76 mg, 49%. 1H-NMR (400 MHz, CDCl3) δH 12.94 (brs, 1H), 9.14 (dd, J1= 1.13 

Hz, J2= 8.53 Hz, 1H), 8.35-8.28 (m, 2H), 8.08 (dd, J1= 1.13 Hz, J2 = 7.63 Hz, 1H), 7.83-
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7.79 (m, 3H), 4.10 (s, 2H);  (ESI+) m/z calcd for C16H11BrNO3
+ [M+H]+ : 343.99 and 

345.99, found: 343.15 and 345.15.  

 

AQP (3-bromo-N-(9,10-dioxo-9,10-dihydroanthracen-1-yl)propenamide) 

Yield: 84 mg, 52%. 1H-NMR (400 MHz, CDCl3) δH 12.47 (brs, 1H), 9.14 (dd, J1 = 1.03 

Hz, J2 = 8.56 Hz, 1H), 8.30-8.26 (m, 2H), 8.13 (dd, J1= 1.03 Hz, J2 = 7.69 Hz, 1H), 7.82-

7.76 (m, 3H), 3.79 (t, J = 6.35 Hz, 2H), 3.05 (t, J = 6.35 Hz, 2H) ;  (ESI+) m/z calcd for 

C17H13BrNO3
+ [M+H]+ : 358.01 and 360.01, found: 358.87 and 360.87.  

General procedure for the synthesis of the second intermediates: ANAp, 

ANPp, AQAp and AQPp  

Piperazine (10 eq) was dissolved in 2 mL of DMF (2 ml) heated up to about 55 °C in 

order to partially dissolve piperazine. After cooling to r.t., intermediate 1 (1 eq) was added 

and the reaction was monitored with TLC with the proper eluent (DCM:MeOH:TEA, 

92:7.5:0.5). After 3-4 hours, the starting material was consumed and 10 mL of H2O were 

added to quench the reaction, the precipitate was filtered with a Büchner funnel. The 

product was then characterized with ESI-MS and 1H and 13C NMR.  

 

ANAp (N-2-(anthracen-2-ylamino)-2-oxoethyl)piperazine-1- carboxylate)  

Yield: 123 mg, 99%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 8.84 (s, 1H); 8.43 (s, 1H); 

8.38 (s, 2H), 8.01-7.97 (m, 3H); 7.49-7.43 (m, 3H); 3.36-3.34 (m, 6H); 2.97 (t, 4H, J = 9.64 

Hz, 2*CH2); 13C-NMR (101 MHz, CDCl3): δC (ppm): 168.8; 134.4; 132.4; 132.0; 131.3; 

129.4; 129.3; 128.3; 128.1; 126.2; 125.8; 125.7; 125.2; 120.5; 115.3; 62.9; 46.4; 29.8; (ESI+): 

m/z calcd for [C20H22N3O]+ [M+H]+ 320.42, found 320.25. 

 

ANPp (N-(anthracen-2-yl)-3-(piperazin-1-yl)propanamide) 

Yield: 136 mg, 95%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 11.28 (s, 1H); 8.48 (s, 

1H); 8.36 (d, 2H, J = 7.95 Hz); 7.95 (t, 3H, J = 17.14 Hz); 7.46-7.38 (m, 3H); 3.08 (m, 

4H); 2.79-2.60 (m, 8H); 13C-NMR (101 MHz, CDCl3): δC (ppm): 171.0; 135.5; 132.3; 

132.3; 131.1; 129.3; 129.2; 128.3; 128.1; 126.1; 125.8; 125.6; 125.0; 120.8; 115.2; 54.5; 53.7; 

46.5; 32.5. (ESI+): calcd for [C21H24N3O]+ [M+H]+  334.49, found 334.44. 

 
AQAp (N-(9,10-dioxo-9,10-dihydroanthracen-1-yl)-2-(piperazin-1-yl)acetamide) 

Yield: 79 mg, 78%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 13.21 (s, 1H); 9.23 (d, 1H, 

J = 8.46); 8.31 (dd, 2H, J1 = 28.12 Hz, J2 = 6.46); 8.09 (d, 1H, J = 7.34); 7.83-7.75 (m, 3H); 
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3.24 (s, 2H); 3.18 (m, 4H); 2.66 (m, 4H); 13C-NMR (101 MHz, CDCl3): δC (ppm): 186.3; 

183.1; 171.6; 141.3; 135.6; 134.4; 134.3; 134.3; 132.9; 127.5; 127.1; 126.4; 122.8; 118.7; 

63.6; 55.1; 46.0; (ESI+): m/z calc for [C20H20N3O3]+ [M+H]+ 350.40, found 350.41. 

 

AQPp (N-(9,10-dioxo-9,10-dihydroanthracen-1-yl)-3-(piperazin-1-yl)propenamide) 

Yield: 172 mg, 76%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 12.39 (S, 1H); 9.11-9.09 

(m, 1H); 8.28-8.26 (m, 2H); 8.07-8.04 (m, 1H); 7.82-7.74 (m, 3H); 3.03 (t, 2H, J = 9.86 

Hz); 2.87-2.85 (m, 4H); 2.74-2.70 (m, 2H); 2.64-2.55 (m, 4H); 13C-NMR (101 MHz, 

CDCl3): δC (ppm): 187.2; 182.8; 171.9; 141.9; 135.8; 134.5; 134.1; 132.9; 127.5; 127.2 

126.6; 122.7; 118.1; 54.4; 53.3; 45.4; 36.3; (ESI+): calcd for [C21H22N3O3]+ [M+H]+ 364.42, 

found 364.30. 

General procedure for the synthesis of the final compounds: the dimers ANA3, 

ANP3, AQA3, AQP3 and the monomers ANA3m, ANP3m, AQA3m, AQP3m  

The intermediates 2 (1 eq) were dissolved in 1 mL of DMF, Cs2CO3 (1.5 eq), and 

PEG3-I (0.4 eq) were added to the solution that was stirred at 100 °C. The reaction was 

monitored with TLC with the proper eluent (DCM:MeOH:TEA, 92:7.5:0.5). After 2 

hours, 10 mL of H2O were added to quench the reaction. Subsequently, the reaction 

mixture was centrifuged at 4000 g for 5 minutes, the supernatant was discarded and the 

procedure was repeated 3 times. The solid was then washed with a solution of 

MeOH:H2O (3:7) and centrifuged with the same parameters applied before (3 times). The 

solid fraction was collected after removal of the liquid. The crude products were purified 

by column chromatography (silica gel, DCM:MeOH 9:1), the fractions corresponding to 

the monomer and the dimers for each compound were collected and the product were 

characterized with ESI-MS and 1H and 13C NMR.  

 

ANA3 (2,2'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(piperazine-4,1-diyl))bis(N-

(anthracen-2-yl)acetamide)) 

Yield: 7.5 mg 11%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 9.31 (s, 2H); 8.45 (s, 2H); 

8.36 (d, 4H, J = 8.35 Hz); 7.98-7.95 (m, 6H); 7.46-7.42 (m, 6H); 3.67-3.64 (m, 8H); 3.20 

(s, 4H); 2.71-2.61 (m, 20H); 13C-NMR (101 MHz, CDCl3): δC (ppm): 168.7; 134.4; 132.4; 

132.1; 131.3; 129.4; 129.3; 128.3; 128.1; 126.2; 125.8; 125.2; 120.5; 115.3; 70.5; 69.1; 62.2; 

57.8; 53.9; 29.8; (ESI+) calcd for [C46H53N6O4]+ [M+H]+  753.97, found 753.42.  
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ANA3m (N-(anthracen-2-yl)-2-(4-(2-(2-(2-hydroxyethoxy)ethoxy)ethyl)piperazin-1-

yl)acetamide) 

Yield: 2 mg, 2%. Unfortunately, the amount was not enough for the characterization 

through NMR. (ESI+) calcd for [C26H34N3O4]+ 452.57, found 452.43. 

 

ANP3 (3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(piperazine-4,1-diyl))bis(N-

(anthracen-2-yl)propanamide)) 

Yield: 13 mg, 18%. 1H-NMR (400 MHz, MeOD): δH (ppm): 10.25-10.22 (m, 2H, 

2*NH); 8.58-8.31 (m, 6H); 8.07-7.96 (m, 6H); 7.57-7.43 (m, 6H); 3.83-3.48 (m, 28H); 3.33-

3.19 (m, 4H); 2.92-2.98 (m, 4H). Note: CH2 signals were partially overlapped with the 

signal of the solvent; 13C-NMR (101 MHz, MeOD): δC (ppm): 165.3; 133.9; 133.4; 132.9; 

130.9; 130.4; 129.5; 129.1; 127.5; 127.3; 127.0; 126.7; 126.5; 122.2; 117.3; 71.5; 69.2; 57.6; 

52.6; 52.5; 51.5; 50.1; 37.4; 32.1; 9.5; (ESI+) calcd for [C48H57N6O4]+
 [M+H]+ 782.02, found 

781.74.  

 

ANP3m N-(anthracen-2-yl)-3-(4-(2-(2-(2-iodoethoxy)ethoxy)ethyl)piperazin-1-yl)propanamide 

Yield: 17 mg, 16%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 10.96 (brs, 1H) 8.48 (s, 

1H); 8.34 (d, 2H, J = 5.33 Hz); 7.95-7.92 (m, 3H); 7.45-7.38 (m, 3H); 3.69-3.62 (m, 8H); 

2.86-2.60 (m, 16H). 13C-NMR (101 MHz, CDCl3): δC (ppm): 170.7; 135.4; 132.3; 132.2; 

131.1; 129.2; 128.3; 128.0; 126.1; 125.7; 125.6; 125.0; 120.8; 115.3; 72.0; 70.6; 70.4; 70.3; 

69.2; 68.8; 63.6; 57.7; 53.7; 53.5; 52.1; 32.7; 21.1; (ESI+) calcd for [C27H35IN3O]+ [M+H]+ 

576.50, found 576.36. 

 

AQA3 (2,2'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(piperazine-4,1-diyl))bis(N-(9,10-

dioxo-9,10-dihydroanthracen-1-yl)acetamide)) 

Yield: 12.3 mg 16%, 12.3 mg. 1H-NMR (400 MHz, CDCl3): δH (ppm): 13.19 (s, 1H); 

13.14 (s, 1H); 9.21-9.17 (m, 2H); 8.30-8.23 (m, 4H); 8.08-8.04 (m, 2H); 7.81-7.73 (m, 6H); 

3.81-3.79 (m, 4H); 3.76-3.64 (m, 10H); 3.26 (s, 2H); 3.25 (s, 2H); 2.83 (m, 4H); 2.75 (m, 

6H); 2.68-2.66 (m, 4H). 13C-NMR (101 MHz, CDCl3): δC (ppm): 183.0; 171.5; 171.0; 

155.5; 141.3; 135.7; 135.6; 134.4; 134.3; 132.8; 127.5; 127.4; 127.1; 126.4; 126.4; 122.9; 

122.8; 118.6; 70.7; 70.6; 69.8; 64.7; 62.9; 58.0; 53.6; 53.5; 29.8. (ESI+) calcd for 

[C46H48N6Na2O8]+ [M+2 Na]+  858.90, found 857.93. 
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AQA3m N-(9,10-dioxo-9,10-dihydroanthracen-2-yl)-2-(4-(2-(2-(2-

hydroxyethoxy)ethoxy)ethyl)piperazin-1-yl)acetamide 

Yield: 6%, 5.8 mg. 1H-NMR (400 MHz, CDCl3): δH (ppm): 13.17 (s, 1H); 9.24-9.22 

(m, 1H); 8.32-8.27 (m, 2H); 8.08 (s, 1H); 7.83-7.75 (m, 3H); 3.76-3.62 (m, 12H); 3.29 (s, 

2H); 2.96-2.82 (m, 8H); 13C-NMR (101 MHz, CDCl3): δC (ppm): 186.4; 183.0; 171.3; 

141.3; 135.6; 134.4; 134.3; 134.3; 132.9; 129.9; 127.4; 127.1; 126.5; 122.8; 118.6; 72.8; 70.5; 

70.4; 62.7; 61.8; 29.8. (ESI+) calcd for [C26H32N3O6]+ [M+H]+ 482.56, found 482.76. 

 

AQP3 (3,3'-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(piperazine-4,1-diyl))bis(N-(9,10-

dioxo-9,10-dihydroanthracen-1-yl)propenamide)) 

Yield: 2,5 mg, 5%. Unfortunately, the amount was not enough for the characterization 

through NMR. (ESI+) calcd for [C48H53N6O8]+ [M+H]+  841.99, found 841.71. 

 

AQP3m N-(9,10-dioxo-9,10-dihydroanthracen-2-yl)-3-(4-(2-(2-(2-

iodoethoxy)ethoxy)ethyl)piperazin-1-yl)propanamide 

Yield: 7.9 mg, 11%. 1H-NMR (400 MHz, CDCl3): δH (ppm): 12.40 (s, 1H); 9.11 (dd, 

1H, J1 = 8.53 Hz, J2 = 1.24 Hz); 8.30-8.27 (m, 2H); 8.09-8.06 (m, 2H); 7.83-7.80 (m, 2H); 

3.74 (t, 2H, J = 12.07 Hz); 3.70-3.60 (m, 8H); 2.88 (t, 2H, J = 14.06 Hz); 2.74 (t, 2H, J = 

14.06 Hz); 2.69-2.60 (m, 10H, 5* CH2). 13C-NMR (101 MHz, CDCl3): δC (ppm): 187.1; 

182.9; 171.9; 142.0; 135.8; 134.5; 134.2; 134.1; 133.0; 129.9; 127.4; 127.2; 126.6; 122.7; 

118.1; 71.5; 70.8; 70.5; 69.3; 68.9; 57.8; 53.9; 53.5; 52.9; 42.8; 41.1; 36.4; 29.8; 29.1; (ESI+) 

calcd for [C27H33IN3O5]+ [M+H]+  606.48, found 606.39. 

2.9.2 ESI-MS binding studies  

DNA sequences were obtained from Sigma-Aldrich (Milan, Italy). Samples were heat-

denatured and folded in 150 mM ammonium acetate before incubation with the ligands. 

Stock solutions of the compounds were prepared in methanol. The final concentration of 

the oligonucleotide was 5-10 μM in 150 mM ammonium acetate, with a 10:1 

compound/oligo ratio. Samples were acquired after an equilibration time of 30 minutes 

and MeOH was added to the samples to obtain a stable ESI signal. Mass spectra were 

recorded by direct infusion ESI on a Thermo Fisher Scientific (Waltham, MA) LCQ Fleet 

ion trap mass spectrometer. The instrument was set in negative ionization mode with a 

3.4 kV capillary voltage, 120 °C capillary temperature and a flow rate of 5 μL/min. CID 

experiments were performed on the complexes by isolating the precursor ion in the trap. 
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The fragmentation was promoted by increasing the “normalized collision energy” 

parameter. For data processing, Qual Browser Thermo Xcalibur 4.0.27.13 software was 

used. Exact mass for the G4 sequence (5'-AGGGTTAGGGTTAGGGTTAGGGT3'): 

7270.774 Da. Exact mass for dsDNA (5'-ACTATTTACGTATAATGA-3', 5'- 

TCATTATACGTAAATAGT-3'): 10987.922 Da.  

2.9.3 NMR titrations 

Sample preparation 

The DNA sequences were purchased by Eurofins MWG Operon (Ebersberg, 

Germany) as HPSF® (High Purity Salt Free) purified oligos, TERRA12 sequence was 

purchased by Dharmacon (Cambridge, UK) as 2’-protected oligos, the deprotection was 

achieved adding 400 µL of 2’-deprotection buffers (100 mM acetic acid, adjusted to pH 

3.8 with TEMED) until the RNA was completely dissolved, the solution was incubated 

at 60°C for 30 minutes and lyophilize to dryness. The oligomers have been HPLC purified 

with tetrabutylammonium acetate buffer, desalted with ultracentrifuge filtration devices 

(Vivacon (2 kDa cut-off for DNA, 1 kDa cut-off for RNA), VWR) and precipitated with 

5 volumes of LiClO4 (2% in Acetone (w/v)) at -20 °C over night. Subsequently, another 

desalting step has been performed to remove residual Li+ ions and acetone.  

NMR experiments 

The DNAs were diluted to the appropriate concentration with ddH2O with the 

addition of 70 mM KCl and 25 mM of K-phosphate buffer (K2HPO4-KH2PO4) at pH 7.0 

in H2O, the folding was achieved heating the sample at 95 °C for 8 minutes and left to 

cool at room temperature for at least 3 hours. Subsequently 5-10% d6-DMSO was added 

for the lock and to increase ligand solubility and 0.15 mM of 2,2-dimethyl-2-silapentane-

5-sulfonate (DSS) as internal reference (δH= 0 ppm). The sample was transferred into a 

Shigemi tube for the analysis. The spectra were recorded at Bruker BioSpin GmbH at a 

600 MHz or 800 MHz at 298 K with 128 scans and 16 dummy scans, for each ligand 

addition two spectra were recorded with gradient-assisted excitation sculpting475 or jump-

return476 for water suppression. 
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2.9.4 2D NMR experiments 

All NMR samples were referenced with DSS and prepared in 25 mM K-phosphate 

buffer and 70 mM KCl (pH = 7.0). The sample were prepared in 10% d6-DMSO and in 

90% either H2O or D2O. D2O samples were prepared by repeated freeze-drying and 

dissolving in D2O (99.98% D). The final NMR samples contained 1.2 mM RNA (0.6 mM 

G4) and 3.0 mM OAF89 in NMR buffer. The 2D spectra were recorded at 700, 800 or 

900 MHz 
1H,13C-HSQC and NOESY spectra with different water suppression schemes 

(presaturation for D2O samples and excitation sculpting with gradients for H2O samples) 

and different mixing times (150 and 250 ms) were recorded at 318 K. 

COSY and TOCSY spectra were recorded with presaturation water suppression and 

phase sensitive with double quantum filter were recorded at 318 K. 

 All NMR data were collected, processed, and analysed using the software TopSpin 

4.1.4 (Bruker) and Sparky 3.43. 

2.9.5 Circular dichroism (CD)  

For the CD titrations on wtTel26 and Tel24, the concentration of NA was 10 μM and 

the buffer conditions were the same of the NMR sample, namely 25 mM of K-phosphate 

buffer, 70 mM of KCl and 5 % of DMSO on a Jasco J-810 spectropolarimeter equipped 

with a Peltier-type temperature control system using a 1 mm path length cell. Before data 

acquisition, the NA sequence (4 μM) was heated at 95 °C for 5 min and left to cool at 

room temperature overnight. Spectra were then acquired in the absence and in the 

presence of increasing concentration of tested ligands. The reported spectrum of each 

sample represents the average of 3 scans recorded with 1 nm step resolution. Observed 

ellipticities were converted to mean residue ellipticity [𝜃]  =  𝑑𝑒𝑔 𝑥 𝑐𝑚ଶ 𝑥 𝑑𝑚𝑜𝑙ିଵ 

(Mol. Ellip.). 

2.9.6 Molecular docking for rutin and quercetin 411 

The structure of the macromolecular target was obtained from the RCSB Protein Data 

Bank (www.rcsb.org, PDB ID: 3CE5). Target and ligands were prepared for the blind 

docking experiments which were performed using AutoDock Vina (Molecular Graphics 

Laboratory, Department of Integrative Structural and Computational Biology, The 

Scripps Research Institute, La Jolla, CA, USA).477 Output data (energies, interaction 

patterns) were analysed and scored using UCSF Chimera molecular viewer,478 which was 
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also used to produce the artworks. Values are expressed in kcal/mol and refer to the most 

favoured predicted pose.  

2.9.7 Molecular docking for M. Pomifera derived flavonoids, anthraquinones 

and anthracenes439,465 

G4 structure files were retrieved from the RCSB Protein Data Bank (PDB, 

www.rcsb.org) and were prepared with the Protein Preparation Wizard included in the 

Schrodinger suite,429 using default settings, i.e., adding hydrogens, removing waters further 

than 5 Å from the ligand, adjusting charges, capping termini, optimizing hydrogen bond 

clusters and performing a final minimization under the OPLS3e force field.479 The ligands 

were prepared for docking with Ligprep tool under OPLS3e force field, using Epik ionizer 

all possible states in the 7±2 pH range were generated, including the possible metal 

binding states, allowing therefore the interaction with the potassium ions.  The docking 

protocol consisted of rigid-receptor/flexible ligand docking, which was performed with 

Glide, under the OPLS3e force field, with default settings, i.e., a 0.80 scaling factor for 

the ligand atom van der Waals radius and 0.15 for the partial charge cut-off, with 

generation of 1 pose per ligand. A cubic grid (30x30x30 Å) was prepared with Receptor 

Grid Generation tool included in Schrodinger suite and generated manually selecting, as 

centre the two potassium ions in the inner channel of the G4 quartets. 

