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ABSTRACT 
Cancer diseases are increasing worldwide and more than 20 million new cancer cases 

per year are expected by 2025. At these days the treatment of neoplastic forms took 

advantage of classic approaches, based on chemotherapeutics and radiotherapeutics 

agents. However they are characterized by numerous limitations as remarkable side 

effects, toxicity and selection of resistant phenotypes to such therapies. This prompted 

the development of so-called targeted therapies, where selective chemical entities 

(small molecules, monoclonal antibodies, miRNAs, siRNAs etc.) hit a single molecular 

target of the tumor phenotype. Despite, these therapies have proven to be efficient 

alternatives they also present several limitations that make them quite ineffective. In 

order to overcome these remarkable drawbacks, he modulation of the gene 

expression, that exploits the ability of nucleic acids to assume different conformations, 

defined as non-canonical, became extremely interesting. Among these non-canonical 

conformations, extremely fascinating are the tetrahelical conformations known as G-

quadruplex (G4) and i-Motif (iM), that seem to be involved in the blockage of the 

cancer development. 

G4 structures occur at DNA and RNA sequences presenting a high abundance of 

consecutive guanines that interact each other through Hoogstein hydrogen bonds to 

generate a planar structure called G-tetrads. Stacking interaction between two or 

more G tetrads create the overall structure. Bioinformatics studies revealed that 

prevalently these regions are contained along the telomeres and within the 

untranslated region (UTR) or within the promoter sites of several oncogenes 

(approximately 40%) directly implicated in the development of tumor phenotypes. The 

UTR domains, as the promoter regions, are double-stranded DNA sequences. 

Therefore the complementary strand results enriched in cytosine, that under specific 

environmental conditions can folds into a tetrahelical conformation, known as i-Motif. 

Unlike the G4s, the building block of the entire structure is a dimer of cytosine mainly 

stabilized by the presence of three Hoogstein hydrogen bonds. The in vivo formation 

of G4 and iM leads to a steric hindrance at the DNA level; this suggests an 

inhibition/activation effect on the elongation process of the telomere or on the gene 

expression process 

Under the supervision of Dr. Laurence J. Hurley, the structural characterization of the 

cytosine rich sequence contained within the NHE(III)1 region of MYC promoter was 

completed. In particular, was assessing the effect of the loop composition on the 

stability and folding process of the already characterized iM. Since it was proved that 

this conformation in vivo is involved in the transcriptional activation, the possibility to 

target it by using a selected compound (IMC-30) was considered. Furthermore, we 

took into consideration the possibility to use this compound (IMC-30) as an anticancer 
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drug by testing its ability to induce the apoptosis process in a cancer cell line in which 

the selected gene was overexpressed.  

Besides the several evidence reported for the tetrahelical conformations assumed by 

the GC-rich promoter regions, more recently the efforts moved forward to the G-rich 

tract contained in the untranslated (UTR) domains, both the 5’- and the 3’-UTR, of the 

primary transcript. Since, they can act as modulators of the translation process. Based 

on this evidence, in this project, the guanine rich sequences contained in the 5'-UTR 

region, both at the DNA and RNA levels, of the BCL2 gene were considered. In 

particular, the structural characterization study was initially carried out on the minimal 

sequences (dBcl2_G and rBcl2_G), then the effect exerts by the presence of additional 

nucleotides on the folding process towards the G-quadruplex was taken into 

consideration (dBcl2_G + 3 WC, rBcl2_G + 3 WC and rBcl2_48). Additionally, the 

cytosine rich tract contained on the DNA complementary strand was considered and 

characterized. Our data have shown that the dBcl2_G and rBcl2_G are able to assume 

multiple G4 conformations. While, the presence of additional nucleotides strongly 

modulates their ability to assume the non-canonical conformation. Indeed, we proved 

that the presence of 3 WC pairing partially prevents the formation of G4 both in the 

DNA and in the RNA, while the addition of a greater number of bases (rBcl2_48) leads 

to the formation of a different conformation that competes with the G4 structure. 