For M. Pomifera derivatives, different parameters, such as grid dimension, docking 

precision (standard precision is labelled as SP, whereas higher precision docking is 

marketed as XP) and sampling mode were changed throughout the study to investigate 

their influence on the computation. Five cubic grids were prepared with Receptor Grid 

Generation tool included in Schrodinger suite and generated manually selecting, as centre 

the two potassium ions in the inner channel of the G4 quartets. The dimension of the 

grids was varied as mentioned earlier and the third potassium ion included in the 3D 

structure was either left unmodified or deleted. The settings used for each calculation are 

summarised in table S2.9.1. 

G4 structure preparation 

For M. Pomifera derivatives we used PDB ID: 7KLP,428 whereas for the anthracene 

OAF89 PDB ID: 1KF1.293 The grids were generated manually selecting the potassium 

ions in the inner channel. 
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For anthraquinones the choice was to retrieve PDB ID: 1KF1,293 143D,450 2HY9,451 

and 2JPZ,423 which are all telomeric arrangements formed by the sequence 

d[G3(TTAGGG)3], all head and tail caps were removed resulting in a 21mer. Two central 

K+ ions were placed between the three G-tetrads for the hybrid-1, hybrid-2 and 

antiparallel NMR resolved structures (PDB ID: 2HY9, 2JPZ and 143D), in the parallel 

structure (PDB ID: 1KF1) they were already present in the X-ray diffraction resolved 

structure.  

Table S2.9.1. Grid settings and molecular docking parameters adopted for each computation for M. Pomifera derivatives  

2.9.8 Molecular dynamics  

The  structures of the G4-ligand complexes, obtained by the molecular docking study, 

were prepared for the simulations with Schrodinger application System Builder as follows: 

the structures were solvated in a triclinic water box (10 A buffer) composed by 4-site 

model TIP4Pew water molecules,480 the total charge was neutralized by the addition of an 

adequate number of K+ ions, and a 0.20 M KCl concentration was set. The system initially 

prepared for Schrodinger default force field OPLS3e was converted through Viparr 

application to the AMBER OL15 force field specific for nucleic acids,481–484 the parameters 

set used for the ions were the ones developed by Joung et al.485 The ligands were 

parameterized with Antechamber application of AmberTools20 using GAFF2 parameters 

and AM1-BCC atomic charges, missing parameters were generated with Parmchk2. The 

simulations were conducted with Schrodinger Desmond for 100 ns each, recording 1 

frame every 10 ps using the NPT ensemble at the temperature and pressure of 300 K and 

1.01 bar, default settings were used for the RESPA integrator (2 fs for bonded 

interactions, 2 fs for near and 6 fs for far interactions), the system was relaxed prior the 

simulation using the default Desmond protocol.486 The trajectories were analysed after the 

# Grid size (Å) Number of K+ 
ions 

Conformer generation 
sampling 

Initial poses selection 
sampling 

Precision 

1 18x18x18 3 Default Default SP 
2 18x18x18 3 Enhanced Default SP 
3 18x18x18 3 Enhanced Expanded SP 
4 18x18x18 3 Default Default XP 
5 18x18x18 3 Default Expanded XP 
6 18x18x18 2 Enhanced Expanded SP 
7 18x18x18 2 Default Expanded XP 
8 15x15x15 2 Enhanced Expanded SP 
9 15x15x15 2 Default Expanded XP 
10 13x13x13 2 Enhanced Expanded SP 
11 13x13x13 2 Default Expanded XP 
12 32x32x32 2 Enhanced Expanded SP 
13 32x32x32 2 Default Expanded XP 
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simulations with Simulation Event Analysis Schrodinger application, for the over-time 

ligand RMSD calculations the ligand atoms positions were fitted to the guanine planes.
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3 Side projects 

3.1 Selenium-containing compounds for the protection against 

oxidative stress 

3.1.1 Fluoxetine derivatives 

Introduction  

Selective serotonin reuptake inhibitors (SSRIs) were developed in the context of major 

depressive disorder as a class of compounds with the same therapeutic activity of tricyclic 

antidepressants with the aim of limiting undesirable side effects, such as on cardiac 

conduction and anticholinergic activity. All currently available antidepressant drugs are 

based on the monoamine-deficiency hypothesis, deriving from the discovery that changes 

in monoamine (such as serotonin, norepinephrine and dopamine) concentrations in the 

forebrain and limbic system can cause mood alteration.487 SSRIs inhibit the serotonin 

transporter increasing the concentration of serotonin, which is proved to improve the 

mood together with norepinephrine, in the synaptic cleft, thus enhancing the 

serotoninergic tone. Within all the tested compounds, fluoxetine (N-methyl-3-phenyl-3-

[4-(trifluoromethyl)phenoxy]propan-1-amine) (Figure 3.1.1) was found to be the most 

potent inhibitor of serotonin reuptake in nerve endings, therefore it was approved by the 

FDA in 1987 and marketed by Eli Lilly as Prozac.488,489  

Recent studies revealed that fluoxetine is able to contrast adverse effect of different 

types of immune system stressor and protect against oxidative stress. Oxidative stress can 

be described as a perturbation of the equilibrium between the production of reactive 

oxygen species (ROS) like peroxides and free radicals, and the cells capacity to steadily 

detoxify these reactive intermediates and thus repair the damage that has been caused by 

them. ROS are involved in signalling event mediated by thiols residue in proteins and can 

regulate transcription but they are also toxic for their high reactivity towards lipids, 

proteins and DNA, whose oxidation results in neuronal cell death and hence in 

progression of cardiovascular disease, pulmonary disease, diabetes, cancer and 

neurodegenerative diseases.490,491 Antioxidant enzyme, such as superoxide dismutase 

(SOD), catalase (CAT) or glutathione peroxidase (GPx) are in charge of metabolising 

ROS into less toxic species to keep the redox homeostasis in the living organisms.492  
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Fluoxetine has showed its beneficial antioxidant effect through a combination of 

mechanism, such as direct ROS scavenging, stimulation of anti-oxidant enzymes and by 

enhancement of the serotonin antioxidant ability.493,494 

Computational studies have been performed on fluoxetine and its two metabolites 

(N-demethylated derivative known as norfluoxetine and p-trifluoromethylphenol derived 

from oxidative O-dealkylation) together with serotonin in order to better understand the 

mechanism of radical scavenging. The major outcome showed that serotonin is overall a 

better scavenger of hydroxyl and peroxyl radicals compared to all the others, thus 

suggesting that the improvement of oxidative damage is more likely to be due to the 

higher concentration of free serotonin in the synaptic cleft rather than a direct effect of 

fluoxetine itself and its metabolites.495  

On the other hand, it has been demonstrated by Herbet and colleagues that fluoxetine 

is able to interact with enzymes such as SOD, CAT or GPx, thus again explicating its 

antioxidant effect in an indirect manner.493  

Glutathione (GSH) is an important compound used by the body to eliminate 

peroxides. GSH oxidation leads to glutathione disulphide (GSSG) that is reduced back 

using NADPH by GSSG reductase. GSH/GSSG release from tissues to extracellular 

space is subjected to their tissue concentrations, thus their balance can be used to estimate 

the oxidative stress.491 GPx is the first selenoprotein discovered and its importance and 

wide studies is due to its ability to act against oxidative damage. Eight different GPx have 

been identified: in three of them the selenocysteine (Sec) of the active site has been 

replaced with a Cys and are less efficient in neutralizing peroxidic species transferring the 

oxidation of GSH, thus demonstrating the importance of the selenium atom in the 

catalytic triad. Sec is able to reduce hydrogen peroxide and organic peroxides leading to 

the formation water or the corresponding alcohols. With this reaction Sec is converted 

into the unstable selenic acid that reacts with a first molecule of reduced GSH to generate 

a selenenyl sulphide intermediate. A second molecule attack the Se-S bond producing 

GSSG that is enzymatically reduced back to GSH by glutathione reductase (GR)-NADPH 

system.496 Thus selenium-containing molecules can mimic GPx activity, thus functioning 

as antioxidants.497–500 The most known is ebselen (2-phenyl-1,2-bwnzisoslenazol-3(2H)-

one) that was used in clinical trials, but also aryl and alkyl selenides and diselenides have 

been synthetised and tested in vitro and in vivo.501–505 

The idea behind this work was to synthetize new compounds chemically related to 

fluoxetine and that could combine the antidepressant effect, thus selectively inhibiting 
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serotonin reuptake in the synapsis, and a direct antioxidant behaviour within the CNS. 

This would be provided by the introduction of a selenium atom, hence enabling a GPx-

mimicking activity. Therefore, oxygen was replaced with selenium, leading to 

selenofluoxetine (Figure 3.1.1) and different substituents have been added on the former 

phenoxy-ring in para position. All the synthetized compounds were characterized by 1H-

NMR, 13C-NMR and ESI-MS. Moreover, their reaction with H2O2 was studied with 1H-

NMR, 77Se-NMR, ESI-MS and computational studies to assess the antioxidant potential. 

Furthermore, their ability in inhibiting serotonin reuptake has been investigated in vivo in 

mice, with the support of molecular docking. These findings have been published in two 

different peer-reviewed journals.506,507 Figure 3.1.1 shows the chemical structure of 

fluoxetine, selenofluoxetine and of the other synthesized derivatives.  

 

Figure 3.1.1. Chemical structure of fluoxetine, selenofluoxetine and of the derivatives. 

Results and discussion 

The compounds have been successfully prepared thanks to a convergent multi-step 

synthesis approach that is depicted in Figure 3.1.2. Initially, a Mannich reaction between 

acetophenone, dimethylamine and formaldehyde leading to the Mannich base Se2, then 

the ketone was reduced to alcohol with sodium-borohydride providing compound Se3 

that was chlorinated with thionyl chloride obtaining compound Se4. Lastly the chloride 

was substituted with the appropriated selenide that was formed in situ by the reduction of 

the corresponding diselenide with sodium borohydride, leading to the final compounds. 

The diphenyl diselenides (Se5-Se7) were obtained through the reaction of elemental 

selenium and the Grignard reagent obtained from the p-substituted bromo-benzene 

following a procedure of Sun et al.508  

The characterization of the compounds has been reported in the Appendix, Section 

5. 
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Figure 3.1.2. Schematic scheme for the preparation of selenofluoxetine derivatives. 

After the synthesis, the antioxidant behaviour of the compounds was tested through 

their reaction with oxygen peroxide. The reaction was carried out with 1 equivalent of 

H2O2 and was followed with different techniques to gain information on the mechanism 

and on the formation of the products. The reaction with compound 1-H will be discussed 

in detail as an example but the same behaviour was observed with the other derivatives. 

Firstly, we registered the 1H-NMR spectrum of the synthesised compound in D2O, then 

we added 1 eq of H2O2 and we registered new spectra every 2 minutes.  

 

Figure 3.1.3. 1H-NMR mechanistic study of the reaction of 1-H with H2O2. The graph reported in (a) was obtained by integration of 

the α-H signals for the starting material and the two diastereoisomers and the allylic-hydrogens signals for the cinnamylamine in the 

1H-NMR spectra acquired at different time points (•starting material, • R–R (and its enantiomer), •R–S (and its enantiomer) 

•cinnamylamine. In (b), representative 1H-NMR spectra are reported showing the variation over time during the oxidation-reaction of 

compound 1-H, focusing on the region between 4.7 and 3.8 ppm (area of interest to plot the graph).  

The first observation was the immediate disappearance of the signal corresponding to 

the proton in α-position with respect of the selenium (4.42 ppm, Figure 3.1.3), 

accompanied by the formation of the signal of the two diastereoisomers (4.48 and 4.23 
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ppm, Figure 3.1.3), thanks to the oxidation of selenium, a new chiral centre is formed. 

Interestingly, as the reaction proceeded, also those signals started to disappear and new 

peaks were found. It is reported in literature that the oxidation of selenides with protons 

in β-position can trigger an intramolecular syn elimination reaction in which a proton is 

transferred from the β-position to the oxygen of the selenoxide with subsequent breakage 

of the selenium-carbon bond and formation of the carbon-carbon double bond. The 

reaction is reported to be highly selective and lead to the formation of the trans-olefin.509 

In fact the new signals could indeed be explained with the formation of an alkene and in 

particular with the (E)-N,N-dimethyl-cinnamylamine. The proposed mechanism of the 

reaction is depicted in Figure 3.1.4b and lead to the formation of selenenic acid and the 

olefin. The same behaviour was observed with the other two compounds although in 1-

CF3 the signal of one of the diastereoisomers partially overlap with the starting material 

(4.55 ppm), complicating the in-depth investigation. 

 

Figure 3.1.4. (a) Proposed mechanism of the selenoxide oxidation-elimination. (b) Redox equilibrium of selenenic acid   

The overall reaction was relatively fast for all the compounds and a 90% conversion 

was observed after 36 minutes with 1-CF3, after 95 minutes for 1-H and after 77 minutes 

for 1-CH3. The full 1H-NMR spectra at various time points can be found in the Appendix, 

Section 5. 

Selenenic acid is known to undergo a chemical equilibrium that involves its 

disproportionation into seleninic acid and diphenyl diselenide. (Figure 3.1.4b) Moreover, 

diphenyl diselenide can be oxidized into seleninic acid by H2O2.510 Both diphenyl 

diselenide and seleninic acid are less water-soluble, indeed we could observe a yellow 

precipitate at the end of the reaction. Furthermore, the presence of seleninic acid was 

confirmed by the presence of a signal at 1172.0 ppm in the 77Se-NMR (Figure 3.1.5a). 1H-
77Se HMBC in the middle of the reaction of 1-CF3 was also recorded after dilution 1:1 in 

MeOD to confirm the proposed mechanism. (Figure 3.1.5b) Three signals were detected 
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at 447.9, 472.6 and 1211.8 ppm, corresponding respectively to seleninic acid, the 

selenoxide intermediates and diselenide as reported by Wang et al. study.511 It is important 

to highlight that selenium and its oxidised species have been reported to have toxic effect 

at high concentrations,512 nonetheless organoselenides are gaining attention as organic 

catalysts in environmentally friendly conditions , in particular in aqueous medium.513,514  

 

Figure 3.1.5. (a) 77Se-NMR spectrum of compound 1-H at the end of the reaction, showing the presence of seleninic acid. (b) 1H-77Se-

HMBC of compound 1-CF3 in the middle of the reaction showing the presence of seleninic acid, the selenoxide and the diphenyl 

diselenide. 

ESI-MS was then used to monitor the reaction similarly to the procedure used with 

NMR and further confirmed our findings. The reaction conditions were kept unaltered 

but the sample for the analysis were diluted 1:1000 in methanol before the injection in the 

mass spectrometer. After the addition of hydrogen peroxide, the signal corresponding to 

the selenoxide and cinnamylamine were detected in positive ionization mode, respectively 

at 334 and 162 m/z, whereas the signal corresponding of the seleninic acid at m/z 189 

was detected in negative ionization mode. Moreover, MS spectra of the sample used for 

the NMR study after the end of the reaction were recorded in both positive and negative 
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ionization modes showing the presence of seleninic acid, diphenyl diselenide and 

cinnamylamines. The MS spectra can be seen in the Appendix, Section 5. 

Thanks to the collaboration of the research group of Prof. Laura Orian of the 

University of Padova, we studied the oxidation reaction of selenofluoxetine and the 

radical scavenging activity via HAT (Hydrogen Atom Transfer) mechanism of 

selenofluoxetine and of one of our derivatives through DFT analysis.  

The intermediates and transition states of the oxidation with H2O2 were computed in 

the gas-phase and in water at ZORA-OLYP/TZ2P level of theory, with the latter showing 

a decrease of the activation energy. As previously mentioned, the attack of the peroxide 

can happen from both sides, therefore, both the paths of the diastereoisomers (different 

stereochemistry of the selenium) have been considered, even though the reaction of the 

two selenoxide diastereoisomers have different energy, despite the steric hindrance. 

Figure 3.1.6 shows the geometries and the energies of the reactants, intermediates and 

products. 

 

Figure 3.1.6 (a) Fully optimised geometries of intermediates and transition states of the oxidation of selenofluoxetine shown in Figure 

3.1.4a. Reactant and product complexes are omitted for clarity. Level of theory: ZORA-OLYP/TZ2P. (b) Energies of the stationary 

points of the investigated reactions for different selenofluoxetine derivatives in the gas-phase (upper raw) and in water (lower raw). 

Level of theory: (COSMO)-ZORA-OLYP/TZ2P. 
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It was previously demonstrated that HAT in fluoxetine occurs from the non-aromatic 

sites, namely C7, C14, C15, N16 and C17 in gas phase, in water and in benzene (as 

example of organic solvent).495 Therefore, the same positions have been considered for 

selenofluoxetine and 1-F focusing on the scavenging of 𝐻𝑂∙ (the most reactive and 

electrophilic oxygen centred radical), 𝐻𝑂𝑂∙ and 𝐶𝐻ଶ = 𝐶𝐻𝑂𝑂∙ to mimic large 

unsaturated peroxyl radicals. The calculated free energies ∆𝐺ு஺் are reported in Figure 

3.1.7. 

The data showed that selenofluoxetine and 1-F react C7 and C17 are the most 

favourable site for HAT reaction in gas phase, ∆𝐺°ு஺் are computed always negative for 

the process with 𝐻𝑂∙ and become more negative in condensed phase making the reaction 

progressively more favourable in benzene and water, whereas it is mostly positive for the 

other radicals.  

Moreover, activation free energy computed for the reaction with 𝐻𝑂∙ on all five sites 

both in gas and condensed phase, showed that C7, C17 and N16 HAT scavenging are the 

most exergonic process and in general, all the computed values showed that HAT is 

thermodynamically and kinetically more favoured than in fluoxetine, meaning that seleno-

derivatives have a better radical scavenging potential. 

 

Figure 3.1.7. ∆𝐺°𝐻𝐴𝑇 (kcal/mol) in the gas phase (a), in water (b), and in benzene (c) for the scavenging of 𝐻𝑂∙, 𝐻𝑂𝑂∙ and 

𝐶𝐻2 = 𝐶𝐻𝑂𝑂∙ from non-aromatic sites of selenofluoxetine (medium shade) and 1-F (lighter shade). Values for fluoxetine, taken 

from Muraro et al.495 are showed in the darker shade for comparison. Level of theory: (SMD)-M06-2X/6-311+G(d,p)//M06-2X/6-

31G(d). 

Furthermore, 1-F serotonin reuptake inhibition in CA2 region was investigated in vivo 

in mice and compared to fluoxetine thanks to the collaboration with Prof. Hashemi’s Lab 

that recently developed a new tool for monitoring the uptake through Fast Scan Cyclic 

Voltammetry (FSCV) to assess the effects of escitalopram (another common SSRI).515–519 

A Carbon Fiber Microelectrode (CFM) is implanted into the brain of an anesthetized 

mouse that allows to apply an electrochemical waveform that measures the redox 

potential of the molecules to identify and quantify serotonin in real time, with subsecond 

time resolution.516,520  
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After 30 minutes from the i.p. injection of 1-F and fluoxetine (when there is the 

maximal response in agreement with the half-life time of other common SSRI in mice),521 

o’l9ikuserotonin release and the 𝑡ଵ/ଶ of reuptake increased after the treatment with 1-F 

and fluoxetine, although the effects on the latter were more pronounced despite the lower 

dose, probably due to the higher electronegativity conferred by the oxygen and because 

of the enhance ability of the Se-C bond to be hydrolysed compared to the O-C bond. 

Moreover, the maximum rate of serotonin reuptake (𝑣௠௔௫) has been calculated from the 

FSCV acquisitions and showed a marked decrease for both the compounds, hence 

showing chemical efficacy for slowing serotonin reuptake. The data are reported in Table 

3.1.1 and Figure 3.1.8. 

Table 3.1.1. Features of in vivo Experimental Curves: Mean ± SEM (n = 5 animals) of the maximum serotonin release, the clearance 

half time (𝑡1/2) and the maximum reuptake rate 𝑣𝑚𝑎𝑥 a 

a Each parameter was tested for significant difference between control and drug treatment (paired samples t-test). Significance (*) was 

defined as p < 0.05. Michaelis−Menten reuptake kinetics model for serotonin was fitted to the signal. Km was set to 5 nM, while 

𝑣𝑚𝑎𝑥was optimized to fit the average experimental trace 

 

Figure 3.1.8. In vivo stimulated serotonin release in the CA2 region of the hippocampus. Representative colour plots for this 

experimental paradigm, before and 30 min into drug analysis, are found above the representative IT curves. The averaged control 

evoked serotonin in mixed-sex cohort can be found in blue (n = 5) with SEM calculated and outlined in the lighter shade of blue. The 

averaged drug files ((a)1-F, 50 mg kg−1 and (b) Fluoxetine, 20 mg kg−1) at 30 min for serotonin in mixed-sex cohort is plotted in 

orange (n = 5) with SEM calculated and outlined in the lighter shade of orange. Stimulation is indicated by the grey bar. Statistical 

analysis can be found for each data set in Table 3.1.1. 

  maximum release (nM) t1/2 of clearance (s) 𝒗𝒎𝒂𝒙 (nM/s) 

control pre-fluoxetine 35.75 ± 10.16 1.90 ± 0.46 17.69 

30 min post-fluoxetine 56.05 ± 13.40* 4.01 ± 0.70* 15.21 

control pre-1-F 22.73 ± 4.07 1.93 ± 0.30 15.60 

30 min post-1-F 25.84 ± 3.41 3.38 ± 0.41* 13.46 
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The detailed experimental procedure regarding the DFT calculation and the in vitro 

study performed from the cooperation partners can be found respectively in the two 

publications.506,507  

Finally, a molecular docking study was performed in order to investigate the binding 

energy and poses of the complex formed by the compounds and the serotonin transporter 

(SERT, PDB ID: 5I73). In particular, after the preparation of the protein using Protein 

Preparation Wizard embedded in Schrödinger Suite, two separate grids have been created 

on both the central and allosteric site, the four synthesized compounds, fluoxetine and 

selenofluoxetine have been docked on each grid. The results are reported in Table 3.1.2 

together with the results obtained for the re-docking of S-citalopram and the RMSD of 

the two poses that were used as control being the co-crystalised ligand.  

All the compounds showed high binding energy on the same values of S-citalopram 

and fluoxetine both on the central and allosteric site. Interestingly, 1-CF3 show the highest 

stabilization (lowest absolute value) and the calculated binding energies were even higher 

than fluoxetine. Moreover, analysing the 3D complex of the central site, we can see that 

the predicted poses of fluoxetine and 1-CF3 are quite similar as the interactions with the 

residues. (Figure 3.1.9) 

The interactions that are present on fluoxetine, compound 1-CF3 and citalopram are 

exactly the same include: a pi-stacking between the benzyl group and the residue Tyr176, 

a pi-cation interaction between the amine and the Tyr95 and a H-bond and a salt bridge 

between the amine and Asp98. 

Table 3.1.2. Docking score of the tested compounds on the central and allosteric site of SERT (PDB ID: 5I73). Between parenthesis, 

the RMSD value calculated between the crystallized and the docked pose of S-citalopram  

 

Compound Docking Score (-kcal/mol) central 
site 

Docking Score (-kcal/mol) 
allosteric site 

1-CF3 9,377 6,939 

1-CH3 8,547 6,058 

1-F 8,104 6,483 

1-H 7,778 5,874 

Selenofluoxetine 8,890 6,899 

Fluoxetine 9,064 6,797 

S-citalopram 9,514 (1,83 Å) 6,605 (2,04 Å) 
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Figure 3.1.9. Overlap of the predicted docking pose of • fluoxetine and • 1-CF3.  
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3.1.2 Selenoxide elimination triggers enamine hydrolysis to primary and 

secondary amines: a combined experimental and theoretical investigation 

Introduction 

A direct consequence of the work of the previous chapter has been recently 

published.522  

In particular, considering that selenoxide elimination has been widely used for the 

preparation of alkenes523–526 using phenyl selenyl chloride or diphenyl diselenide as source 

of selenium that, as previously showed, is easily oxidized to selenoxide by peroxides and 

other ROS,527–529 and triggers a subsequent syn elimination leading to selectively trans-

olefine. Primary and secondary amines are one of the most frequent functional groups in 

biologically relevant molecules, even though drugs containing this moiety can lead to 

pharmacokinetic limitations due to their poor diffusion through membrane or blood-

brain barrier. Moreover, it is well known that amines undergo oxidations or dealkylations 

in metabolic phase I and conjugations in phase II, therefore “masking” them in prodrugs 

may lead to their preservation and activation under controlled conditions, such as pH, 

redox or enzyme dependent changes.530 Sun and colleagues, recently demonstrated that 

selenoxide elimination can be use in the context of manipulation of oxidative stress to 

improve the activity of anticancer drugs.531  

 

Figure 3.1.10. Proposed mechanism for selenoxide elimination-triggered enamine hydrolysis 

In this context, the idea of the work was to exploit the selenoxide elimination to trigger 

an imine-enamine equilibrium that could lead to the hydrolysis of the latter, releasing the 

free amine. (Figure 3.1.10)  Together with the selective release of active molecule, this 

work is valuable also in the context of organic synthesis, as the preparation of primary 

and secondary amines is not always easy and it is normally performed by Gabriel 
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synthesis,532 by azidation-reduction,533 by Leuckart reaction,534 by direct alkylation,535 by 

reductive amination536 and by Fukuyama synthesis.537  

 

Figure 3.1.11. Chemical structure of the proposed compounds, coloured in blue the portion of the molecules providing the resulting 

amine. 

In order to do so we synthesized a small library of seven compound (Figure 3.1.11) 

with a smaller chain between Se and N (−𝐶𝐻ଶ𝐶𝐻ଶ −) and we investigated with the same 

technique explained in the previous chapter their oxidation reaction with H2O2. 

Results and discussion 

The preparation of the final compounds was obtained with a multistep approach that 

is depicted in Figure 3.1.12. The first intermediate SeA8 was obtained by the reaction of 

styrene with the hypervalent iodine reagent (diacetoxyiodo)benzene, sodium azide and 

diphenyl diselenide following a procedure published by Tingoli and colleagues,538 then the 

azide was reduced with lithium aluminium hydride in THF that lead to the formation of 

compound SeA9. Different alkylation reactions were performed on this intermediate to 

obtain the final compounds: SeA1-SeA4 were obtained through direct alkylation with the 

opportune halide, compounds SeA5 and SeA6 by reductive amination with the opportune 

aldehyde, and compound SeA7 by direct alkylation of compound SeA5 with iodoethane.  
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Figure 3.1.12. Reaction scheme for the synthesis of the compounds. 

As for all the other works, the compounds were characterized with ESI-MS, 1H-NMR 

and 13C-NMR and they were subjected to oxidation with H2O2. The full characterization 

of the final compounds and intermediates can be seen in the Appendix, Section 5. 

The reaction was studied in detail similarly to what we did for 1-H, the compound 

was dissolved in D2O, its 1H-NMR spectrum was recorded, then 1.2 eq of H2O2 was 

added to the solution and 1D spectra were recorded at different time points to observe 

the reaction ongoing. The signal of the α-H of the starting material gradually disappeared 

with the formation of the peaks corresponding to the selenoxide diastereoisomers. Then 

also these signals started gradually disappearing to the formation of the particular triplets 

corresponding to morpholine (i.e., 3.25 and 390 ppm). After 70 minutes, the starting 

material was reduced to the 10%. (Figure 3.1.13) 

 

Figure 3.1.13. Reaction profiles for compound SeA3, intermediate and reaction products. The signals considered for relative 

quantification are depicted as in the following: • starting material, • intermediate, • secondary amine. Integrals were measured using 

acetonitrile as internal standard (a). Detailed views of representative NMR spectra showing the considered signals (b). 
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The reaction mechanism was studied through DFT calculation thanks to the 

collaboration of Prof. Orian group (Figure 3.1.14). In particular the oxidation of 

compound SeA3 has an energy barrier of 14.5 kcal/mol in water, the following 

elimination-enamine hydrolysis was studied in three elementary steps. Firstly, an 

intramolecular elimination led to the breakage of the C-Se bond leading to the enamine 

and selenenic acid and requires 7.6 kcal/mol for the formation of the transition state 

TSelim but it has a free energy ∆𝐺 of -76.7 kcal/mol with respect to the starting material. 

Then, an ion H3O+ react with the enamine with an activation energy of 51.8 kcal/mol 

leading to an unstable immine intermediate. Eventually the C-N bond breaks to give 

morpholine and phenylacetaldehyde with a total ∆𝐺 of 6.4 kcal/mol with respect to the 

starting enamine. Interestingly, as the proton transfer from the OH to the N atom would 

be successfully computed in terms of more favourable energetics if more water molecules 

were taken into account,539–542 the general mechanism is not influenced by their inclusion 

and would complicate the conformational study. Moreover, the detailed mechanistic 

analysis of that reaction is beyond the aim of this work.  

 

Figure 3.1.14. Gibbs free energies of the relevant intermediates and transition states characterized in water for the oxidation and 

subsequent elimination of compound SeA3: (a) corresponds to the top reaction of Figure 3.1.9 whereas (b) to the bottom one. Water 

and hydrogen peroxide molecules are not shown in the minimum energy structures for clarity. Level of theory: COSMO- ZORA-

OLYP/TZ2P. 

The same reaction was performed for all the other compounds and monitored by 1H-

NMR and ESI-MS, which allowed to further confirm the identity of the intermediates. 

Again, the final amines were detected with positive ionization mode, whereas the seleninic 

and the benzoic acids (formed from phenylacetaldehyde oxidation543 were confirmed with 
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negative ionization mode. The full NMR spectra at different time points for all the 

compounds can be found in Materials and Methods, Chapter 3.1.4 together with the ESI-

MS study performed for compounds SeA3. 

Additionally, the oxidation reactions were scaled up and conducted overnight with the 

aim of isolating the final products, which were characterised by 1H-NMR, 13C-NMR and 

ESI-MS (see the Appendix, Section 5), and calculating the yield, that was up to the 90%, 

thus demonstrating the formation of secondary and primary amines in laboratory scale. 
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3.1.3 Conclusions 

These studies were intended with the aim of underlining the importance of the 

combinations of different techniques for the development of new potentially active small 

molecules.  

In particular, four selenofluoxetine derivatives were prepared after a careful 

optimization of a multi-step converged reaction scheme. Their ability to ameliorate 

oxidative stress and therefore to protect against neurodegeneration was tested with a 

multitude of techniques that included NMR, ESI-MS and DFT computational analysis. 

In particular the reaction of these compounds with H2O2 was studied both in vitro and in 

silico to gain important insight into the mechanism and the scavenging activity via HAT 

was computationally determined.  

Selenoxide elimination is well known in organic chemistry and has been widely 

exploited for the synthesis of new molecules. In this context it is worth mentioning that 

the result of this reaction is cinnamylamines, whose scaffold has been found in many 

drugs like flunarizine and naftitine that require the use of hazardous and expensive 

reactant, harsh experimental conditions and do not guarantee the required trans 

stereoselectivity, whereas the proposed approach is efficiently achieved in aqueous 

medium and oxygen peroxide as oxidative agent.  

NMR and ESI-MS allowed to characterize all the intermediates and products involved 

in the reaction and the calculation of the ∆𝐺 values allowed to confirm the overall 

mechanism.  

The following development of the new derivatives with shorter chain to trigger an 

enamine hydrolysis was also valuable for the potential of preparing successfully prodrugs 

that could be activated only in certain conditions in the context of drug delivery but also 

as a valuable alternative for the synthesis of primary and secondary amines. Seven final 

compounds were successfully prepared through a multi-step synthesis and the oxidation 

reaction to give the final amine was studied both in NMR and ESI-MS sample and more 

importantly also on a laboratory scale and again DFT studies assisted for the 

understanding of the mechanism involved. 

Moreover, in vivo studies were performed on mice with selenofluoxetine derivatives to 

evaluate the actual inhibitory effect on the reuptake of serotonin, thus confirming that 

our derivatives could still be active as SSRI, providing a potential active compound that 

could work on both depressive symptoms, increasing serotonin levels and therefore 

improving the mood, and on the protection against neurodegeneration.  
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3.1.4 Materials and methods 

Chemistry 

Commercially available chemicals were purchased from Sigma-Aldrich and used 

without any further purification if not specified elsewhere. NMR experiments were 

performed on a Bruker Avance III 400 spectrometer (frequencies: 400.13, 100.62, and 

76.37 MHz for 1H, 13C, and 77Se nuclei, respectively) equipped with a multinuclear inverse 

z-field gradient probe head (5 mm). For data processing, TopSpin 4.0.8 software was used 

and the spectra were calibrated using solvent signal (1H-NMR, δH = 7.26 ppm for CDCl3, 

δH = 2.50 ppm for d6-DMSO, δH = 4.79 ppm for D2O; 13C-NMR, δC = 77.16 ppm for 

CDCl3, δC = 39.52 ppm for d6-DMSO). Multiplicities are reported as follows: s, singlet; 

d, doublet; t, triplet; q, quartet; m, multiplet; b, broad; dd, doublet of doublets. Mass 

spectra were recorded by direct infusion ESI on a Thermo Fisher Scientific LCQ Fleet 

ion trap mass spectrometer. The purity profile of the compounds was assayed by HPLC 

using a Varian Pro-Star system equipped with a Biorad 1706 UV–VIS detector and an 

Agilent C-18 column (5 μm, 4.6 × 150 mm). An appropriate ratio of water (A) and 

acetonitrile (B) was used as mobile phase with an overall flow rate of 1 mL min−1. The 

general method for the analyses is reported here: 0 min (90% A–10% B), 5 min (90% A–

10% B), 25 min (10% A–90% B), 30 min (90% A–10% B), and 32 min (90% A–10% B). 

The purity of all compounds was ≥96%, unless otherwise stated (254 nm). 

 

Synthesis of N,N-dimethyl-3-oxo-3-phenylpropan-1-aminium chloride (Se2)  

Dimethylamine hydrochloride (2.03 g, 24.9 mmol, 1.5 eq) and paraformaldehyde (0.65 

g, 21.6 mmol, 1.3 eq) were weighted in a 50 mL round-bottomed flask and dissolved in 

2.5 ml of ethanol. Acetophenone (2.00 g, 16.6 mmol, 1 eq) was added to the solution 

together with 40 µL of concentrated hydrochloric acid. The reaction mixture was stirred 

at reflux and checked through TLC (DCM/MeOH/TEA 97:2.5:0.5). After 2 hours, the 

solution was left to cool to room temperature. A solid precipitate of N,N-dimethyl-3-oxo-

3-phenylpropan-1-aminium chloride salt formed and the solid was filtered with a Buchner 

funnel, washed with cold acetone (3 x 10 mL) and with hexane (1 x 10 mL). Yield 3.48 g 

(98%); white solid; 1H-NMR (400 MHz, d6-DMSO): δH (ppm) 10.57 (brs, 1H), 8.02 (d, 

2H, J = 7.2 Hz), 7.69 (t, 1H, J = 7.4 Hz), 7.57 (t, 2H, J = 7.6 Hz), 3.63 (t, 2H, J = 7.2 Hz), 

3.40 (t, 2H, J = 7.2 Hz),  2.80 (s, 6H); 13C-NMR (101 MHz, d6-DMSO): δC (ppm) 196.8, 
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135.9, 133.7, 128.8, 128.0, 51.8, 42.2, 33.1; (ESI+) m/z calcd for C11H16NO+ [M+H]+ : 

178.1232; found: 178.1308. 

 

Synthesis of 3-hydroxy-N,N-dimethyl-3-phenylpropan-1-amine (Se3) 

Compound Se2 (1.80 g, 8.39 mmol, 1 eq) was dissolved in 5 mL of distilled water and 

1.2 mL of a solution 8 M of KOH was added to the mixture. A white solid precipitate 

formed and the mixture was extracted with DCM (4 x 20 mL). The organic phases were 

combined, and the solvent was evaporated under reduced pressure, yielding the free base 

of compound Se2. The oily compound was dissolved in 10 mL of methanol and a couple 

of drops of KOH 8 M were added in order to provide an alkaline environment. The 

solution was cooled to 0°C with an ice bath and sodium borohydride (0.47 g, 12.6 mmol, 

3 eq) was added to the solution. When all the reactants were dissolved, the ice bath was 

removed and the mixture was stirred at room temperature for 1.5 hours. After said time, 

concentrated hydrochloric acid was added dropwise to the solution until acid pH, then 

the solution was again basified with KOH 8 M. The methanol was evaporated under 

reduced pressure and the precipitate was dissolved in 100 mL of DCM and washed with 

alkaline water (4 x 10 mL). The organic phase was dried with anhydrous magnesium 

sulphate and the solvent was evaporated under reduced pressure. Yield 1.43 g (95%); 

transparent oil; 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.41 – 7.31 (m, 4H), 7.28 – 7.22 

(m, 1H), 4.91 (dd, J = 7.1, 4.7 Hz, 1H), 2.66 – 2.58 (m, 1H), 2.48 – 2.42 (m, 1H),  2.28 (s, 

6H), δH 1.86– 1.79 (m, 2H); 13C-NMR (101 MHz, CDCl3): δC (ppm) 145.1 , 128.1, 126.8, 

125.5, 75.3, 58.1, 45.2, 34.7; (ESI+) m/z calcd for C11H18NO+ [M+H]+ : 180.14, found: 

180.11. 

 

Synthesis of 3-chloro-N,N-dimethyl-3-phenylpropan-1-aminium chloride (Se4) 

Compound Se3 (1.50 g, 8.37 mmol) was dissolved in a small amount of diethyl ether 

and 5 mL of HCl 2 M in ether were added in order to obtain the hydrochloride salt. The 

solvent was evaporated under reduced pressure. 10 mL of thionyl chloride were added to 

the round-bottomed flask and the solution was stirred under reflux. The reaction was 

followed through TLC (DCM/MeOH/TEA 97:2.5:0.5) and was stopped after 2 hours 

when the starting material spot was no longer detected. The solvent was evaporated under 

reduced pressure obtaining the compound as hydrochloride salt. Yield 1.88 g (96%), white 

solid; 1H NMR (400 MHz, d6-DMSO): δH (ppm) 10.90 (brs, 1H), 7.52 – 7.49 (m, 2H), 

7.45 – 7.35 (m, 3H), 5.31 (dd, J = 9.1, 5.2 Hz, 1H), 3.23 – 3.18 (m, 1H), 3.10 – 3.04 (m, 
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1H), 2.76 (s, 6H), 2.63 – 2.44 (m, 2H); 13C-NMR (101 MHz, d6-DMSO): δC (ppm) 141.0, 

129.3, 129.2, 127.5, 61.1, 42.7, 42.4, 33.6; (ESI+) m/z calcd for C11H17ClN+ [M+H]+ : 

198.10, found: 198.10. 

 

General synthesis of diphenyl diselenides (Se5-Se7) 

Under nitrogen atmosphere, magnesium chips (1 eq) were added to a solution of the 

para substituted bromobenzene (1 eq) in dry ether in a 50 mL three-necked round-

bottomed flask. The halobenzene solution was added dropwise at gentle reflux and left 

stirring for another 30 minutes. Afterwards selenium powder (1 eq) was added 

maintaining gentle refluxing and the reaction mixture was stirred for another 30 minutes. 

Then the mixture was poured in a mixture of cracked ice and concentrated hydrochloric 

acid. The cold mixture was separated and the water phase was extracted with ether (3 x 

20 mL). The combined organic layer was dried over anhydrous magnesium sulphate. The 

solvent was removed under reduced pressure.  

 

1,2-bis(4-(trifluoromethyl)phenyl)diselane (Se5) 

Yield 1.21 g (61%); orange oil; 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.71 (d, J = 8.0 

Hz, 4H), 7.52 (d, J = 8.2 Hz, 4H); 13C-NMR (101 MHz, CDCl3): δC (ppm) 135.0, 130.9, 

129.9 (q, J = 28.9 Hz), 126.2 (q, J = 3.7 Hz), 123.4 (q, J = 328.1 Hz). (ESI+) m/z calcd 

for C14H9F5Se2
+ [M-F+H]+ :431.89, found: 431.45.  

 

Synthesis of 1,2-Di-p-tolyldiselane (Se6) 

Yield 316 mg (58%); orange oil; 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.56 (d, J = 

8.09 Hz, 4H, Ph-H), 7.12 (d, J = 8.09 Hz, 4H, Ph-H), 2.39 (s, 6H, Ph-CH3); 13C-NMR 

(101 MHz, CDCl3): δC (ppm) 138.0 (s, Ph-C), 132.4 (s, Ph-C), 130.0 (s, Ph-C), 126.9 (s, 

Ph-C), 21.2 (s, Ph-CH3). 

 

Synthesis of 1,2-Bis(4-fluorophenyl)diselane (Se7) 

Yield 331 mg (48%); 1H-NMR (400 MHz, d6-DMSO): δH (ppm) 7.68−7.63 (m, 4H, 

Ph-H), 7.24−7.18 (m, 4H, Ph-H). 

 

General synthesis of the final compounds (1-CF3, 1-H,  1-CH3 and 1-F) 

The diselenide Se5- Se7 (1 eq) was introduced in a 50 mL round-bottomed flask and 

dissolved in ethanol, KOH (3 eq) was added and the solution was cooled in an ice bath. 
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Then, sodium borohydride (6 eq) was added. Once that a colour change was observed 

(between 30 minutes and 1 hour after the reaction began), compound Se4 (1 eq) was 

added to the solution. The reaction was stirred at room temperature for 3 hours. To 

quench the unreacted NaBH4, concentrated hydrochloric acid was added to the mixture 

until acidic pH. Afterwards KOH 8 M was added to basic pH. Ethanol was evaporated 

under reduced pressure and the precipitate that formed was dissolved in DCM. The 

solution was washed with alkaline water (3 x 20 mL), dried over magnesium sulphate, then 

the solvent was evaporated under reduced pressure. The product was purified by column 

chromatography (silica gel, DCM/MeOH/TEA, 92:7.5:0.5).  