Regarding the cytosine rich string, its conformational equilibria have been taken into 

consideration both in a mildly acidic environment and in an environment that mimics 

the physiological condition. Finally, we implemented our work, by screening a library 

of compounds on each tested sequences in order to find a ligand that selectively 

recognizes and stabilizes one conformation. From the acquired data it emerged the 

feasibility to stabilize/induce the iM using the Bisanthrene compound and its derivative 

Bis 1-8. For the guanine rich sequences, Sanguinarine and Chelerythrine provide the 

best results on each tested tracts, therefore they cannot be considered selective 

compounds. Similarly, also the Bisanthrene derivatives recognize and interact with 

each tested guanine tracts, although with different selectivity. 
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RIASSUNTO  
Oggigiorno una delle “piaghe” che affligge maggiormente la popolazione mondiale è il 

cancro. Il trattamento di queste forme neoplastiche sfrutta agenti chemioterapici e 

radioterapici, caratterizzati da numerose limitazioni legate ai notevoli effetti collaterali, 

alla tossicità e alla selezione di fenotipi resistenti a tali terapie. Ciò ha portato allo 

sviluppo delle targeted therapy, che sfruttano entità chimiche (small molecules, 

anticorpi monoclonali, miRNA, siRNA ecc.) selettive per un bersaglio molecolare 

caratteristico del fenotipo tumorale. Nonostante più mirati anche questi approcci 

presentano degli effetti collaterali Pertanto la modulazione dell’espressione genica che 

sfrutta la capacità degli acidi nucleici di assumere differenti conformazioni, definite 

non canoniche, ha destato sempre più interesse. 

Tra le possibili strutture non canoniche di notevole interesse sono le conformazioni 

tetraelicoidali note come G-quadruplex (G4) e i-Motif (iM). La struttura G4 è propria di 

sequenze di DNA e RNA contenenti un’elevata abbondanza di guanine consecutive che, 

mediante legami a idrogeno di tipo Hoogstein, generano delle strutture planari 

chiamate tetradi. Dall’’impilamento di due o più tetradi si genera la struttura a 

tetraelica. Poiché il DNA è una doppia elica, il filamento complementare a queste 

regioni G ricche presenta un’elevata abbondanza di citosine. Anche questi domini in 

particolari condizioni ambientali, possono generare una conformazione tetraelicoidale, 

nota come i-Motif. A differenza del G4, il building block dell’intera struttura è un 

dimero di citosine stabilizzato dalla presenza di tre legami a idrogeno. In vivo 

l’esistenza di queste conformazioni, genera una sorta d’ingombro sterico a livello del 

DNA e ciò presuppone un effetto d’inibizione/attivazione del processo di elongazione 

del telomero o del processo trascrizionale.  

 

Sotto la supervisione del Dott. Laurence J. Hurley, è stata implementata la 

caratterizzazione strutturale della stringa di citosine contenute nel promotore del gene 

MYC. In seguito un selezionato ligando è stato testato con l’idea di poter modulare il 

processo di folding/unfolding alla base dell’attivazione trascrizionale. Infine, l’effetto 

mediato da questo composto sul processo apoptotico è stato preso in considerazione 

lavorando su una selezionata linea cellulare. 

Di notevole interesse sono le regioni GC-ricche contenute nella porzione non tradotta 

del trascritto primario (mRNA). Sulla base di ciò, in questo progetto, sono state prese 

in considerazioni, le stringhe di guanina e citosina contenute nella regione del 5’-UTR, 

sia a livello del DNA sia del RNA, del gene BCL2. Inizialmente è stato condotto uno 

studio di caratterizzazione sulle sequenze minimali dBcl2_G, dBcl2_C e rBcl2_G. In 

seguito è stato preso in considerazione l’effetto della presenza di nucleotidi adiacenti 

sul processo di folding verso il G-quadruplex (dBcl2_G + 3WC, rBcl2_G + 3WC e 

rBcl2_48).  
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I dati ottenuti dimostrano che le sequenze dBcl2_G e rBcl2_G sono in grado di 

assumere molteplici conformazioni G4. La presenza di nucleotidi addizionali modula la 

loro capacità di assumere queste conformazioni. In particolare, la presenza di tre 

appaiamenti WC impedisce parzialmente la formazione del G4 sia nel DNA, che nel 

RNA mentre, l’aggiunta di un maggior numero di basi (rBcl2_48) sposta l’equilibrio 

conformazionale verso una conformazione in forte competizione con il G4. Per la 

sequenza ricca di citosine, l’equilibrio conformazionale è stato valutato sia in ambiente 

blandamente acido, che in un ambiente che mima la condizione fisiologica. Infine, 

poiché negli ultimi anni è stata dimostrata la capacità di alcuni ligandi sintetici/naturali, 

di spostare gli equilibri conformazionali del DNA, dalla classica forma a doppio 

filamento, verso queste conformazioni tetraelicoidali, una selezionata libreria di 

composti è stata, scrinata allo scopo di individuare un ligando in grado di riconoscere e 

stabilizzare selettivamente una conformazione al pari di un'altra.  
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1 INTRODUCTION  
Accordingly to the global demographic characteristic, more than 20 million new cancer 

cases per year are expected by 2025, meaning that the health problems due to this 

type of disease will be expected to increase worldwide. At this day several evidence 

support the idea that tumorigenesis is a multistep process caused by genetic 

alterations that can drive the transformation of a healthy cell into a malignant 

phenotype. Despite the high complexity of this disease in 2000 Hanahan and Weinberg 

outlined that all of them are characterized by six shared ability named as hallmark of 

cancer, acquired during the neoplastic development and including invasion, 

metastasis, cell death resistance angiogenesis replicative immortality and evasion of 

growth suppression. Each mentioned ability is associated with a particular mutation on 

a specific gene that results in overexpression or gain of function for oncogenes or a 

loss of function for tumor suppressor’s genes. Among the 50.000-100000 genes that 

composed our entire genome, hundreds of them was been identified as an oncogenes 

such as MYC, BCL2, RAS, BRAF, EGFR and other, that overexpression has been 

associated to different of solid or liquid cancer. Alongside the proto-oncogenes, there 

are the tumor suppressors that physiologically act as a protecting agent from the 

cancer transformation supressing the cell proliferation, inducing the apoptosis or by 

inhibiting metastasis. As an example p53 is the well-studied tumor suppressor, that 

result misregulated in half of the human cancer forms1,2. 

To suppress the aberrant oncogenes activities anticancer therapy are required. Up 

today several approaches depending by the localization, the type of cancer and the 

progression step could be selected as example radiotherapy, chemotherapy surgery, 

and immunological approach. Despite, these classical approaches are essential for 

cancer eradication, they present several negative aspects and high number of side 

effects. Therefore, the development of a selective compound able to target specifically 

the cancer forms is required. As the cancer development is strictly controlled to a 

specific DNA mutation that leads the overexpression or the loss of function, targeting 

the DNA sequences involved in the cancer development may be a significant 

breakthrough in the anticancer fields. In this specific contest the gene therapy based 

on antisense-oligonucleotide, ribozyme or miRNA are already used. In this case, the 

main issue is the delivery of the nucleic acid and the controlled of the immunological 

response. For this reason, this specific approach is going to be replaced by the use of 

specific ligands and small molecules able to recognize and stabilize/destabilize specific 

DNA structure that could be assumed by the nucleic acids in vivo. 

 

1.1. Nucleic acids polymorphism  

The DNA, that carries all of the genetic information, is a polymorphic and flexible 

macromolecule. This peculiar characteristic was observed for the first time by Rosalind 
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Franklin, who set up a pioneering X-ray diffraction studies, through which she pointed 

out the existence of two allomorphic forms which she defined as shape A and shape B. 

Based on this preliminary knowledge in the fifties James Dewey Watson and Francis 

Crick focused their attention on a single conformation, thus they describe and define 

the predominant secondary structure assumed in solution, the B-DNA. In this contest, 

two nucleic acid strands are held together in an antiparallel orientation by hydrogen 

bonds between the four nitrogen bases following the Watson and Crick rules (AT and 

GC)3. However, over the years several searches highlighted the ability of the DNA to 

assumes other secondary structures depending by the solution condition i.e. the 

presence of salt, dehydration, binding with nuclear proteins or ligands, and finally, 

within peculiar nucleotide sequences4. These unusual secondary structures, although 

not preponderant, are implicated in several biological processes, as the transcription 

and the translation. Moreover, it has been reported that these structures can also be 

the triggering cause of human pathologies. Thus, prompted the comprehension of the 

structural features, as well, the physiological/pathological role exerted by these 

conformations. 