 

Synthesis of N,N-dimethyl-3-phenyl-3-((4-(trifluoromethyl)phenyl)selanyl)propan-1-amine (1-CF3) 

Yield 112 mg (34%); yellow oil; 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.49 (d, J = 

8.0 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.29 – 7.19 (m, 5H), 4.47 (m, 1H), 2.38 – 2.22 (m, 

4H), 2.22 (s, 6H); 13C-NMR (101 MHz, CDCl3): δC (ppm) 141.72, 134.9, 134.7, 129.7 (q, J 

= 32.6 Hz), 128.6, 127.9, 127.4, 125.6 (q, J = 3.7 Hz), 124.2 (q, J = 272.19 Hz), 57.8, 46.3, 

45.4, 34.0; (ESI+) m/z calcd for C18H21F3NSe+ [M+H]+ : 388.08, found: 388.09. 

 

Synthesis of N,N-dimethyl-3-phenyl-3-(phenylselanyl)propan-1-amine (1-H) 

Yield 155 mg (38%); yellow oil; 1H-NMR (300 MHz, CDCl3): δH (ppm) 7.43 – 7.40 

(m, 2H), 7.28 – 7.18 (m, 8H), 4.36 (m, 1H), 2.31 – 2.19 (m, 4H), 2.17 (s, 6H); 13C-NMR 

(101 MHz, MeOD): δC (ppm) 140.6, 135.5, 128.8, 128.4, 128.3, 128.0, 127.3, 127.2, 56.4, 

43.7, 42.1, 30.5; (ESI+) m/z calcd for C17H22NSe+ [M+H]+ : 320.09, found: 320.06. 

 

Synthesis of N,N-Dimethyl-3-phenyl-3-(p-tolylselanyl)-propan-1-amine (1-CH3) 

Yield: 152 mg (49%); yellow solid; HPLC: 96% (percentage area, 254 nm); 1H-NMR 

(400 

MHz, CDCl3): δH (ppm) 7.30−7.18 (m, 7H), 7.03 (d, J = 7.9 Hz, 2H), 4.30−4.27 (m, 

1H), 2.33 (s, 3H), 2.32−2.20 (m, 4H), 2.18 (s, 6H); 13C-NMR (101 MHz, CDCl3): δC (ppm) 

142.6, 138.0, 136.0, 129.7, 128.4), 127.8, 126.9, 125.7, 58.1, 46.2, 45.6, 33.9, 21.3; (ESI+) 

m/z calcd for C18H24NSe+ [M + H]+: 334.1068, found 334.1112. 

 

Synthesis of 3-((4-Fluorophenyl)selanyl)-N,N-dimethyl-3-phenylpropan-1-amine (1-F) 

Yield: 151 mg (47%); yellow solid; HPLC: 96% (percentage area, 254 nm); 1H-NMR 

(400 MHz, CDCl3): δH (ppm) 7.32−7.28 (m, 2H, 7.24−7.15 (m, 3H), 7.12−7.10 (m, 2H), 
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6.89−6.84 (m, 2H), 4.27−4.23 (m, 1H,), 2.37−2.13 (m, 4H), 2.19 (s, 6H); 13C NMR (101 

MHz, CDCl3) δC (ppm) 164.3, 138.3, 138.2, 128.5, 127.8, 127.1, 116.1, 115.9, 57.9, 46.6, 

45.3, 33.4; (ESI+) calcd for C17H22FNSe+ [M + H]+: 338.0818, found 338.0065.  

 

Synthesis of compound SeA8 

To a solution of styrene (1.7 eq, 0.231 mg, 2.22 mmol) in DCM (20 mL) was added 

diphenyl diselenide (1 eq, 0.414 g, 1.33 mmol), (diacetoxyiodo)benzene (2.3 eq, 1.000 g, 

3.10 mmol) and sodium azide (0.346 g, 5.32 mmol), the mixture was deaerated and purged 

with nitrogen. After stirring at r.t. overnight a saturated solution of NaHCO3 (10 mL) was 

added, the organic phase was separated and the aqueous phase was extracted with DCM 

(2 x 20 mL). The organic phases were reunited and evaporated at reduced pressure. The 

so obtained yellow liquid was purified by column chromatography (silica gel, pure hexane 

then 90:10 hexane/diethyl ether) obtaining a colourless liquid.  

Yield 1.010 g, 60%. 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.50 – 7.48 (m, 2H), 7.34 

– 7.24 (m, 8H), 4.40 (dd, J = 9.7, 5.7 Hz, 1H), 3.88 (dd, J = 12.5, 9.8 Hz, 1H), 4.40 (dd, J 

= 12.5, 5.8 Hz, 1H); (ESI+) m/z calcd for C14H14N3Se+ [M+H]+ : 304.19 , found: 304.15.  

 

Synthesis of compound SeA9 

Compound SeA8 (1 eq, 1.010 g, 3.33 mmol) was dissolved in anhydrous THF (20 mL) 

and the solution was deaerated and purged with nitrogen. The system was equipped with 

a reflux apparatus and a solution of 1 M LiAlH4 (1.5 eq, 5 mL, 5.01 mmol) was added 

portion wise to the mixture, after the addition the mixture was stirred for 2 h. When the 

starting material resulted disappeared by TLC (DCM/MeOH/NH3, 97.5/2.0/0.5) wet 

diethyl ether was slowly added to the solution then distilled water was added. The so 

obtained bi-phasic mixture was filtered, the aqueous phase was separated and extracted 

with diethyl ether (2 x 20 mL). The so-obtained organic phase was dried over magnesium 

sulphate and evaporated at reduced pressure obtaining a viscous colourless liquid that was 

purified by column chromatography (silica gel, DCM/MeOH/NH3, 97.5/2.0/0.5). 

Yield, 503 mg, 55%. 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.53– 7.51 (m, 2H), 7.37 

– 7.27 (m, 8H), 4.43 (dd, J = 9.6, 5.7 Hz, 1H), 3.91 (dd, J = 12.6, 9.6 Hz, 1H), 3.74 (dd, J 

= 12.6, 5.7 Hz, 1H); (ESI+) m/z calcd for C14H16NSe+ [M+H]+ : 278.04 , found: 277.80.  
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Synthesis of compound SeA1 

Compound SeA9 (1 eq, 100 mg, 0.36 mmol) was dissolved in iodoethane (2 mL), 

DIPEA (3 eq, 190 µL, 1.08 mmol) was added to the solution that was deaerated, purged 

with nitrogen and refluxed under stirring at 90 °C for 2 h. When the reaction resulted 

concluded by TLC (DCM/MeOH/NH3, 97.5/2.0/0.5) the mixture was cooled down to 

r.t. and the solvent was evaporated under reduced pressure, DCM (30 mL) was added and 

the so obtained solution was washed with 1 M KOH (3 x 10 mL), dried over magnesium 

sulphate and evaporated at reduced pressure obtaining a viscous brownish liquid which 

was purified by chromatographic column (silica gel, DCM/MeOH/NH3, 97.5/2.0/0.5) . 

The hydrochloride salt was then prepared dissolving the product in anhydrous diethyl 

ether and adding drop by drop a 2 M solution of HCl in diethyl ether. (119 mg, 89 %). 

White solid, 119 mg, 89%. 1H-NMR (400 MHz, CD3OD): δH (ppm) 7.63-7.61 (m, 

2H), 7.46 – 7.34 (m, 8H), 4.82 (dd, J = 10.7, 4.5 Hz, 1H), 4.06 (dd, J = 14.0, 10.7 Hz, 1H), 

3.52 (dd, J = 14.0, 4.5 Hz, 1H), 3.20 – 3.06 (m, 4H), 1.19 – 1.10 (m, 6H); 13C-NMR (101 

MHz, CD3OD): δC (ppm) 138.8, 137.2, 130.6, 130.4, 130.3, 129.7, 129.2, 129.0, 56.3, 41.8, 

9.0, 8.5; (ESI+) m/z calcd for C18H24NSe+ [M+H]+ : 334.11, found: 333.95. 

 

Synthesis of compound SeA2 

Compound SeA9 (1 eq, 100 mg, 0.36 mmol) was dissolved in EtOH (5 mL), benzyl 

bromide (2 eq, 87 µL, 124 mg, 0.73 mmol) and DIPEA (3 eq, 190 µL, 1.08 mmol) were 

added to the solution that was deaerated, purged with nitrogen and refluxed under stirring 

at 90 °C for 2 h. When the reaction resulted concluded by TLC (Hexane/diethyl ether, 

6/1) the mixture was cooled down to r.t. and the solvent was evaporated under reduced 

pressure, DCM (30 mL) was added and the so obtained solution was washed with 1 M 

KOH (3 x 10 mL), dried over magnesium sulphate and evaporated at reduced pressure. 

The crude product was purified by column chromatography (silica gel, Hexane/DCM, 

9/1) obtaining a viscous liquid. The hydrochloride salt was then prepared dissolving the 

product in anhydrous diethyl ether and adding drop by drop a 2 M solution of HCl in 

diethyl ether.  

Yield 93 mg, 53 %. 1H-NMR (400 MHz, CD3OD): δH (ppm) 7.58– 7.20 (m, 18H), 

6.80 – 6.78 (m, 2H), 4.56 – 4.43 (m, 3H), 4.31 (d, J = 12.7 Hz, 1H), 4.17 (d, J = 12.6 Hz, 

1H), 3.87 (dd, J = 13.9, 10.9 Hz, 1H), 3.61 (dd, J = 13.9, 5.0 Hz, 1H); 13C-NMR (101 

MHz, CD3OD): δC (ppm) 136.6, 136.4, 131.5, 131.3, 130.2, 129.3, 129.2, 129.1, 128.9, 



3 Side projects 

3.1 Selenium-containing compounds for the protection against oxidative stress 

 

- 166 - 

128.2, 127.3, 126.5, 58.9, 58.4, 54.1, 40.2; (ESI+) m/z calcd for C28H28NSe+ [M+H]+ : 

458.14, found: 458.05. 

 

Synthesis of compound SeA3 

Compound SeA9 (1 eq, 100 mg, 0.36 mmol) was dissolved in EtOH (5 mL), bis(2-

bromoethyl) ether (1 eq, 84 mg, 0.36 mmol) and DIPEA (3 eq, 190 µL, 1.08 mmol) were 

added to the solution that was deaerated, purged with nitrogen and refluxed under stirring 

at 90 °C for 2 h. When the reaction resulted concluded by TLC (DCM/MeOH/TEA, 

95/4.5/0.5) the mixture was cooled down to r.t. and the solvent was evaporated under 

reduced pressure, DCM (30 mL) was added and the so obtained solution was washed with 

1 M KOH (3 x 10 mL), dried over magnesium sulphate and evaporated at reduced 

pressure. The crude product was purified by column chromatography (silica gel, 

DCM/MeOH/TEA, 95/4.5/0.5) obtaining a viscous liquid. The hydrochloride salt was 

then prepared dissolving the product in anhydrous diethyl ether and adding drop by drop 

a 2 M solution of HCl in diethyl ether.  

White solid, 70 mg, 56 %. 1H-NMR (400 MHz, CD3OD): δH (ppm) 7.52 - 7.50 (m, 

2H), 7.38 - 7.28 (m, 8H), 4.92 (dd, J = 10.4, 4.7 Hz, 1H), 4.13 – 4.07 (m, 1H), 4.00 – 3.69 

(m, 4H), 3.64 (dd, J = 13.6, 4.7 Hz, 1H), 3.28 – 2.99 (m, 4H); 13C-NMR (101 MHz, 

CD3OD): δC (ppm) 139.2, 136.9, 130.5, 130.2, 130.0, 129.5, 129.1, 129.1, 64.6, 62.2, 53.7, 

41.4; (ESI+) m/z calcd for C18H22NOSe+ [M+H]+ : 347.95, found: 347.98. 

 

Synthesis of compound SeA4 

Compound SeA9 (1 eq, 150 mg, 0.54 mmol) was dissolved in EtOH (6 mL), α,α′-

Dibromo-o-xylene (1 eq, 154 mg, 0.54 mmol) and K2CO3 (2 eq, 225 mg, 1.62 mmol) were 

added to the solution that was deaerated, purged with nitrogen and refluxed under stirring 

at 90 °C for 3 h. When the reaction resulted concluded by TLC (hexane/diethyl ether, 

6/1) the mixture was cooled down to r.t. and the solvent was evaporated under reduced 

pressure, DCM (30 mL) was added and the so obtained solution was washed with 1 M 

KOH (3 x 10 mL), dried over magnesium sulphate and evaporated at reduced pressure. 

The crude product was purified by column chromatography (silica gel, hexane/diethyl 

ether, 89.75/9.75/0.5) obtaining a viscous liquid. The hydrochloride salt was then 

prepared dissolving the product in anhydrous diethyl ether and adding drop by drop a 2 

M solution of HCl in diethyl ether.  
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Yield 45 mg, 20 %. 1H-NMR (400 MHz, CDCl3): δH (ppm) 7.45 – 7.43 (m, 2H), 7.30 

– 7.16 (m, 12H), 4.58 (t, J = 7.8 Hz, 1H), 4.03 – 3.96 (m, 4H), 3.41 (dd, J = 7.8, 2.3 Hz, 

2H); 13C-NMR (101 MHz, CD3OD): δC (ppm) 138.9, 137.1, 134.8, 130.5, 130.3, 130.1, 

129.6, 129.1, 128.7, 123.8, 60.4, 59.9, 43.2; (ESI+) m/z calcd for C22H21NSe+ [M+H]+ : 

379.08, found: 380.00. 

 

Synthesis of compound SeA5 

Compound SeA9 (1 eq, 100 mg, 0.36 mmol) was dissolved in dry MeOH (5 mL), 

benzaldehyde (1 eq, 37 µL, 0.36 mmol) was added to the solution that was deaerated, 

purged with nitrogen and stirred at r.t. for 2 h. When the starting products resulted 

completely disappeared by TLC (hexane/diethyl ether 6/1) the mixture was cooled in an 

ice bath and NaBH4 (1.2 eq, 16 mg, 0.43 mmol) was added in portions. The ice bath was 

removed and the mixture was stirred at r.t. for other 2 h. When the TLC revealed the 

complete conversion of the imine intermediate to the secondary amine product 

(hexane/diethyl ether 6/1), the solution was cooled in an ice bath and first acidified to 

pH = 2 by the addition of 1 M HCl and the basified to pH = 14 by the addition of an 8 

M KOH solution. The solvent was evaporated under reduced pressure, DCM (30 mL) 

was added and the so obtained solution was washed with 1 M KOH (3 x 10 mL), dried 

over magnesium sulphate and evaporated at reduced pressure obtaining a viscous liquid. 

The crude product was purified by column chromatography (silica gel hexane/EtOAc, 

9/1 with 0.5% TEA). The hydrochloride salt was then prepared dissolving the product in 

anhydrous diethyl ether and adding drop by drop a 2 M solution of HCl in diethyl ether.  

Yield 125 mg, 86 %. 1H-NMR (400 MHz, CD3OD): δH (ppm) 7.58– 7.20 (m, 18H), 

6.80 – 6.78 (m, 2H), 4.56 – 4.43 (m, 3H), 4.31 (d, J = 12.7 Hz, 1H), 4.17 (d, J = 12.6 Hz, 

1H), 3.87 (dd, J = 13.9, 10.9 Hz, 1H), 3.61 (dd, J = 13.9, 5.0 Hz, 1H), 3.44 – 3.41 (m, 

1H); 13C-NMR (101 MHz, CD3OD): δC (ppm) 136.6, 136.4, 131.5, 131.3, 130.2, 129.3, 

129.2, 129.1, 128.9, 128.2, 127.3, 126.5, 58.9, 58.4, 54.1, 40.2; (ESI+) m/z calcd for 

C21H22NSe+ [M+H]+ : 368.08, found: 367.93. 

 

Synthesis of compound SeA6 

Compound SeA9 (1 eq, 150 mg, 0.36 mmol) was dissolved in dry MeOH (6 mL), p-

nitrobenzaldehyde (1 eq, 82 mg µL, 0.36 mmol) was added to the solution that was 

deaerated, purged with nitrogen and stirred o/n at r.t. The day after the reaction was 

checked through TLC (6/1 hexane/diethyl ether) and the starting material resulted 
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disappeared, therefore the mixture was cooled in an ice bath and NaBH4 (1.2 eq, 16 mg, 

0.43 mmol) was added portion wise. The ice bath was removed and the mixture was 

stirred at r.t. for other 2 h. When the TLC revealed the complete conversion of the imine 

intermediate to the secondary amine product (6/1 hexane/diethyl ether) the solution was 

cooled in an ice bath and first acidified to pH = 2 by the addition of 1 M HCl and the 

basified to pH = 14 by the addition of an 8 M KOH solution. The solvent was evaporated 

under reduced pressure, DCM (30 mL) was added and the so obtained solution was 

washed with 1 M KOH (3 x 10 mL), dried over magnesium sulphate and evaporated at 

reduced pressure obtaining a viscous liquid. . The crude product was purified by column 

chromatography (silica gel hexane/EtOAc, 9/1 with 0.5% TEA). The hydrochloride salt 

was then prepared dissolving the product in anhydrous diethyl ether and adding drop by 

drop a 2 M solution of HCl in diethyl ether.  

Yield 135 mg, 84 %. 1H-NMR (400 MHz, DMSO-d6): δH (ppm) 8.24 (d, J = 8.9 Hz, 

2H), 7.75 (d, J = 8.9 Hz, 2H), 7.44 – 7.42 (m, 2H), 7.36 – 7.25 (m, 8H), 4.88 (dd, J = 9.7, 

5.6 Hz, 1H), 4.26 (s, 2H), 3.74 – 3.72 (m, 2H); 13C-NMR (101 MHz, DMSO-d6): δC (ppm) 

148.2, 139.5, 138.2, 134.8, 134.0, 131.9, 129.8, 129.2, 128.7, 128.5, 128.4, 124.0, 50.5, 49.8, 

42.2; (ESI+) m/z calcd for C21H21N2O2Se+ [M+H]+ : 413.08, found: 412.89. 

 

Synthesis of compound SeA7 

Compound SeA5 (1 eq, 100 mg, 0.27 mmol) was dissolved in iodoethane (5 mL), the 

solution that was deaerated, purged with nitrogen and refluxed under stirring at 90 °C for 

2 h. When the reaction resulted concluded by TLC (hexane/diethyl ether, 6/1) the 

mixture was cooled down to r.t. and the solvent was evaporated under reduced pressure, 

DCM (30 mL) was added and the so obtained solution was washed with 1 M KOH (3 x 

10 mL), dried over magnesium sulphate and evaporated at reduced pressure obtaining a 

viscous colourless liquid. The crude product was purified by column chromatography 

(silica gel, hexane/EtOAc/TEA, 97/2.5/0.5) obtaining a viscous liquid. The 

hydrochloride salt was then prepared dissolving the product in anhydrous diethyl ether 

and adding drop by drop a 2 M solution of HCl in diethyl ether.  

Yield 69 mg, 59 %. 1H-NMR (400 MHz, CD3OD): δH (ppm) 7.49 – 7.04 (m, 15H), 

4.75 (dd, J = 10.8, 4.7 Hz, 0.5H), 4.59 (dd, J = 10.5, 4.6 Hz, 0.5H), 4.37 – 4.20 (m, 2H), 

4.05 (dd, J = 13.9, 10.6 Hz, 0.5H), 3.86 (dd, J = 13.9, 10.7 Hz, 0.5H), 3.61 – 3.54 (m, 1H), 

3.28 – 3.11 (m, 2H), 1.22 (m, 3H); 13C-NMR (101 MHz, CD3OD): δC (ppm) 138.8, 138.3, 

137.5, 137.3, 132.3, 132.2, 131.4, 130.6, 130.5, 130.5, 130.4, 130.3, 130.2, 130.1, 129.7, 
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129.6, 129.0, 128.9, 128.8, 128.6, 58.8, 56.3, 56.1, 50.9, 50.2, 42.1, 41.4, 27.9, 8.9, 8.5; 

(ESI+) m/z calcd for C23H26NSe+ [M+H]+ : 396.12, found: 395.94. 

 

NMR study of the reaction with H2O2 

In order to study the oxidation reaction of compounds 1-CF3, 1-H and 1-CH3, their 

reaction with H2O2 was investigated by 1H-NMR in an aqueous environment at room 

temperature (22°C). The compounds were used as hydrochloride salts (28 mM: 1-CF3 = 

4.9 mg, 11.6 µmol, 1-H = 5.6 mg, 17.6 µmol; 1-CH3 = 5.3 mg, 14.5 µmol,) and dissolved 

in D2O, t0 spectra were registered with 8 scans, 1 dummy scan and a delay time d1 of 2 s. 