Among them, as an example, we found the A form, likely adopted by the RNA and the 

Z-form which is a left-handed, unstable double strand, assumed by purine-pyrimidine 

or pyrimidine-purine dinucleotide repeated sequences (Ravichandran S. 2019). Beside 

these conformations, which are mainly stabilized by the canonical Watson and Crick 

bp, different conformations, involving different H-bond as the Hoogstein interactions, 

or characterized by peculiar building block, can exist. Thus, they are classified as non-

canonical. Examples of these structures are the hairpins, the DNA cruciform, the triplex 

and tetraplex conformation (G-quadruplex and i-Motif) and the parallel double strand6. 

The cruciform DNA, as the stem-loop conformation, is capable of forming from 

inverted oligonucleotide repeats. This structure consists of a branch point, a stem and 

a loop, which length is dependent by the gap between the two inverted repeats. 

Despite it is thermodynamically unstable, several reports revealed its formation in vivo 

both in prokaryotes and eukaryotes. Moreover, the implication in the development of 

several diseases as cancer or the Werner’s syndrome, was reported7. DNA inverted 

sequence or palindromic region lead also the formation of the hairpin structure (stem-

loop) that might be in dynamic equilibrium with the double-strand form. Again this 

conformation is characterized by the presence of a base-paired stem connected to a 

small loop in which the bases are unpaired. Although hairpins formed in long 

palindromes are genetically unstable, is already known that they play a key role in 

several cellular processes as the gene expression, recombination, and transcription. 

Triplex conformation, firstly revealed in 1957, by Felsenfeld et coworker8 are formed 

both in purine and pyrimidine motifs via Hoogsteen or reverse Hoogsteen hydrogen 

bonds. This conformation result to be involved in the inhibition of the transcription9. 

Finally, the DNA apart from the usual antiparallel duplex has the ability to form 
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parallel-stranded duplex (ps-duplex), which is stabilized by reverse Watson–Crick or 

Hoogsteen hydrogen bond. Despite less stabile it has been known that ps-duplex may 

play an important role in regulation of transcription, mutational processes and 

chromosomal folding.  

 

 
Figure 1.1 Several secondary structures adopted by the nucleic acid. 

 

The RNA molecule is a linear polymer consisting of four nucleotides Adenine (A), 

Guanine (G), Cytosine (C) and Uracil (U) on a sugar-phosphate backbone. This RNA 

linear chain in general folds into a three-dimensional structure, both for molecular 

stability and to perform specific biological functions. Generally, they first fold onto 

itself forming a double-stranded regions characterized by additional hydrogen bonds. 

These double-stranded regions that follow the Watson-Crick rules lend energy stability 

to the molecule. 

A hypothetical example of an RNA secondary structure is reported in figure 1.2. The 

picture illustrates the several basic motifs that arise in the RNA secondary structures. 

The double stranded regions formed by the stacking of two or consecutive base-pairs 

are referred to as stems. While the single stranded regions can form a variety of motifs 

corresponding all to loops. As examples, the hairpin loop is a single-stranded region 

that ends into a stem. An interior loop can interrupt a stem on either side. Whereas, a 

region into which more than two stems meet is known as multi-junction loop. All of 

this single-stranded region in the secondary structure are extremely important since 

they could serve as potential sites for protein/RNA binding or it may imply in the 

formation of RNA tertiary structure10. Additionally, over the years it has been proved 

the existence of supramolecular structures as the G4, the triplex and stem-loop, and 

many more, that can modulate the physiological processes involving the RNA, as well 

as pathological conditions11,12. Therefore the characterization and the understanding 

of their relevance are necessary. 
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Figure 1.2 Basic Structural Motifs in RNA secondary structures 

 

1.2. The G-quadruplex  

The ability of the guanine base to self-assembly into planar square was firstly reported 

by Gellert et al., when in 1962 they proposed the ability of the guanylic acid to 

generate a supramolecular structure13. However, an increasing interest towards this 

supramolecular conformation adopted by the guanine bases, started in 1988, when 

Sen at colleagues proved the existence of a guanine rich tract, able to generate a 

tetrahelicoidal conformation along the telomeric region14. Over the years, multiple "G-

rich" sequences were identified in other human genomic portions as the promoter 

region, along the 5'- or the 3'-UTR regions of several oncogenes as well as on the 

primary transcript15. This in-depth evaluation made possible to obtain a series of 

information regarding their structural characteristics but also their implication in many 

biological processes as: transcription and translation, aging, neurodegenerative or 

cancer progression emerged. Moreover, since their important location along with the 

nucleic acid, the interest on the G4 as an anticancer target raised. 

 

The G-quadruplex (G4) is a very polymorphic non canonical secondary structure 

assumed by DNA and RNA guanine rich domain. Differently from the B-form, in which 

the building blocks are C-G and A-T base pairs, in this case, four guanines interact one 

each other via Hoogstein hydrogen bonds that involves the N1, N7, O6 and N2, forming 

a planar square named G-tetrad. Following stacking interaction two or more of these 

building blocks generate the overall structure (figure 1.3).  



15 

 

 
Figure 1.3 Schematic representation of a G-tetrad and G-quadruplex conformation upon 

tetrads stacking. 

 

As in the case of the other conformations, several factors influence the folding process 

and the stability of this structure as the saline condition, the oligonucleotide sequence, 

the number of guanine in each run, the number of strand and their directionality, the 

angle of the glycosidic bond, the size, composition and type of the connecting loop and 

finally the presence/absence of dehydrating or crowding agents as well as the binding 

with nuclear proteins or ligands16. This conformation exhibits extensive structural 

polymorphism and diversity. In general, the polymorphism depends mostly from the 

nature of loop, strand polarity and stoichiometry, the nature of the glycosidic angle 

and the location of the loop. Meanwhile, also the presence of cationic species or 

ligands as well crowding agent may alter the conformation assumed by the guanine 

rich domain.  

The first level of polymorphism is related to the strand stoichiometry, G-quadruplexes, 

in fact, can be folded from a single guanine rich tract intramolecularly or by the 

association of two or four separate strands. The polarity of the strand affects the 

parallel, propeller or antiparallel conformation assumed by the G4. Variation in the 

strand polarity affect also the location of the loop, parallel G4 requires a double chain 

reversal loop, while the antiparallel one can be linked by diagonal or latera loop. 

Moreover, it has been proved that the sequence of the loop highly contribute to the 

flexibility of the conformation as well as it can be considered a potential site for drug 

targeting. Regarding the glycosidic angles, this is an important parameter for the G4 

topologies. Indeed, in parallel G4 the guanine adopt the anti conformation, whereas 

antiparallel one can adopt both syn and anti conformation. Another peculiar 

characteristic is the presence of four grooves, the dimensions of these cavities are 

variable depending by the topology and by the nature of the loop that connects the 

single tetrads. As an example for G4 with lateral o diagonal loop, the grooves are 

structurally simple, while the presence of a propeller loop complicates the structural 

features of the four grooves17–20 Alongside these mentioned parameters, the folding 

and the stability of the G-quadruplex conformation result to be monovalent-cation 

dependent. This fact can be ascribed to the extremely negative electrostatic potential 

generated by the presence of eight carbonyl O6 atoms that create a central channel 
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between the two tetrads. Here the cationic species can be accommodated. The precise 

localization of the metal species depends by the nature of the cation. The Na+ 

generally accommodates in a plane with the G-tetrads, while the K+ result equidistant 

from each tetrad plane, thus symmetric tetragonal bipyramidal configuration is 

formed. Beside the Na+ and K+, that are the most relevant physiologically cations, other 

ions were considered, for example, Thallium (1+), that presents a comparable ionic 

radius to the K+ one, allows the formation of the identical topology promotes by the 

potassium. On the contrary, Li+ was proved to have a destabilizing effect on the overall 

conformation. 