Afterwards, H2O2 (1.1 eq, H2O2 3% w/w solution: 1-CF3 = 12 µL, 1-H = 18 µL, 1-CH3 

=15 µL) was added and the spectra were registered every 2 or 5 minutes until the reaction 

was complete. The reaction was studied plotting the results of the integration of the 

signals corresponding to the protons bound to the carbon adjacent to the selenium atom 

for the starting material and the two diastereoisomers and the allylic-hydrogens for the 

cinnamylamine. 1H-77Se HMBC NMR spectra were acquired using a repetition delay of 1 

s; a total of 300 experiments of 16–40 scans were accumulated and processed with a 

magnitude calculation; an evolution delay of 33.3 ms was used for 1H-77Se long-range 

coupling constants; the spectral width was 13 ppm in F2 and 1000 ppm in F1. Zero-filling 

in the F1 and F2 dimensions, multiplication with a Gaussian function (in F2) and a squared 

sine function (in F1) were performed prior to 2D Fourier transformation. 

ESI-MS study of the reaction with H2O2 

Mechanistic ESI-MS studies were performed under the same experimental conditions 

(concentration and temperature) used in the NMR analysis, except for the fact that Milli-

Q water was used instead of D2O. Solutions were diluted 1:1000 in methanol before the 

analysis. Spectra were recorded by direct infusion ESI on a Thermo Fisher Scientific 

(Waltham, MA) LCQ Fleet ion trap mass spectrometer. ESI parameter for positive 

ionization mode are here described: 4.0 kV spray voltage, 225 °C capillary temperature, 5 

μL/min flow rate. For negative ionization mode: 5.0 kV spray voltage, 180 °C capillary 

temperature, 5 μL/min flow rate. 
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Lab scale oxidation  

Oxidation of compound SeA3 

Compound SeA3 (1.5 g, 3.9 mmol, 1 eq) was dissolved in 120 ml of distilled H2O in 

a round-bottom flask, H2O2 (530 μL, 4.7 mmol, 1.2 eq) was then added to the mixture. 

The solution was stirred o/n and checked through TLC, the day after another 1.2 eq of 

H2O2 were added in order to consume the remained reactant. After a couple of hours and 

after the TLC showed that the reactant was fully consumed, the mixture was filtered on a 

Buchner funnel in order to remove the yellow precipitate consisting of insoluble by-

products and water was evaporated under reduced pressure adding ethanol to facilitate 

the evaporation. Once the solvent was fully removed, the yellowish precipitate was 

washed with a small aliquot of acetone, forming a white solid which correspond to the 

desired product that was filtered on a Gooch funnel, weighted and characterized. 

Compound SeA3OX (Morpholine•HCl): white solid, 435 mg, 90%; 1H-NMR (400 

MHz, CD3OD): δH (ppm) 3.91 – 3.88 (m, 4H), 3.25 – 3.22 (m, 4H); 13C-NMR (101 MHz, 

CD3OD): δC (ppm) 64.9, 44.6; (ESI+) m/z calcd for C4H10NO+ [M+H]+ : 88.08, found: 

87.93. 

 

Oxidation of compound SeA1, SeA4, SeA5, SeA7 

 The selenoamine (1 eq) is dissolved in a mixture of MeOH:H2O 85:15 in a round-

bottom flask, 1.2 eq of H2O2 were then added to the mixture and the solution was stirred 

o/n. The day after checking the reaction through TLC, another 1.2 eq were added to the 

mixture in order to allow the remained starting material to react, after a couple of hours 

the solvent was evaporated under reduced pressure. Water was added to the reaction flask 

in order to dissolve the desired product and eliminate most of the insoluble by-products, 

the following steps are the same of the previous section, leading to the formation of a 

white solid which was weighted and characterized.  

Compound SeA1OX (Diethylamine•HCl): white solid; 55 mg, 82%, 1H-NMR (400 

MHz, CD3OD): δH (ppm) 3.06 (q, J = 7.3 Hz, 4H), 1.32 (t, J = 7.3 Hz, 6H); 13C-NMR 

(101 MHz, CD3OD): δC (ppm) 43.5, 11.6; (ESI+) m/z calcd for C4H12N+ [M+H]+ : 74.10, 

found: 73.9. 

Compound SeA4OX (Isoindoline•HCl): brown solid, 69 mg, 69%; 1H-NMR (400 

MHz, CD3OD): δH (ppm) 7.42 – 7.38 (m, 4H), 4.65 (s, 4H); 13C-NMR (101 MHz, 



 Side projects 3 

 Selenium-containing compounds for the protection against oxidative stress 3.1 

 

- 171 - 

CD3OD): δC (ppm) 134.4, 127.6, 122.4, 49.2; (ESI+) m/z calcd for C8H10N+ [M+H]+ : 

120.08, found: 119.98. 

Compound SeA5OX (Benzylamine•HCl): white solid, 183 mg, 85%; 1H-NMR (400 

MHz, CD3OD): δH (ppm) 7.49 – 7.40 (m, 5H), 4.12 (s, 2H); 13C-NMR (101 MHz, DMSO-

d6): δC (ppm) 134.4, 130.2, 130.0, 129.9, 44.4; (ESI+) m/z calcd for C7H10N+ [M+H]+ : 

108.08, found: 107.88. 

Compound SeA7OX (N-ethylbenzylamine•HCl): white solid, 114 mg, 75%; 1H-

NMR (400 MHz, CD3OD): δH (ppm) 7.52 – 7.44 (m, 5H), 4.19 (s, 2H), 3.12 (q, J = 7.3 

Hz, 2H), 1.34 (t, J = 7.3 Hz, 3H); 13C-NMR (101 MHz, CD3OD): δC (ppm) 132.7, 130.9, 

130.7, 130.3, 52.0, 43.8, 11.5; (ESI+) m/z calcd for C9H14N+ [M+H]+ : 136.11, found: 

135.97. 

 

Oxidation of compound SeA2, SeA6  

The procedure is the same of the previous section, with the only difference that after 

the evaporation of the mixture MeOH:H2O and the addition of water the mixture was 

acidified with HCl 0.2 M until pH 2-3 and heated for a couple of hours at 40°C in order 

to facilitate the hydrolysis of the enamine.  

Compound SeA2OX (Dibenzylamine•HCl): white solid, 47 mg, 33%; 1H-NMR (400 

MHz, CD3OD): δH (ppm) 7.52 – 7.45 (m, 10H), 4.25 (s, 4H); 13C-NMR (101 MHz, 

DMSO-d6): δC (ppm) 131.8, 130.1, 128.8, 128.5, 49.5; (ESI+) m/z calcd for 

C14H16N+ [M+H]+ : 198.13, found: 198.06. 

Compound SeA6OX (p-nitrobenzylamine): white solid, 15 mg, 45%; 1H-NMR (400 

MHz, DMSO-d6): δH (ppm) 8.78 (brs, 3H), 8.26 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.2 Hz, 

2H), 4.17 (s, 2H); 13C-NMR (101 MHz, DMSO-d6): δC (ppm) 147.4, 141.7, 130.2, 123.5, 

41.3; (ESI+) m/z calcd for C7H9N2O2
+ [M+H]+ : 153.07, found: 152.93. 

Molecular docking  

SERT structure file was retrieved from the RCSB Protein Data Bank (PDB, 

www.rcsb.org, PDB ID: 5I73) and was prepared with the Protein Preparation Wizard 

included in the Schrodinger suite,429 using default settings, i.e., adding hydrogens, 

removing waters further than 5 Å from the ligand, adjusting charges, capping termini, 

optimizing hydrogen bond clusters and performing a final minimization under the 

OPLS3e force field.479 The ligand was prepared for docking with Ligprep tool under 

OPLS3e force field, using Epik ionizer all possible states in the 7±2 pH range were 
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generated, including the possible metal binding states, allowing therefore the interaction 

with the potassium ions.  The docking protocol consisted of rigid-receptor/flexible ligand 

docking, which was performed with Glide, under the OPLS3e force field, with default 

settings, i.e., a 0.80 scaling factor for the ligand atom van der Waals radius and 0.15 for 

the partial charge cut-off, with generation of 1 pose per ligand. A cubic grid (30x30x30 

Å) was prepared with Receptor Grid Generation tool included in Schrodinger suite and 

generated selecting as centre the co-crystalized ligand.  
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3.2 Phosphodiesterase inhibitors 

3.2.1 Introduction  

Phosphodiesterases (PDEs) are a family of 11 different enzymes that convert second 

messengers cyclic adenosine monophosphate (cAMP) and cyclic guanosine 

monophosphate (cGMP) into their linear forms, 5’-adenosine monophosphate (5’-AMP) 

and 5’-guanosine monophosphate (5’GMP) breaking their phosphodiesterase bond.544 

This activity is involved in the control of several different cellular pathways.545,546   

PDE enzymes have been considered as promising drug targets since their discovery 

because, in general, to gain quicker and more pronounced variations on the concentration 

of ligand or second messenger, it is more efficient to interfere with degradation pathways 

compare to act on biosynthesis. Moreover, the low levels of cAMP and cGMP make it 

easier to regulate these enzymes using competitive inhibitors. 

It has been demonstrated that increased levels of cAMP and cGMP can promote 

CREB phosphorylation and stimulate neuronal plasticity thanks to the activation of 

protein kinase A and protein kinase G, respectively.547,548 

Moreover, cAMP and cGMP have been shown to play a central role in regulating 

synaptic plasticity, learning, and memory as they support many neuronal functions, from 

regulating neurotransmitter release to the firing properties of neurons. PDE inhibition 

therefore modulates cyclic nucleotide signalling related to long-term potentiation 

processes, thus improving the storage of new memories.549–551  

In this context, PDE inhibitors are being developed and investigated to fight 

neurodegeneration and CNS-related diseases, even though, as previously stated, the major 

targets in this field are the neurotransmitter systems, such as the serotoninergic, 

cholinergic, and monoaminergic systems. 

Among all PDEs, only a few have been linked to signalling pathways involved in 

neurodegenerative disorders and specifically, PDE4, PDE5, and PDE9  have been linked 

to Alzheimer's Disease, as demonstrated by Cameron and co-workers,552 even though 

recent studies have been focused on the activation of cGMP signalling (which include 

PDE5 and PDE9) as potential therapeutic effect on AD. Specifically the high affinity 

combined with the highest selectivity among the PDEs for cGMP, made the attention to 

be focused on PDE9 for protecting against neurodegeneration.553–555 

Historically, theophylline is the first discovered PDE inhibitor, and even though it is 

weak and non-selective, it has found use in treating asthma and other respiratory diseases. 
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Sildenafil is a PDE5-selective inhibitor, and it was the first drug approved by the FDA 

for the treatment of erectile dysfunction (ED). Apremilast is a PDE4 selective inhibitor 

used as a medication to treat psoriasis and psoriatic arthritis, and it works by raising cAMP 

levels and partially inhibiting the production of many pro-inflammatory mediators. 

BAY73-6691 and PF-04447943, two selective PDE9 inhibitors, showed increased 

synaptic transmission and early long-term potentiation (LTP) in hippocampal slices of old 

rats, and improved plasticity on hippocampal synapsis and cognitive functions in rodents, 

respectively.556,557   

In recent years, new drug candidates have been synthesized and semi-synthetically 

obtained. Moreover, growing evidence suggested studying the PDE activity of natural 

products as an appealing approach.425,558,559 Flavones and isoflavones have been shown to 

be promising new classes of PDE inhibitors. In particular, luteolin, icariin, genistein, 

biochanin A, osajin, and pomiferin have shown interesting activity towards these 

enzymes. Our research group studied the activity of the prenylated isoflavones extracted 

from M. Pomifera, osajin and pomiferin, and of the different derivatives obtained using a 

semi-synthetic approach. The compounds were screened in vitro against PDE5A, and a 

docking study was performed to analyse the interaction mode with the target protein.425 

The binding site of PDEs is composed by three pockets: the glutamine, purine-

selective and hydrophobic clamp pocket (H), the solvent-filled side pocket (S) and the 

metal binding pocket (M). (Figure 3.1.2) Each of these pockets contains one or more 

residues that are important for the binding of the ligand with the enzyme and are 

conserved in all PDEs, namely a glutamine (Gln) is always present in the H pocket (which 

is always bounded through H-bond to the substrates) together with a phenylalanine (Phe) 

which is reported to give important pi-stacking interactions. H is also composed by a 

variable hydrophobic residue such as valine, leucine or isoleucine on the opposite site of 

the claw that are also involved in the binding.560  
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Figure 3.2.1. PDE9A crystal structure complexed with cGMP (PDB ID: 3DYL),561 showing the main amino acids interactions of 

cGMP with PDE9 and the three major subpockets: • S pocket, • M pocket and • H pocket. Adapted from Zheng and Zhou.562 

In a first work, we took a robust computational approach to explore the semi-synthetic 

chemical space offered by the isoflavones class of molecules with the goal of identifying 

new hit compounds obtainable with simple 1-2 step modifications starting from the 

natural compounds. Specifically, starting from the natural isoflavone scaffolds, a set of 

molecules was generated using a combinatorial chemistry approach, and then a docking 

protocol was designed, validated, and applied to study the interaction of these molecules 

with three PDE families (PDE4, PDE5, and PDE9). MD simulations were then 

performed to study more in detail the stability of the complexes and to confirm the 

interaction with the recurrent residues among the PDE inhibitors.563 

In a second work,564 virtual screening, docking, and MD were used to identify the 

most suitable compound within an internal database to be tested in rat organotypic 

hippocampal slices exposed to kainate, a widely accepted in vitro epileptic model.565–567 
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3.2.2 Combinatorial library generation, molecular docking and molecular 

dynamics simulations for enhancing the isoflavone scaffold in 

phosphodiesterase inhibition 

Results and discussion  

The first part of this study consisted in the design of a library of 1520 compounds all 

obtainable from the studied natural isoflavone scaffolds by feasible one-step reaction, 

specifically by alkylations, esterifications and sulphonylations of the aromatic hydroxyls. 

In particular, the hydroxyls in position 7 and 4’ on the scaffolds of genistein, daidzein and 

tectorigenin, the 4’ hydroxyl of prunetin, the 7 hydroxyl of formononetin, biochanin A 

and osajin and, finally, the 3’ and 4’ hydroxyls of pomiferin were considered. 

Modifications were designed by introducing on the scaffolds a combination of 19 

chemically different moieties, (Figure 3.2.3) consisting of polar and non-polar, protonable 

and deprotonable molecular fragments, some of which derived from the scaffolds of 

known PDE inhibitors (Figure 3.2.2).  

The receptor files were retrieved from RCSB PDB: the 3GWT crystal structure, 

representing the PDE4B, in complex with the selective quinoline inhibitor GSK256066, 

the 2H42 crystal structure, representing the PDE5A, in complex with the selective 

inhibitor sildenafil, the 3JSW crystal structure, which represents PDE9A, in complex with 

a specific inhibitor.  

O
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OO

OH
O
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R2

template 1
R1,2: FG set/ Ra: H, OH/ Rb: H, OCH3

template 2
R1: FG set/ R2: H, O-FG set  

Figure 3.2.2. Molecular templates used to generate the semi-synthetically modified isoflavones set. Template 1 resumes the common 

scaffold of genistein, daidzein, tectorigenin, prunetin, formononetin and biochanin A. Osajin and pomiferin are based on template 2. 
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Figure 3.2.3. Molecular fragments used to generate the semi-synthetically modified isoflavones set. 

First of all, the method was validated following a multi stage approach. The first step 

consisted in the re-docking of the crystallized ligands to their native structures and RMSD 

values were calculated between the two poses showing for the three systems values lower 

than 2.50 Å (Table 3.2.1).568 

Table 3.2.1. RMSD values for the re-docking of the crystallized ligands. 

 

 

 

 

The second step consisted in an enrichment study using decoy sets, which consisted 

in a set of inactive or presumed inactive compounds generated  based on similar physical 

properties but structurally different from 20 known active ligands (IC50 in the low 

micromolar range) chosen for each PDE. After ranking the decoy set by docking score, 

enrichment factor (EF) which can be thought as the amount of active ligands among the 

top-scoring compounds compared to their amount in the whole set, the efficiency (Eff) 

in distinguishing active ligands from inactive were calculated and Receiver Operating 

Characteristic (ROC) curves were plotted and represent a plot of true-positive versus 

false-positive rates for all compounds. The study showed that for all PDEs there is more 

than the 70% of chances for the active compounds to be ranked with a higher docking 

score than the non-actives or decoys and that , on average and for all the tested PDE 

isoforms, more than the 40% of the active compounds can be found in the top 5% of the 

ranking with an efficiency in scoring actives before decoys in an average percentage of 

more than 75%. Lastly, a cross docking experiment was conducted in order to determine 

Receptor PDB ID RMSD 

PDE5A 2H42 0,59 

PDE4B 3GWT 1,54 

PDE9A 3JSW 0,61 
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the ability of the protocol in identifying the right poses and interactions with the residues 

in the PDEs binding site in which for each PDE, five different crystal structures were 

considered with five different ligands that were docked on all the structures with SP and 

XP calculating the RMSD values showing better performance for XP docking, as 

expected. The validated protocol was used for the screening of the library with the intent 

of obtaining three separated enriched sets of compounds, one for each of the three PDE 

isoforms. The previously described computer-based library set composed of 1520 

molecules were docked with SP precision on the receptors PDE4B (PDB ID: 3GWT), 

PDE5A (PDB ID: 2H42) and PDE9A (PDB ID: 3JSW) poses ranked within the range 

from -3 to -12 kcal/mol. Basing on the results of the enrichment study, the top 5 % of 

the rankings obtained for each PDE were selected. As a result, 76 molecules for each 

PDE were highlighted to be used in the next part of the study, which consisted of a XP 

docking.  

The poses produced were inspected to assess the presence of specific interactions that 

are known in the literature for being targeted by PDEs inhibitor drugs, as previously stated 

namely Gln443/F446 for PDE4B (PDB ID: 3GWT), Gln817/F820 for PDE5A (PDB 

ID: 2H42) and Gln453/F456 for PDE9A (PDB ID: 3JSW). The poses were ordered in 

terms of the interaction values with each of the specified residue, rejecting the poses that 

did not show both these interactions, resulting in a semi-automatic inspection approach. 

Analysing the poses that give interaction with both the residues, it is possible to notice 

some recurrences and to start tracing a structure-activity relationship (SAR) (As an 

example the poses obtained with XP molecular docking on PDE9 are reported in Table 

3.2.2), starting with the scaffold preference that was template 1 for PDE4 and PDE9.   

Table 3.2.2. Poses of the selected compounds obtained with XP docking on PDE9. 

Name GScore XP 
(kcal/mol) Scaffold R1 R2 

gen.227 -11.416 Genistein (template 1) 
  

gen.284 -11.220 Genistein (template 1) 
  

tec.286 -11.215 Tectorigenin (template 1)  
 

gen.18 -11.033 Genistein (template 1) 
  

gen.117 -10.970 Genistein (template 1)  
 

gen.16 -10.561 Genistein (template 1) 
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Name GScore XP 
(kcal/mol) Scaffold R1 R2 

     

gen.294 -10.240 Genistein (template 1) 
  

gen.303 -10.155 Genistein (template 1) 
  

gen.282 -9.888 Genistein (template 1) 
  

tec.16 -9.577 Tectorigenin (template 1) 
 

 

gen.168 -9.530 Genistein (template 1) 
  

tec.168 -9.447 Tectorigenin (template 1) 
  

gen.300 -9.359 Genistein (template 1) 
  

gen.73 -8.955 Genistein (template 1) 
 

 

tec.168 -8.933 Tectorigenin (template 1) 
  

gen.111 -8.779 Genistein (template 1) 
  

gen.300 -8.754 Genistein (template 1) 
  

gen.16 -8.681 Genistein (template 1) 
 

 

gen.282 -8.553 Genistein (template 1) 
  

 

Most poses for both PDEs interact with Phe residue through a pi-stacking with the 

two condensed aromatic rings, whereas the H-bond with Gln was more often with 

unsubstituted OH or small functional groups (FGs) as -NH2 or -SO2NH2 in the same part 

of the molecule. Interestingly the poses selected for PDE5 share the pomiferin scaffold. 

It is worth pointing out that in a previous work,425 it was demonstrated the high affinity 

of pomiferin with PDE5A and these findings are in agreement, showing a preference for 

PDE5A for this template. The position of the molecules is similar for all the compounds, 

in fact both the interactions with the residues are formed between the unsubstituted -OH 

next to the carbonyl and Gln and between the dihydro-pyranone and Phe In general, the 

substituents that appear to be more effective are polar and include protonable or 

deprotonable sites, especially for the part with the single aromatic ring which is mainly 

positioned in the pocket consisting of polar/charged residues and metals. The most 
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recurrent FG are -NH2, -CH2COOH, -SO2NH2 or -OH. The poses of one ligand for each 

PDE is depicted in Figure 3.2.4. 

Lastly, with the intent of studying with greater accuracy the binding of these 

compounds with the considered macromolecules, MD calculations were conducted on 

one pose for each PDE. The poses were selected considering some peculiarities of the 

computed interactions such as the presence of strong or multiple H-bonds and pi 

stackings or of ionic bonds with the metals. The computed RMSD values showed that 

the poses are overall stable during the simulation time frame and that the H-bond with 

Gln and the pi-stacking with Phe were maintained throughout the simulation. (Figure 

3.2.5) 

 

Figure 3.2.4. Docked pose of (a) compound tec.16 in PDE4B receptor (PDB ID: 3GWT) with (b) the two-dimensional interactions 

map, (c)  compound pom.39 in PDE5A receptor (PDB ID: 2H42) with (d) the two-dimensional interactions map,  (e) compound 

tec.168 in PDE9A receptor (PDB ID: 3JSW) with (f) the two-dimensional interactions map,  showing the interactions of the complex, 

in particular pi-stacking with Phe and H-bond with Gln three-dimensional view of the ligand-receptor interactions. 
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Figure 3.2.5. Interactions Fraction histograms showing the average number of interactions over the simulation time: • hydrophobic 

interaction, • ionic interaction, • water bridged interaction, • H-bond. Values higher than 1 in the case of multiple contacts between 

the ligand atoms and the protein (a: PDE4B/tec.16 – c: PDE5A/pom.39 – e: PDE9A/tec.168).  RMSD trajectory plots showing the 

stability of the system over the simulation time: • ligand (aligned with the protein), • protein C-alphas (b: PDE4B/tec.16 – d: 

PDE5A/pom.39 – f: PDE9A/tec.168). 
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3.2.3 Virtual screening-accelerated discovery of a phosphodiesterase 9 

inhibitor with neuroprotective effects in the kainate toxicity in vitro model 

Results and discussion 

In this work, we screened an internal database comprehending more than 1600 

molecules that were synthesized by our research group over the years. Firstly, the 

druglikeness and the pharmacokinetic properties were computed and only the molecules 

showing maximum one violation to the “Lipinski’s rule of five” were admitted to the 

following step.569 In order to point the attention on natural and nature-inspired 

compounds that have been widely demonstrating to act against neurodegeneration, we 

filtered the remaining ligands using a structural query, namely a chromone scaffold with 

free substitution of the oxygen in position 1 using a LBDD approach, thus including in 

the query isoflavones, anthraquinones and naphthoquinones, that are known scaffold of 

many chemical compounds derived from plant extraction and have been associated with 

a wide range of pharmacological properties, such as anti-inflammatory, anti-cancer, 

diuretic, laxative, antidepressant and anti-oxidant activity and more recently for the 

treatment of Alzheimer disease (AD).570 The obtained molecules were docked with 

Schrodinger suite on a PDE9 3D structure and the 20 most promising compounds  were 

submitted to an experimental solubility test in PBS buffer in order to build a sort of bridge 

between the in silico and the in vitro experiments. Considering all the results, compound 

DB987 was selected for further in-depth investigation. DB987 is depicted in Figure 3.2.6, 

it consists of the isoflavone pomiferin semi synthetically modified with the addition of 

mesylated functional groups.  

 

Figure 3.2.6. Chemical structure of the chromone scaffold used for the virtual screening procedure, of DB987 the compound 

highlighted by the screening, in which the red structure represents the part of the molecule matching query and of the reference 

compound, PDE9 inhibitor PF-04447943. 

As previously mentioned, it is reported in literature that most PDE9 inhibitors share 

the interactions with two important residues, namely Gln453 and Phe456 through a H-
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bond and a pi-stacking respectively. Moreover, since the PDE9 is a metalloprotein, its 

catalytic activity depends on the interactions with its two divalent cations, i.e., Zn2+ and 

Mg2+ the first is known to coordinate with residues as Asp402, Asp293, His292, His256 

and two water molecules, while the latter coordinates five water molecules and 

Asp293.555,571,572  

For the computational study, the structure used was in complex with PF-04447943 

(PDB ID: 4E90)573 which is depicted in Figure 3.2.7. It is worth mentioning that the PDB 

file used for the docking has been changed with respect to the previous work because that 

particular inhibitor was supposed to be used as control in the in vitro study. Indeed PF-

04447943 showed the important interactions with Phe456 and Gln453 previously 

mentioned. As validation of the method, the ligand was re-docked on the binding site and 

the RMSD value between the crystalized and the docked poses were measured and found 

1.18 Å, below the maximum limit of 2.50 Å.568 The docked pose of DB987 showed as 

well the mentioned interactions, together with additional H-bonds with Tyr424 and 

Asn300, and a metal bond with Zn2+.   

 

Figure 3.2.7. Docked pose of • DB987 and • PF-04447943 in complex with PDE9. 

Eventually, a MD simulation was run on both the docked poses of the known 

inhibitor and our hit compound to assess the stability of the predicted interactions. 

Indeed, the mentioned interactions were maintained throughout the simulation time 

frame. The RMSD values calculated for the PF-04447943 (Figure 3.2.8a) was 

demonstrated to be stable, except for some fluctuation. The RMSF analysis showed as 

expected that the major fluctuations (highest RMSF values) are due to the flexibility 

between the pyrimidine ring and tetrahydropyran moiety and the rest of the molecule 

(Figure 3.2.8b) and it was further demonstrated by the absence of those fluctuations in 

the RMSD trajectory calculated on the pyrimidine ring atoms (Figure 3.2.8c).  
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Figure 3.2.8. (a) Trajectory retrieved from MD simulations showing the RMSD of the PDE9/ PF-04447943 systems over the 

simulation time: • heavy atoms of the ligand (aligned with the protein), • protein C-alphas. (b) RMSF plots of PF-04447943. (c) RMSD 

plot of the scaffold of PF-04447943 (namely atoms 1-10). 

The complex PDE9/DB987 achieved the stability after 100 ns and the RMSD 

trajectory (Figure 3.2.9a) displayed some fluctuations as well due to the flexibility of the 

5-member alkyl chain, again confirmed with RMSF study (Figure 3.2.9b).  
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Figure 3.2.9. (a) Trajectories retrieved from MD simulations showing the RMSD of the PDE9/DB987 systems over the simulation 

time: : • heavy atoms of the ligand (aligned with the protein), • protein C-alphas. (b) RMSF plots of DB987.  

Thanks to the collaboration of the research group of Prof. Pellegrini-Giampietro from 

the University of Florence, first PDE9 expression was demonstrated in hippocampal 

slices through real time PCR and western blot analysis and its concentrations was found 

increased in damaged hippocampal slices treated with kainate, a potent neurotoxin,565 with 

immunofluorescent staining and confocal microscopy. Importantly triple immunostaining 

showed that, as in previous study,574 PDE9 is localized only on neuron cells since no 

colocalization of PDE9 expression with astrocytes  and microglia in CA3 slices treated 

with kainate. For the details of the experiment the reader should address to the 

publication.565–567  

Secondly, the activity of DB987 on the inhibition of PDE9 was also established using 

an in vitro experiment, in accordance with previously reported procedure.575 The measured 

IC50 was 5.35 nM which is similar to the one obtained by PF-04447943 (IC50 = 14 nM) 

with the same method.  
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Lastly, the ability of the ligand to reduce neuronal death was evaluated. In particular, 

hippocampal slices treated with kainate for 24 hours showed significant damage in the 

CA3 area,565,567 the treatment with PDE9 inhibitor PF-0447943 was able to significantly 

reduce neuronal death during the kainate exposure in a dose dependent manner in CA3 

and we observed similar neuroprotective effects when the slices were incubated with 

DB987 in accordance with the IC50 value. Moreover, the ligands themselves did not show 

to induce damage in the CA3 area of the slices. (Figure 3.2.11) 

 

Figure 3.2.11. Qualitative and quantitative analyses of the effects of PDE9 inhibitors in rat organotypic hippocampal slices under 

normal conditions or exposed to kainate (called KA in the Figure). (a) Hippocampal slice under normal conditions (background PI 

fluorescence), (b) slice exposed to 10 μM PF for 24 h, (c) slice exposed to 10 μM DB987 for 24 h, (d) slice exposed to 5 μM KA for 

24 h displaying intense PI labelling in the CA3 subregion, and (e, f) CA3 damage induced by KA was attenuated by the presence of 1 

μM PF and DB987. (g) PDE9 inhibitors alone did not induce side effects. (h) PDE9 inhibitors significantly attenuated CA3 damage 

in a dose-dependent manner. Bars represent the mean } SEM of at least five experiments run in quadruplicate. **p < 0.01 and ***p < 

0.001 vs KA (one-way ANOVA plus Dunnett’s test). 
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3.2.4 Conclusions 

In the first work, described in Chapter 3.3.1, we showed the potential of using 

computational tools for the design of new ligands by means of combinatorial chemistry, 

molecular docking and MD simulations. Importantly, the docking method was carefully 

validated prior to the analysis, thus reassuring the reliability of the proposed protocol. 

Specifically, the method was validated in three different and independent steps, namely 

the re-docking of the co-crystalised ligand retrieved from the PDB structure on the 

specific target (which is the most fast and foreword technique) which showed that docking 

is able to predict a pose similar to the experimental one (RMSD < 2.50 Å), an enrichment 

study that confirmed that selecting the top ranked 5% of compounds was able to give 

high efficiency in finding the active compounds when screening a large library, an a cross-

docking which demonstrated that XP docking was able to identify better the right poses 

and interactions between the target and the small molecules. Therefore, more than 1500 

compounds where first screened with the low computational demanding technique SP, 

then the 5 % best performing compounds in terms of docking score were subjected to a 

second more refined XP technique, and the resulting poses were carefully semi-

automatically analysed. The compounds showing the important interactions with Phe and 

Gln were selected for a preliminary SAR study that highlighted the important features to 

consider when designing new potential inhibitors.  

Some important considerations are worth mentioning.  

Isoflavones demonstrated to be a valuable scaffold for the development of ligands 

targeting PDEs and importantly even though the native derivatives were included in the 

study, none of them were retrieved at the end of the protocol, demonstrating indeed those 

semi-synthetic modifications may increase the affinity with the targets. The condensed 

aromatic ring was shown to give strong pi-stacking interaction with F and other 

hydrophobic interaction which are able to “lock” the molecule in the binding pocket, the 

hydroxyl group instead is able to give a H-bond with Gln or interactions with other polar 

groups.  

Moreover, it was demonstrated that the addition of polar functional groups could 

favour and increase the ability of forming the afore mentioned H-bonds and metal 

coordinations, providing higher stability. 

Finally, the overall stability of the complexes formed was demonstrated by MD 

simulations.  
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In the second work, we made use of an internal database and we used an extensive 

semi-computational protocol to determine the most effective compound for targeting and 

inhibiting PDE9. Firstly, the molecules were subjected to ADME study to determine their 

druglikeness and pharmacokinetic properties, allowing no more than one violation to the 

famous “Lipinski’s rule of five”, this is an important step that can avoid the extra cost of 

experimentally testing compounds that could not progress in the study due to their 

chemico-physical properties. Then, after validating the method re-docking the co-

crystalised ligand with satisfactory RMSD, the compounds that respect a structural query 

that included flavonoids and other nature-inspired compounds such as anthraquinones 

and naphthoquinones, were subjected to a molecular docking study. Manually 

investigating the poses of the best compounds in terms of docking score, we progress to 

a further solubility test only the compounds that showed the known interaction with 

Phe456 and Gln453. Merging all the information, DB987 was selected for the MD 

simulation and the in vitro testing.  

The MD simulation demonstrated that the predicted complex is stable is the analysed 

timeframe whereas the in vitro experiments showed high inhibitory activity with an IC50 

value in the nM range, comparable with the known inhibitor PF-04447943. Additionally, 

the compound is able to ameliorate neuronal damage in kainate treated hippocampal 

slices. 

The outcome of these studies showed the importance of the use of in silico techniques 

for the identification of potential new hits both with de novo design and when screening 

commercial or internal databases.  

In particular, the molecules selected in these works may pave the way for the 

development of new potential inhibitors, semi-synthetically obtained to be used against 

neurodegenerative diseases. 
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3.2.5 Materials and methods  

Combinatorial library generation, molecular docking and molecular dynamics 

simulations for enhancing the isoflavone scaffold in phosphodiesterase 

inhibition563  

Compound library generation 

A set of 19 different molecular fragments and two receptor templates were created 

respectively in SMILES and in MDL Molfile formats with ChemSketch 2019.576 These 

were used as input for the software ChemT,577 that generated a set of molecules formed 

by all the combinatorial possibilities in SMILES format which was converted to a unique 

SDF file used in the following molecular docking stages. 

 

Receptor preparation 

All the receptor files were retrieved from RCSB Protein Data Bank (PDB, 

www.rcsb.org), for PDE4 the 3GWT crystal structure,578 representing the catalytic 

domain of human phosphodiesterase PDE4B was used, for PDE5 the 2H42 crystal 

structure,579 representing the human phosphodiesterase PDE5A, for PDE9, the 3JSW 

crystal structure,580 which represents the human phosphodiesterase PDE9A. The 

receptors were prepared with the Protein Preparation Wizard included in the Schrodinger 

suite,581 using default settings, i.e. adding hydrogens, assigning disulphide bonds, removing 

waters further than 5 Å from the ligand, adjusting charges, capping termini, adding 

missing side-chains using Prime, optimizing hydrogen bond clusters and a final 

minimization under the OPLS3e force field.479 The receptors were accurately refined for 

what concerns the water molecules presence, first using the automatic removal of water 

molecules having less than three H-bond to non-water molecules then by superimposition 

of multiple structures of the same protein (PDE4B: 3GWT578-4KP6582-3D3P583-3W5E584-

5OHJ585-1XLZ,586 PDE5A: 2H42579-3TGE587-6ACB588-1XOZ586-5ZZ2588-4MD6,414 

PDE9A: 3JSW580-4Y86589-6A3N590-4GH6591-3QI4592-2HD1571) followed by visual 

inspection to assess the importance of the eventually retained water molecules. 

 

Ligands preparation 

Every ligand was prepared for the docking with LigPrep application present in the 

Schrodinger suite under the OPLS3e force field,593 with Epik ionizer all the ionization 
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states were generated in the 7±2 pH range also including the possible metal states 

important for the docking to metalloproteins. 

 

Molecular docking 

The docking protocol consisted in the rigid-receptor/flexible ligands docking, which 

was performed with Glide,429 under the OPLS3e force field, using the SP and XP precision 

with default settings, i.e., 0.80 scaling factor for the ligand atoms Van der Waals radius and 

0.15 for partial charge cut-off, generation of 1 pose per ligand. All the receptors and 

ligands were previously prepared as described above. The receptor grid was prepared with 

Receptor Grid Generation present in Schrodinger with default settings, a cubic grid was 

generated setting the centre in the centroid of the ligands present in the crystal structures. 

The dimensions of the grid depended on the dimensions of the ligands present in the 

crystals, spacing between 22-24 Å.  

 

Validation method 

For the three PDE receptors considered in this study (PDE4B: 3GWT, PDE5A: 

2H42, PDE9A: 3JSW), the co-crystalized ligands were docked at SP precision with Glide 

in their own receptor using the same procedure described above for ligand and protein 

preparation, then the so obtained ligand poses were used for the calculations of heavy 

atoms RMSD respect to their native structures with Discovery Studio 2020.594  

The enrichment studies were performed for each PDE seeding a so-called decoy set 

of inactive or presumed inactive compounds with ligands with known activity against the 

target in question. Three decoy sets (one for each PDE) were generated by Database of 

Useful Decoys: Enhanced (DUD-E) (http://dude.docking.org/),595,596 selecting for each 

PDE a group of 20 active ligands with an IC50 lower than 20 μM from the Binding 

Database (http://www.bindingdb.org/bind/index.jsp). SP docking was performed using 

the same protocols described above for the preparation of the receptor, of the ligands 

and the docking stages. 

After ranking the decoy set by docking score, EF and Eff values were calculated and 

ROC curves plotted using the Enrichment Calculator tool included in Schrodinger Suite. 

EF can be described as the concentration of the considered active ligands among the top-

scoring docking hits compared to their concentration throughout the entire database and 

is calculated as follows: 

EF =  ቄ
N୲୭୲

Nୱୣ୪
ൗ ቅ ቄ

Hitsୱୣ୪
Hits୲୭୲

ൗ ቅ 
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Where 𝑁௦௘௟ is the number of molecules included in the top percentage considered, 

𝑁௧௢௧ is the total number of compounds screened in the database, 𝐻𝑖𝑡𝑠௦௘௟ is the number 

of active ligands at a specific percentage and 𝐻𝑖𝑡𝑠௧௢௧ is the total number of active ligands 

for the target.597 Eff corresponds to the efficiency in distinguishing active ligands from 

decoys on an absolute scale ranging from 1 (ideal, all actives are ranked on top of decoys) 

to -1 (all decoys come before any actives in the ranking). ROC curves plot the sensitivity 

(Se) of a given docking/scoring combination against specificity (Sp), and Area Under the 

Curve (AUC or AU-ROC) can be calculated for comparison. The AU-ROC curve 

represents the probability for the active compounds to be listed in the highest part of the 

ranking, on top of decoy compounds. A theoretically perfect AUC value is 1.0.598 

The cross-docking experiment was conducted as follows:30 for each PDE five different 

crystal structures were considered (PDE4B: 3GWT578-4KP6582-3D3P583-5OHJ585-

1XLZ,586 PDE5A: 2H42579-3TGE587-6ACB588-5ZZ2588-4MD6,414 PDE9A: 3JSW580-

4Y86589-6A3N590-3QI4592-2HD1571), then each ligand belonging to each crystal structure 

was docked to the other 4 and heavy atoms RMSD were calculated with Discovery Studio 

2020, thus verifying that the docked poses resemble the crystallized ones. The same 

protocols defined above were utilized for the preparation of the receptor, of the ligands 

and for the docking. 

 

Molecular dynamics 

The MD calculations were performed with the GPU-accelerated Desmond 

software,486 the protein-ligand complexes retrieved from the XP molecular docking stage 

were solvated using TIP3P water model, Na+ ions were added to neutralize the system 

and a concentration of 0.15 M of NaCl was simulated, an ion placement exclusion zone 

was created at 20 Å distance from the ligands. Prior the MD jobs the systems were relaxed 

with Maestro's default relaxation protocol that includes two stages of minimization 

(restrained and unrestrained) followed by four stages of MD runs with gradually 

diminishing restraints.599,600 All the MD runs were conducted for 200 ns in constant 

pressure and temperature (NPT ensemble) with Desmond default force field 

(OPLS_2005), after that the trajectories were analysed with Desmond computing the 

ligand (aligned on protein) and protein (C-alphas) RMSD trajectory plots, and the 

interactions pattern (Interactions Fraction). 
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Virtual screening-accelerated discovery of a phosphodiesterase 9 inhibitor with 

neuroprotective effects in the kainate toxicity in vitro model564  

Database Search 

The considered database is constituted of 1632 compounds synthesized in-house. The 

database file, in SDF format, was directly loaded in Schrödinger Maestro version 13.4.134, 

MMshare Version 6.0.134 Release 2022-4, Platform Linux-X86_64: Maestro 

(Schrödinger, LLC, New York, NY, USA 2021). The structures were prepared with the 

LigPrep tool under the OPLS4 force field using an Epik ionizer;601–603 all the ionization 

states were generated in the 7±2 pH range including the possible metal states leading to 

a total of 3150 molecules, which were analysed with the QikProp tool to predict the 

pharmacokinetic properties. The molecules having more than one violation to the 

“Lipinski’s rule of five” were discarded, reducing the number of possible hits to 1762. 

These molecules were then filtered based on their chemical structure, and to perform this 

step, we loaded the SDF file retrieved from Schrödinger in ChemFinder Version 20.1.1 

(ChemOffice, PerkinElmer Informatics, Inc. Waltham, MA, USA, 2020), and we used the 

chromone-based query (Figure 3.2.6) to screen the compounds, which were reduced to 

441. Then, the molecules were loaded into Schrödinger to perform the docking study as 

described in the following paragraphs. The complexes resulting from docking 

experiments were visually inspected, and the 20 molecules with the best poses, also 

considering the docking score, were selected. The hit compounds that were physically 

retrieved from the database following the preliminary virtual screening were subjected to 

a solubility test. A 10 mM stock solution of the compounds was prepared in DMSO, and 

they were then diluted to 100 μM solutions in H2O. Then, three more 1:10 dilution steps 

were performed in phosphate-buffered saline (PBS, pH 7.4) up to 1 nM to assess adequate 

solubility of the compounds in the concentration range considered in in vitro test.  

 

Molecular Docking 

Human PDE9 3D structure was obtained from the RCSB Protein Data Bank (PDB, 

http://www.rcsb.org, access date 30 January 2023). PDE9 in complex with inhibitor PF-

04447943, entry 4E90, was selected (resolution 2.50 Å). The preparation step was 

performed through the Protein Preparation Workflow tool. Default parameters were 

selected, for example, adding hydrogens, assigning disulphide bonds, adding missing side 

chains using Prime, removing waters, adjusting charges, and minimizing the convergence 

of heavy atoms to RMSD under the OPLS4 force field.602 Ligands were prepared for 
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docking with the LigPrep tool under the OPLS4 force field. Possible ionization and metal 

binding states at target pH 7.0±2.0 were generated with an Epik ionizer.603 The binding 

poses of PF-04447943 and DB987 in complex with PDE9 were obtained by molecular 

docking calculations using Glide.604 Ligands and receptors were prepared as described in 

the previous paragraphs. The docking protocol consisted of rigid receptor and flexible 

ligand sampling, which was performed under the OPLS4 force field601 using standard 

precision (SP) with default settings like 0.80 scaling factor for the ligand atom van der 

Waals radius, 0.15 partial range cut-off, adding Epik state penalties to the docking score, 

generation of one pose per ligand, and performing post docking minimization for 

generated poses. The receptor grid was prepared with the Receptor Grid Generation tool 

included in Schrödinger, with default settings.35 After the identification of the best poses, 

the RMSD value was used to validate the adopted method with the rmsd.py script, and a 

score under 2.50 Å was admitted to consider the analysis sufficiently accurate. In the case 

of this study, a RMSD value of 1.18 Å was obtained. The obtained poses were evaluated 

according to the GlideScore (GScore) scoring function, which is expressed in −kcal/mol, 

and through the inspection of the interactions established between ligands and PDE9. 

For interaction analysis, only residues within 5 Å in the binding pocket were considered. 

 

Molecular Dynamics  

MD simulations were performed using the GPU-accelerated Desmond tool of 

Schro ̈dinger LLC (Schrödinger Release 2023-1: Desmond Molecular Dynamics System, 

D. E. Shaw Research, New York, NY, USA, 2021. Maestro-Desmond Interoperability 

Tools, Schrödinger, New York, NY, USA 2021).605 The best protein−ligand complexes 

retrieved from the SP molecular docking step were used to prepare the solvated system 

to perform MD. By using System Builder,605 all the three complexes were solvated using 

the explicit TIP3P water model. Periodic boundary conditions were set with an 

orthorhombic box shape of 10 × 10 × 10 Å. During ion placement, Na+ ions were used 

to neutralize the system, a concentration of 0.15 M of NaCl was set, and an exclusion 

zone with 20 Å from the ligand was added. A run of 500 ns was performed for each 

complex under the OPLS4 force field with the temperature set at 300 K and pressure at 

1.0 bar. Further, the Martyna−Tuckerman− Klein chain coupling scheme with an 

isotropic coupling constant of 2.0 ps for the pressure control and the Nosé−Hoover chain 

coupling scheme for the temperature control (NPT ensemble) were used. The cut-off 

radius in the Coulomb interactions was 9.0 Å. A RESPA integrator was set with a time 
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step of 2.0, 2.0, and 6.0 fs, respectively, for bonded interactions and near and far 

interactions. Trajectories were saved at 500 ps intervals for analysis. To analyse 

interactions between ligands and PDE9, the Simulation Interaction Diagram tool and 

RMSD/RMSF evaluation were used. When ligand−protein contacts were evaluated, a 

contact strength threshold value of 30% was considered for all of the analyses. Chemicals 

and Biological Materials. Tissue culture reagents were obtained from Gibco-BRL (San 

Giuliano Milanese, MI, Italy) and Sigma (St. Louis, MO, USA). PF-0447943was purchased 

from Sigma (St. Louis, MO, USA). The synthesis of DB987 was previously reported by 

our group.427  

 

 

 

 



 Final conclusions and future perspectives 4 

 Phosphodiesterase inhibitors 3.2 

 

- 195 - 

4 Final conclusions and future perspectives 

The work presented in this thesis demonstrates various applications of the techniques 

outlined in the first section, used to develop several projects exploring the interaction of 

small molecules with different targets.  

Specifically, the combination of plant extraction, simple semi-synthetic approaches, 

or organic synthesis of new compounds was merged with ESI-MS, NMR, CD, and 

computational techniques. This integration facilitated not only the comprehensive 

characterisation of the compounds but also the investigation of these ligands' interactions 

with G4. G4, known to play a role in various cellular processes, and its stabilization have 

been linked predominantly to potential anti-cancer activity, as well as anti-inflammatory, 

anti-viral, and neuroprotective actions. 

The main project (Section 2) demonstrated that utilising a low sample-consuming 

high-throughput screening technique like ESI-MS, alongside a method offering atomic 

resolution information about the target:ligand complex, albeit requiring higher 

concentrations such as NMR, when combined with traditional CD spectroscopy and 

computational techniques, forms a valid protocol for developing potentially bioactive 

molecules. 

The primary goal of the first side project (Chapter 3.1) was to create seleno-containing 

compounds through an optimised multi-step reaction scheme. These compounds were 

intended to act as multi-target agents to mitigate oxidative stress and combat 

neurodegeneration. Techniques such as NMR, ESI-MS, and DFT computational analysis 

were employed to track specific reactions mimicking physiological conditions. 

Furthermore, in vivo studies conducted on mice using these derivatives suggested an 

inhibitory effect on serotonin reuptake, demonstrating their potential as antidepressants. 

The second side project (Chapter 3.2) was designed to emphasise the importance of 

employing computational techniques in the drug discovery process. The amalgamation of 

combinatorial chemistry or database searches with molecular docking and molecular 

dynamics enabled the identification of new inhibitors associated with neurodegenerative 

disorders. The results were validated through collaboration with other research groups, 

thanks to in vitro experiments. Importantly, this approach facilitated the assay testing of 

only one derivative instead of an entire database, thereby reducing time and costs. 

 



4 Final conclusions and future perspectives 

3.2 Phosphodiesterase inhibitors 

 

- 196 - 

The integration of all available techniques is crucial for developing new agents with 

potential pharmacological effects. Research efforts should continue to focus on 

establishing new protocols derived from this integration to streamline costs and time in 

the drug discovery process. 



 Appendix 5 

 List of abbreviations 5.1 

 

- 197 - 

5 Appendix  

5.1 List of abbreviations 

Abbreviation Definition 

µ magnetic moment 

5’-AMP Adenosine MonoPhosphate 

5’-GMP Guanosine MonoPhosphate 

A Adenine 

AA AminoAcid 

AC Alternating Current 

AD Alzheimer Disease 

ADMET Adsorption, Distribution, Metabolism, Excretion, Toxicity 

ADP Adenosine DiPhosphate 

ALS Amyotrophic Lateral Sclerosis 

ALT Alternative Lengthening of Telomeres 

AQ AnthraQuinone 

Arg Arginine 

ARIA Ambiguous Restraints for Iterative Assignment 

Asp Aspartate 

AUC or AU-ROC Area Under Receiver Operating Curve 

B0 external magnetic field 

BA Binding Affinity 

BRACO-19 N,N'-(9-((4-(dimethylamino)phenyl)amino)acridine-3,6-

diyl)bis(3-(pyrrolidin-1-yl)propan-amide)  

BRCA BReast CAncer gene 

C Cytosine 

CADD Computer-Aided Drug Design 

cAMP cyclic Adenosine MonoPhosphate 

CAT Catalase 

CD Circular Dichroism 

CFM Carbon Fiber Microelectrode 

cGMP cyclic Guanosine MonoPhosphate 

CI Chemical Ionization 
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CID Collision-Induced Dissociation 

CMR Mean Residue Concentration 

CNS Central Nervous System 

COSY COrrelation SpectroscopY 

CPL Circularly Polarised Light 

Cryo-EM Cryogenic Electron Microscopy 

CX-3543 Quarfloxin 

D/I Desorption/Ionization 

DC Direct Current 

DCM DiChloroMethane 

DFT Density Functional Theory 

DMSO DiMethylSulphOxide 

DSB Double-Strand Breaks 

DsDNA Canonical double-strand DNA 

DSS 2,2-dimethyl-2-silapentane-5-sulfonate 

DUD-E Database of Useful Decoy enhanced 

ED Erectile Disfunction 

EF Enrichment Factor 

Eff Efficiency 

EI Electron Ionization 

EMA European Medicines Agency 

EPR Electron Paramagnetic Resonance 

ESI ElectroSpray Ionization 

FAB Fast Atom Bombardment 

FDA Food & Drug Administration 

ff force field 

FG Functional Group 

FID Free Induction Decay 

FRET Forster Resonance Energy Transfer 

FSCV Fast Scan Cyclic Voltammetry 

FTICR Fourier Transform-Ion Cyclotron Resonance 

G Guanine 

G4 G-quadruplex 

G4P G4 genomic Potential 
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G4seq G4 sequencing 

Gln Glutamine 

Gly Glycine 

GMP 5’-Guanosine Monophosphate 

GPU Graphic Processor Unit 

GPx Glutathione Peroxidase 

GR Glutathione Reductase 

GScore Glide score 

GSH Glutathione 

GSSG oxidised glutathione 

HAT Hydrogen Atom Transfer 

H-bond Hydrogen bond 

HCV Hepatitic C Virus 

His Histidine 

HIV Human Immunodeficiency Virus  

HMBC Heteronuclear Multiple Bond Correlation 

HPLC High Performance Liquid Chromatography 

HPSF ® High Purity Salt Free ® 

HPV Human PapillomaVirus 

HR Homologous Recombination 

HSQC Heteronuclear Single Quantum Coherence 

Ile Isoleucine 

IQb indolo[3,2-b]quinolines 

IQc indolo[3,2-c]quinolines 

IRES Internal Ribosome Entry Site 

J coupling constant 

KA association equilibrium constant 

KD dissociation equilibrium constant 

LBDD Ligand-Based Drug Design 

L-CPL Left Circularly Polarised Light 

Leu Leucine 

lncRNA long non-coding RNA 

LPB Ligand-Based Pharmacophore 

LTP Long-Term Potentiation 
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Lys Lysine 

m magnetic quantum number  

m/z mass to charge ratio 

MALDI Matrix-Assisted Laser Desorption/Ionization 

MD Molecular Dynamics 

MeOD deuterated methanol 

MeOH methanol 

miRNA microRNA 

MLR Multiple Linear Regression 

MM-GB-SA Molecular Mechanics – Generalized Born/Surface Area 

MM-PB/SA Molecular Mechanics- Poisson-Boltzmann/Surface Area 

MS Mass Spectrometry 

NA Nucleic Acid 

NMR Nuclear Magnetic Resonance 

NOESY Nuclear Overhauser Effect SpectroscopY 

NPT isothermal-isobaric ensemble 

NVE microcanonical ensemble 

NVT canonical ensemble 

OGRE Origin G-Rich Repeated Elements 

ORD Optical Rotatory Dispersion 

Orn Ornithine 

PARP  Poly (ADP-Ribose) Polymerase 

PBS Phosphate Buffered Saline 

PCA Principal Component Analysis 

PCR Polymerase Chain Reaction 

PDB Protein Data Bank 

PDE PhosphoDiEsterase 

PDS Pyridostatin 

PEG PolyEthyleneGlycole 

Phe Phenylalanine 

Phen-DC3 3,3′-[1,10-Phenanthroline-2,9-diylbis(carbonylimino)]bis[1-

methylquinolinium] 
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Phen-Pr 3,3'-(((1,10-phenanthroline-2,9-

dicarbonyl)bis(azanediyl))bis(1H-benzo[d]imidazole-2,1-

diyl))bis(N,N-dimethylpropan-1-aminium) 

PIPER N,N’-bis[2-(1-piperidino)-ethyl]-3,4,9,10-

perylenetetracarboxylic diimide 

PLS Partial Least Square 

PQS Putative G4 Sequences 

QIT Quadrupole Ion Trap 

QSAR Quantitative Structure-Activity Relationship 

r.t. room temperature 

R-CPL Right Circularly Polarised Light 

RF RadioFrequency 

RMSD Root Mean Square Deviation 

RMSF Root Mean Square Fluctuations 

ROC Receiver Operating Curve 

ROS Reactive Oxygen Species 

RPA Replication Protein A 

SAR Structure-Activity Relationship 

SARS-COV-2 Severe Acute Respiratory Syndrome Coronavirus 2 

Sec  Selenocysteine 

SBDD Structure-Based Drug Design 

SERT SERotonin Transporter 

SMILES Simplified Molecular Input Line Entry Specification 

SOD SuperOxide Dismutase 

SP Standard Precision 

SSRI Selective Serotonin Reuptake Inhibitor 

T Thymine 

TEA TriEthylAmine 

TEAA TriEthylAmmonium Acetate 

TEMED N,N,N′,N′-TEtraMethyl EthyleneDiamine 

TER Telomerase RNA 

TERRA telomeric repeat-containing RNA 

TERT Telomerase Reverse Transcriptase 
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THF tetrahydrofuran 

TLC Thin Layer Chromatography 

Tm Melting Temperature 

TMPyP2 5,10,15,20-tetrakis-( N-methyl-2-pyridyl)porphine 

TMPyP4 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)porphine 

TMSA TriMethylSilyl Acetylene 

TOCSY TOtal Correlation SpectroscopY 

TOF Time-of-flight 

TRAP Telomerase Repeated Amplification Protocol 

TSS Transcription Start Site 

Tyr Tyrosine 

UTR UnTraslated Region 

V Potential 

XP Extra Precision 

β-Ala beta-Alanine 

δ chemical shift 

θ Ellipticity 

ω0 Larmor frequency 
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5.2 Flavonoids 

 

Figure 5.2.1. 1H-NMR spectrum of rutin (CD3OD). 

 

 

 

Figure 5.2.2. 13C-NMR spectrum of rutin (CD3OD). 
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Figure 5.2.3. ESI-MS spectrum of rutin (m/z = 609.52, negative ionization mode). 

 

 

 

Figure 5.2.4. Mass spectrum of the G-quadruplex/quercetin binding experiment. The molecular ion of the quercetin “dimer” is present 

(m/z = 602.91). The signal at m/z = 1220.01 was attributed to the unbound DNA (z = -6). The signal at m/z = 1270.36 was identified 

as an interaction peak (z = -6, 1:1 G-quadruplex/rutin complex). 
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Figure 5.2.5. CID fragmentation spectrum of the G-quadruplex/quercetin complex (normalized collision energy = 10; isolated peak 

m/z = 1270.62). The signal of the complex is present (1270.62, z = -6), and molecular ion of naked DNA (1453.19, z = -5) and of the 

ligand “dimer” (m/z = 603.29, z = -1) appear after fragmentation. 

 

 

 

Figure 5.2.6. Mass spectrum of the dsDNA/quercetin binding experiment. The molecular ion of quercetin is present (m/z = 301.26), 

as well as the peak of the dimer (m/z = 603.03). The signals at m/z = 940.82, 1136.81 and 1418.90 were attributed to the unbound 

DNA (z = -12, z = -10 and z = -8, respectively). The signal at m/z = 1491.82 was identified as an interaction peak (z = -8, 1:1 

dsDNA/quercetin complex). 
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Figure 5.2.7. CID fragmentation spectrum of the dsDNA/quercetin complex (normalized collision energy = 10; isolated peak m/z = 

1492.13). The signal of the complex is present (1492.13, z = -8), and molecular ion of naked DNA (1411.43, z = -10) and of the ligand 

“dimer” (m/z = 602.86, z = -1) appear after fragmentation. 

 

 

 

Figure 5.2.8. Mass spectrum of the G-quadruplex/rutin binding experiment. The molecular ion of rutin is present (m/z = 609.33). 

The signals at m/z = 1220.00, 1468.26 and 1841.06 were attributed to the unbound DNA (z = -6, z = -5 and z = -4, respectively). An 

interaction peak was detected at m/z = 1595.70 (z = -5, 1:1 G-quadruplex/rutin complex). 
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Figure 5.2.9. CID fragmentation spectrum of the G-quadruplex/rutin complex (normalized collision energy = 10; isolated peak m/z 

= 1599.24). The signal of the complex is present (m/z = 1599.24, z = -5), and molecular ion of naked DNA (m/z = 1838.44, z = -4) 

and ligand (m/z = 609.43) appear after the fragmentation. 

 

 

 

Figure 5.2.10. Mass spectrum of the dsDNA/rutin binding experiment. The molecular ion of rutin is present (m/z = 609.44). The 

signals at m/z = 947.15, 1136.57 and 1426.13 were attributed to the unbound DNA (z = -12, z = -10 and z = -8, respectively). 
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Figure 5.2.11. Mass spectrum of the G4/isoosajin binding experiment. The signals at m/z = 1043.29, 1217.28 and 1468.34 were 

attributed to the unbound DNA (z = -7, z = -6 and z = -5, respectively), the signal at m/z 403.45 was attributed to unbounded ligand. 

The interaction peaks were detected at m/z = 1093.79, 1283.77 and 1544.44 (z = -7, z = -6 and z = -5, respectively). 

 

 

 

Figure 5.2.12. Mass spectrum of the G4/di-p-toluensulfonyl-pomiferin binding experiment. The signals at m/z = 1037.95, 1217.17 

and 1477.28 were attributed to the unbound DNA (z = -7, z = -6 and z = -5, respectively), the signal at m/z 727.42 was attributed to 

unbounded ligand. No interaction peaks were detected. 
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Figure 5.2.13. Mass spectrum of the dsDNA/di-p-toluensulfonyl-auriculasin binding experiment. The signals at m/z = 927.98, 1121.27 

and 1401.63 were attributed to the unbound DNA (z = -12, z = -10 and z = -8, respectively), the signal at m/z 727.42 was attributed 

to unbounded ligand. The interaction peaks were detected at m/z = 1049.15, 1266.74 (ligand:DNA 2:1, z = -12 and z = -10, 

respectively). 

 

 

 

Figure 5.2.14. Mass spectrum of the dsDNA/di-p-toluensulfonyl-pomiferin binding experiment. The signals at m/z = 1128.91, 

1411.30 and 1881.43 were attributed to the unbound DNA (z = -10, z = -8 and z = -6, respectively), the signal at m/z 727.37 was 

attributed to unbounded ligand. No interaction peaks were detected. 
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Figure 5.2.15. CID fragmentation spectrum of the G4/p-toluensulfonyl-scandenone complex (normalized collision energy = 10). The 

signal of the complex is still present (m/z = 1594.90, z = -5), the peak at m/z= 1478.10 was attributed to alkylated G4.  

 

 

 

Figure 5.2.16. CID fragmentation spectrum of the G4/p-toluensulfonyl-isopomiferin complex (normalized collision energy = 16). The 

signal of the complex is still present (m/z = 1616.02, z = -5), the peak at m/z= 1460.64 was attributed to unbounded G4, the signals 

at m/z = 1434.83 (-151 Da) and 1403.41 (-151 Da -136 Da) were attributed to DNA sequence after base loss.  
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Figure 5.2.17. CID fragmentation spectrum of the G4/isopomiferin complex (normalized collision energy = 8). The signal of the 

complex is still present (m/z = 1544.52, z = -5), the peak at m/z= 1457.53 corresponding to the unbounded G4 starts to appear.  
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5.3 Anthraquinones 

 

Figure 5.3.1. 1H-NMR spectrum of compound AQ3. 

 

 

 

Figure 5.3.2. 13C-NMR spectrum of compound AQ3. 
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Figure 5.3.3. ESI-MS spectrum of compound AQ3. 

 

 

 

Figure 5.3.4. 1H-NMR spectrum of compound AQ4.  
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Figure 5.3.5. 13C-NMR spectrum of compound AQ4. 

 

 

 

Figure 5.3.6. ESI-MS spectrum of compound AQ4. 
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Figure 5.3.7. 1H-NMR spectrum of compound AQ5. 

 

 

 

Figure 5.3.8. 13C-NMR spectrum of compound AQ5.  
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Figure 5.3.9. ESI-MS spectrum of compound AQ5. 

 

 

 

Figure 5.3.10. 1H-NMR spectrum of compound AQ6. 
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Figure 5.3.11. 13C-NMR spectrum of compound AQ6. 

 

 

 

Figure 5.3.12. ESI-MS spectrum of compound AQ6. 

 

T: ITMS + c ESI Full ms [200.00-2000.00]
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Figure 5.3.13. 1H-NMR spectrum of compound AQ7. 

 

 

 

Figure 5.3.14. 13C-NMR spectrum of compound AQ7. 

 



 Appendix 5 

 Anthraquinones 5.3 

 

- 219 - 

 

Figure 5.3.14. ESI-MS spectrum of compound AQ7. 

 

 

 

Figure 5.3.15. 1H-NMR spectrum of compound AQ8. 

 

T: ITMS + c ESI Full ms [200.00-2000.00]
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Figure 5.3.16. 13C-NMR spectrum of compound AQ8. 

 

 

 

Figure 5.3.17. ESI-MS spectrum of compound AQ8. 

  

T: ITMS + c ESI Full ms [150.00-2000.00]
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Figure 5.3.18. 1H-NMR spectrum of compound AQ9. 

 

 

 

Figure 5.3.19. 13C-NMR spectrum of compound AQ9. 
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Figure 5.3.20. ESI-MS spectrum of compound AQ9. 

 

 

 

Figure 5.3.21. Mass spectrum of the G4/AQ3 binding experiment. The signals at m/z = 1045.65, 1216.58, and 1464.24 were attributed 

to the unbound DNA (z = -7, z = -6 and z = -5, respectively). No interaction peaks were detected. 
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Figure 5.3.22. Mass spectrum of the G4/AQ4 binding experiment. The signals at m/z = 1042.69, 1216.58, and 1464.21 were attributed 

to the unbound DNA (z = -7, z = -6 and z = -5, respectively). The interaction peaks were detected at m/z = 1155.93, 1348.54 and 

1627.21 (z = -7, z = -6 and z = -5, respectively).  

 

 

 

Figure 5.3.23. CID fragmentation spectrum of the G4/AQ4 complex (normalized collision energy = 12). The signal of the complex 

is still present (m/z = 1154.49, z = -7), and molecular ion of naked DNA (m/z = 1216.50, z = -6) and ligand (m/z = 769.64) start to 

appear. 
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Figure 5.3.24. Mass spectrum of the dsDNA/AQ7 binding experiment. The signals at m/z = 915.38, 1121.35 and 1401.99 were 

attributed to the unbound DNA (z = - 12, z = -10 and z = -8, respectively). No interaction peaks were detected. 
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5.4 Anthracenes 

 

Figure 5.4.1 1H-NMR spectrum of compound OAF89. Note: the signal of 4 x CH2 protons (piperazine, bs) partially overlap with the 

signal of the solvent (d6-DMSO). 

 

 

 

Figure 5.4.2. 13C-NMR spectrum of compound OAF89 (CDCl3). 
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Figure 5.4.3. ESI-MS spectrum of compound OAF89 (positive ionization mode). 

 

 

 

Figure 5.4.4. ESI-MS binding experiment of compound OAF89 with G4 DNA. Unbound G4 DNA (m/z = 1046.26, z = - 7), unbound 

ligand (m/z = 255.47, z = -2), ligand/G4 complex with 1:1 stoichiometry (m/z = 1119.23, z = -7) and ligand/G4 complex with 2:1 

stoichiometry (m/z = 1191.95, z = -7) were detected. 
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Figure 5.4.5. ESI-MS binding experiment of compound OAF89 with dsDNA. Unbound dsDNA (m/z = 1121.36, z = -9), 

ligand/dsDNA complex with 1:1 stoichiometry (m/z = 1200.39, z = -9) and ligand/dsDNA complex with 2:1 stoichiometry (m/z = 

1302.48, z = -9) were detected. The same behaviour was observed in the z = -8 charge state. 

 

 

 

Figure 5.4.6. CID fragmentation spectrum of the ligand/G4 complex with 2:1 stoichiometry (normalized collision energy = 12). The 

fragmentation of the 2:1 ligand/G4 complex (m/z = 1191.85, z = -7) promoted the formation of the peaks corresponding to the 1:1 

complex (m/z = 1116.65, z = -7) and to the unbound DNA (m/z = 1041.45, z = -7).  
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5.5 Dimeric PEG-linked scaffolds 

 

Figure 5.5.1. 1H-NMR spectrum of compound ANAp. 

 

 

 

Figure 5.5.2. 13C-NMR spectrum of compound ANAp. 
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Figure 5.5.3.  ESI-MS spectrum of compound ANAp. 

 

 

 

Figure 5.5.4. 1H-NMR spectrum of compound AQAp. 
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Figure 5.5.5. 13C-NMR spectrum of compound AQAp. 

 

 

 

Figure 5.5.6. ESI-MS spectrum of compound AQAp. 

 

T: ITMS + c ESI Full ms [150.00-2000.00]
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Figure 5.5.7. 1H-NMR spectrum of compound ANPp. 

 

 

 

Figure 5.5.8. 13C-NMR spectrum of compound ANPp. 
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Figure 5.5.9. ESI-MS spectrum of compound ANPp. 

 

 

 

Figure 5.5.10. 1H-NMR spectrum of compound AQPp. 

 

T: ITMS + c ESI Full ms [155.00-2000.00]

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
tiv

e
 A

b
u

n
d

a
n

ce

334.49

346.45

689.24
581.52

913.81
733.13 781.70508.56 666.82398.38 955.90 1021.74194.44 1088.89312.57 1183.89 1254.10 1349.14 1426.69 1525.63 1583.98 1754.29 1869.77 1978.24



 Appendix 5 

 Dimeric PEG-linked scaffolds 5.5 

 

- 233 - 

 

Figure 5.5.11. 13C-NMR spectrum of compound AQPp. 

 

 

 

Figure 5.5.12. ESI-MS spectrum of compound AQPp. 
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Figure 5.5.13. 1H-NMR spectrum of compound ANA3. 

 

 

 

Figure 5.5.14. 13C-NMR spectrum of compound ANA3. 
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Figure 5.5.15. ESI-MS spectrum of compound ANA3. 

 

 

 

Figure 5.5.16. ESI-MS spectrum of compound ANA3m. 
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Figure 5.5.17. 1H-NMR spectrum of compound AQA3. 

 

 

 

Figure 5.5.18. 13C-NMR spectrum of compound AQA3. 
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Figure 5.5.19. ES-MS spectrum of compound AQA3. 

 

 

 

Figure 5.5.20. 1H-NMR spectrum of compound AQA3m. 
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Figure 5.5.21. 13C-NMR spectrum of compound AQA3m. 

 

 

  

Figure 5.5.22. ESI-MS spectrum of compound AQA3m. 
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Figure 5.5.23. 1H-NMR spectrum of compound ANP3. 

 

 

 

Figure 5.5.24. 13C-NMR spectrum of compound ANP3. 
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Figure 5.5.25. ESI-MS spectrum of compound ANP3. 

 

 

 

Figure 5.5.26. 1H-NMR spectrum of compound ANP3m. 
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Figure 5.5.27. 13C-NMR spectrum of compound ANP3m. 

 

 

 

Figure 5.5.28. ESI-MS spectrum of compound ANP3m. 
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Figure 5.5.29. ESI-MS spectrum of compound AQP3. 

 

 

 

Figure 5.5.30. 1H-NMR spectrum of compound AQP3m. 
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Figure 5.5.31. 13C-NMR spectrum of compound AQP3m. 

 

 

 

Figure 5.5.32. ESI-MS spectrum of compound AQP3m. 
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Figure 5.5.33 ESI-MS binding experiment of compound AQA3 with G4. Unbound G4 (m/z = 1214.61, z = -6; m/z = 1462.04, z = 

-5) and ligand/G4 complex (m/z = 1353.62, z = -6; m/z = 1632.97, z = -5) were detected.  

 

 

Figure 5.5.34 ESI-MS binding experiment of compound AQA3 with dsDNA. Unbound dsDNA (m/z = 1128.89, z = -10; m/z = 

1416.73, z = -8) were detected. No interaction peak was found. 
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Figure 5.6.1. 1H-NMR spectrum of compound Se2. 

 

 

 

Figure 5.6.2. 13C-NMR spectrum of compound Se2. 
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Figure 5.6.3. ESI-MS spectrum of compound Se2. 

 

 

 

Figure 5.6.4. 1H-NMR spectrum of compound Se3. 
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Figure 5.6.5. 13C-NMR spectrum of compound Se3. 

 

 

 

Figure 5.6.6. ESI-MS spectrum of compound Se3. 
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Figure 5.6.7. 1H-NMR spectrum of compound Se4. 

 

 

 

Figure 5.6.8. 13C-NMR spectrum of compound Se4. 
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Figure 5.6.9. ESI-MS spectrum of compound Se4. 

 

 

 

Figure 5.6.10. 1H-NMR spectrum of compound Se5. 
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Figure 5.6.11. 13C-NMR spectrum of compound Se5. 

 

 

 

Figure 5.6.12. ESI-MS spectrum of compound Se5. 
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Figure 5.6.13. 1H-NMR spectrum of compound 1-CF3. 

 

 

 

Figure 5.6.14. 13C-NMR spectrum of compound 1-CF3. 
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Figure 5.6.15. 77Se-NMR spectrum of compound 1-CF3. 

 

 

 

Figure 5.6.16. ESI-MS spectrum of compound 1-CF3. 
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Figure 5.6.17. Detailed ESI-MS spectrum showing the isotopic distribution of compound 1-CF3. 

 

 

 

Figure 5.6.18. 1H-NMR spectrum of compound 1-H. 
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Figure 5.6.19. 13C-NMR spectrum of compound 1-H. 

 

 

 

Figure 5.6.20. 77Se-NMR spectrum of compound 1-H. 
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Figure 5.6.21. ESI-MS spectrum of compound 1-H. 

 

 

 

Figure 5.6.22. Detailed ESI-MS spectrum showing the isotopic distribution of compound 1-H. 
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Figure 5.6.23. 1H-NMR spectrum of compound 1-CH3. 

 

 

 

Figure 5.6.24. 13C-NMR spectrum of compound 1-CH3. 
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Figure 5.6.25. ESI-MS spectrum of compound 1-CH3 (positive ionization mode). 

 

 

 

Figure 5.6.26. Detailed view of the peak of compound 1-CH3, showing the isotopic distribution, in the ESI-MS spectrum (positive 

ionization mode). 
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Figure 5.6.27. 1H-NMR spectrum of compound 1-F. 

 

 

 

Figure 5.6.28. 13C-NMR spectrum of compound 1-F. 
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Figure 5.6.29. ESI-MS spectrum of compound 1-F (positive ionization mode). 

 

 

 

Figure 5.6.30. Detailed view of the peak of compound 1-F, showing the isotopic distribution, in the ESI-MS spectrum (positive 

ionization mode). 
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Figure 5.6.31. 1H-NMR spectrum of compound SeA8. 

 

 

 

Figure 5.6.32. ESI-MS spectrum of compound SeA8. The peak at m/z 260.92 corresponds to [SeA8-N3+H]+, at m/z 276.02 to 

[SeA8-N2+H]+ and at m/z 284.22 to [SeA8+H]+. 
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Figure 5.6.33. 1H-NMR spectrum of compound SeA9. 

 

 

 

Figure 5.6.34. ESI-MS spectrum of compound SeA9. The peak at m/z 260.97 corresponds to [SeA9-NH2+H]+, at m/z 277.80 to 

[SeA9+H]+. 
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Figure 5.6.35. 1H-NMR spectrum of compound SeA1. 

 

 

 

Figure 5.6.36. 13C-NMR spectrum of compound SeA1. 
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Figure 5.6.37. ESI-MS spectrum of compound SeA1. 

 

 

 

Figure 5.6.38. 1H-NMR spectrum of compound SeA2. 
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Figure 5.6.39. 13C-NMR spectrum of compound SeA2. 

 

 

 

Figure 5.6.40. ESI-MS spectrum of compound SeA2. 
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Figure 5.6.41. 1H-NMR spectrum of compound SeA3. 

 

 

 

Figure 5.6.42. 13C-NMR spectrum of compound SeA3. 
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Figure 5.6.43. ESI-MS spectrum of compound SeA3. 

 

 

 

Figure 5.6.44. 1H-NMR spectrum of compound SeA4. 

 

 

T: ITMS + c ESI Full ms [50.00-2000.00]

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
e

la
tiv

e 
A

bu
n

da
nc

e

347.95

261.06
183.10 370.96 548.0787.00 277.20 615.11432.21 666.76 730.47 819.90 1009.79875.70 1076.17 1232.57 1338.90 1668.871538.22 1949.181474.13 1770.04 1832.55



 Appendix 5 

 Seleno-containing compounds 5.6 

 

- 267 - 

 

Figure 5.6.45. 13C-NMR spectrum of compound SeA4. 

 

 

 

Figure 5.6.46. ESI-MS spectrum of compound SeA4. 
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Figure 5.6.47. 1H-NMR spectrum of compound SeA5. 

 

 

 

Figure 5.6.48. 13C-NMR spectrum of compound SeA5. 
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Figure 5.6.49. ESI-MS spectrum of compound SeA5. 

 

 

 

Figure 5.6.50. 1H-NMR spectrum of compound SeA6. 
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Figure 5.6.51. 13C-NMR spectrum of compound SeA6. 

 

 

 

Figure 5.6.52. ESI-MS spectrum of compound SeA6. 
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Figure 5.6.53. 1H-NMR spectrum of compound SeA7. 

 

 

 

Figure 5.6.54. 13C-NMR spectrum of compound SeA7. 
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Figure 5.6.55. ESI-MS spectrum of compound SeA7. 

 

 

 

Figure 5.6.56. 1H-NMR spectrum of the final product of the oxidation of compound SeA3, i.e., morpholine hydrochloride. 
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Figure 5.6.57. 13C-NMR spectrum of the final product of the oxidation of compound SeA3, i.e., morpholine hydrochloride. 

 

 

 

Figure 5.6.58. ESI-MS spectrum of the final product of the oxidation of compound SeA3, i.e., morpholine hydrochloride. 

 

T: ITMS + c ESI Full ms [50.00-2000.00]

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
m/z

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

a
tiv

e 
A

b
un

da
nc

e

87.93

88.96
280.87187.98 335.94 439.86 485.53 1558.84 1701.29 1803.02588.68 1483.69 1942.801359.141265.56630.66 1190.921100.12908.05850.13763.94 976.37



5 Appendix 

5.6 Seleno-containing compounds 

 

- 274 - 

 

Figure 5.6.59. 1H-NMR spectrum of the final product of the oxidation of compound SeA1, i.e., diethylamine hydrochloride. 

 

 

 

Figure 5.6.60. 13C-NMR spectrum of the final product of the oxidation of compound SeA1, i.e., diethylamine hydrochloride. 
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Figure 5.6.61. ESI-MS spectrum of the final product of the oxidation of compound SeA1, i.e., diethylamine hydrochloride. 

 

 

 

Figure 5.6.62. 1H-NMR spectrum of the final product of the oxidation of compound SeA4, i.e., isoindoline hydrochloride. 
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Figure 5.6.63. 13C-NMR spectrum of the final product of the oxidation of compound SeA4, i.e., isoindoline hydrochloride. 

 

 

 

Figure 5.6.64. ESI-MS spectrum of the final product of the oxidation of compound SeA4, i.e., isoindoline hydrochloride. 
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Figure 5.6.65. 1H-NMR spectrum of the final product of the oxidation of compound SeA5, i.e., benzylamine hydrochloride. 

 

 

 

Figure 5.6.66. 13C-NMR spectrum of the final product of the oxidation of compound SeA5, i.e., benzylamine hydrochloride. 
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Figure 5.6.67. ESI-MS spectrum of the final product of the oxidation of compound SeA5, i.e., benzylamine hydrochloride. 

  

 

 

Figure 5.6.68. 1H-NMR spectrum of the final product of the oxidation of compound SeA7, i.e., N-ethylbenzylamine hydrochloride. 
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Figure 5.6.69. 13C-NMR spectrum of the final product of the oxidation of compound SeA7, i.e., N-ethylbenzylamine hydrochloride. 

 

 

 

Figure 5.6.70. ESI-MS spectrum of the final product of the oxidation of compound SeA7, i.e., N-ethylbenzylamine hydrochloride. 
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Figure 5.6.71. 1H-NMR spectrum of the final product of the oxidation of compound SeA2, i.e., dibenzylamine hydrochloride. 

 

 

 

Figure 5.6.72. 13C-NMR spectrum of the final product of the oxidation of compound SeA2, i.e., dibenzylamine hydrochloride. 

 



 Appendix 5 

 Seleno-containing compounds 5.6 

 

- 281 - 

 

Figure 5.6.73. ESI-MS spectrum of the final product of the oxidation of compound SeA2, i.e., dibenzylamine hydrochloride. 

 

 

 

Figure 5.6.74. 1H-NMR spectrum of the final product of the oxidation of compound SeA6, i.e., p-nitrobenzylamine hydrochloride.  
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Figure 5.6.75. 13C-NMR spectrum of the final product of the oxidation of compound SeA6, i.e., p-nitrobenzylamine hydrochloride.  

 

 

 

Figure 5.6.76. ESI-MS spectrum of the final product of the oxidation of compound SeA6, i.e., p-nitrobenzylamine hydrochloride. 
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Figure 5.6.77. Variation over time of the 1H-NMR spectra during the oxidation-reaction of compound 1-H.  

 

 

 

Figure 5.6.78. Variation over time of the 1H-NMR spectra during the oxidation-reaction of compound 1-CF3. 
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Figure 5.6.79. Variation over time of the 1H-NMR spectra during the oxidation-reaction of compound 1-CF3, focus on the region 

between 4.6 and 3.5 ppm (area of interest to integrate for relative abundance over time calculation). 

 

 

 

Figure 5.6.80. 1H-NMR spectrum during the oxidation-reaction of compound 1-CF3 at t= 9 min, focus on the region between 4.6 and 

3.5 ppm (the signal corresponding to the other diastereoisomers of the selenoxide is detectable at 4.46 ppm after the disappearance of 

the starting material). 
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Figure 5.6.81. Variation over time of the 1H-NMR spectra during the oxidation-reaction of compound 1-CH3, focus on the region 

between 4.7 and 3.7 ppm (area of interest to integrate for relative abundance over time calculation). 

 

 

 

Figure 5.6.82. 1H-NMR spectra of compound SeA1 oxidation over time (• before the addition of H2O2, • after 60 minutes from the 

addition of H2O2, • overnight reaction). 
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Figure 5.6.83. Full 1H-NMR spectra over time of the oxidation of compound SeA3. 

 

 

 

Figure 5.6.84. 1H-NMR spectra of compound SeA5 oxidation over time (• before the addition of H2O2, • after 30 minutes from the 

addition of H2O2, • overnight reaction). 
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Figure 5.6.85. 1H-NMR spectra of compound SeA7 oxidation over time (• before the addition of H2O2, • after 30 minutes from the 

addition of H2O2, • overnight reaction). 

 

 

 

Figure 5.6.86. ESI-MS study of the reaction of compound 1-H with H2O2 (positive ionization mode, t = 5 min). The peaks 

corresponding to the starting material (m/z = 318), the selenoxide (m/z = 334) and the cinnamylamine (m/z = 162) were detected.  
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Figure 5.6.87. ESI-MS study of the reaction of compound 1-H with H2O2 (positive ionization mode, t = 20 min). The peaks 

corresponding to the starting material (m/z = 318), the selenoxide and its sodium adduct (m/z = 334 and m/z = 357) and 

the cinnamylamine (m/z = 162) were detected.  

  

 

 

Figure 5.6.88. ESI-MS study of the reaction of compound 1-H with H2O2 (positive ionization mode, t = 60 min). The peaks 

corresponding to the starting material (m/z = 318), the selenoxide and its sodium and methanol adduct (m/z = 334, m/z = 357, m/z 

= 365), together with the cinnamylamine (m/z = 162) were detected.   
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Figure 5.6.89. ESI-MS study of the reaction of compound 1-H with H2O2 (negative ionization mode, t = 10 min). The seleninic acid 

(m/z = 189) is detectable.  

  

 

 

Figure 5.6.90. ESI-MS characterization of the NMR sample of compound 1-H used for the NMR study (positive ionization mode, 

final timepoint). Cinnamylamine (m/z = 162), selenoxide (m/z = 334) and diphenyl diselenide (m/z = 316) are clearly detectable.   
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Figure 5.6.91. CID experiment showing the fragmentation pattern of the selenoxide (from compound 1-H, positive ionization mode, 

parent ion m/z = 334, NCE = 16). The fragmentation promotes the formation of diphenyl diselenide (m/z = 315) and of 

the cinnamylamine (m/z = 162).  

  

 

 

Figure 5.6.92. CID experiment showing the fragmentation pattern of the sodium adduct of the selenoxide (from compound 1-

H, positive ionization mode, parent ion m/z = 357, NCE = 16). The fragmentation promotes the formation of the cinnamylamine 

(m/z = 162) and of the cinnamylamine sodium adduct (m/z = 184).  
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Figure 5.6.93. CID experiment showing the fragmentation pattern of the methanol adduct of the selenoxide (from compound 1-

H, positive ionization mode, parent ion m/z = 365, NCE = 12). The fragmentation promotes the formation of the cinnamylamines 

(m/z = 162).  

  

 

 

Figure 5.6.94. CID experiment showing the fragmentation pattern of the ion with m/z = 438 (from compound 1-H, positive 

ionization mode, NCE = 24). The fragmentation promotes the formation of two Se-containing species (m/z = 316 and m/z = 212).  
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Figure 5.6.95. CID experiment showing the fragmentation pattern of the seleninic acid (from compound 1-H, negative ionization 

mode, parent ion m/z = 189, NCE = 25). The fragmentation promotes the formation of phenol (m/z = 93).  

 

 

 

Figure 5.6.96. ESI-MS spectrum of the oxidation of compound SeA3. The peak at 87.92 m/z corresponds to the final product (i.e., 

morpholine), the peaks at 190.15 and 208.06 m/z correspond respectively to the enamine and its adduct with water. 
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Figure 5.6.97. Negative ionization ESI-MS spectra of the oxidation of compound SeA3. The peak at 121.09 m/z correspond to 

benzoic acid (as confirmed by the Collision Induced Dissociation (CID) experiment at Normalized Collision Energy (NCE) = 20), 

the peak at 189.12 corresponds to the seleninic acid. 
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