By merging all possible factors able to modulate the G4 conformation it appears that 

different G4 structures occur, thus, this conformation can be compared to a library of 

multiple tridimensional structures in where each topology can be an interesting target 

to better understand the biological relevance of the G-quadruplex and, also to gain a 

new anticancer therapy extremely selective and with fewer side effects. 

 

1.3. The i-Motif  

Differently, from the telomeric portion, the guanine rich tract within the promoter 

region or along the untranslated domain of the oncogenes is paired to its 

complementary cytosine rich strand. Under specific environmental condition also this 

region may fold into a non-canonical tetrahelical conformation called i-Motif (iM) 

(figure 1.4). Particularly, this arrangement, firstly characterized by Gehring and 

coworkers in 199321 is the only known conformation composed by two parallel 

duplexes held together in an antiparallel manner. Contrarily from the G4 structure 

where the building block is a planar square of four G, the key interactions for the iM is 

a dimer of hemi-protonated cytosines (C:C+), in which three Hoogsteen hydrogen 

bonds characterized by a higher base-pairing energy compared to the canonical 

Watson Crick GC, are present22. Additionally, the distance between two consecutive 

base pairs and the twist angle of the right-handed helical are both significantly smaller 

compared to the double-stranded form and finally, since the intercalation of the 

building block from the two parallel duplexes generates an antiparallel tetrahelical 

conformation, two wide grooves, and two minor grooves were observed23. 
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Figure 1.4 (A) Schematic representations of the guanine and relative G-quadruplex structure 

and cytosine rich tract and the iM conformation along the DNA. (B) Building block of the iM 

conformation. 

 

The formation of the cytosine dimer, requires the protonation of the nitrogen in 

position 3, it derives that in general a specific environmental condition in which the pH 

value is quite close to the pKa of the cytosine (pKa ≈ 4.5), promotes and stabilizes the 

overall structure. 

Based on this specific requirement, the iM firstly found several applications in 

analytical, diagnostic and material science. Modi and colleagues in 2009 developed and 

studied a nanomachine, based on i-Motif, to obtain a mapping of the variation in time 

and space of the cellular pH associated with the maturation of the endosome24, in 

other cases, the i-tetraplex folding/unfolding process pH balanced is exploited in order 

to obtain drug delivery systems (nanoparticles and hydrogels) or biocompatible, 

biodegradable and non-toxic diagnostics25–28. Despite several cytosine rich sequences 

along the promoters region were already structurally characterized29–34 until now, no 

clear indication regarding the existence of this conformation in vivo were known. For 

this reason, since 2017, the biological relevance of the iM structures has been largely 

questioned. Waller's and Burrows' groups by using bioinformatic tool highlighted the 

existence of C-rich sequences with higher potential to forming the iM35,36. In particular, 

they found that these tracts were not randomly located along the genome, in fact, 

most of them were concentrated along the 5'- and 3'-UTRs, introns, in the coding 

region and also in the promoters of certain genes directly involved in the gene 

expression. A confirmation regarding the in vivo existence of the iM was recently 

stated by an in-cell NMR study performed by Dzatko and colleagues on transfected 

Hela cells with four distinct i-Motif forming sequences37. Overall the NMR spectra 

acquired indicates that after the introduction of the pre-folded iM, these 

conformations persist under the complex nuclear environmental cell. In addition to 

this set of data, Christ’s and Dinger’s group in 2018 developed an antibody, named as 

iMab, that was find able to binds with a high affinity and specificity different well-

known iM, whereas no binding ability towards double-strand, hairpin and G4 was 

showed. Also, by immunofluorescence staining of three different cell lines, they 
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revealed the presence of punctate foci attributed to the recognition of iM inside the 

nuclei that varied along the cell cycle. Altogether, a clear indication of the in vivo 

existence of the iM and its relevance in the biological processes is finally proved38.  

 

Like the other nucleic acid conformations, the stability of this tetrahelical conformation 

depends by several external factor including low temperature, crowding condition, 

presence of cations, ligands or proteins, as well the number of involved cytosine, the 

type of the bases adjacent to the cytosine core and finally the length of the connecting 

loop39. Moreover, as in the case of the quadruplex conformation, the iM can present 

as an intramolecular structure, when the cytosine bases involved belongs to a single 

nucleic acid strand, or it can folds into a multimeric conformation since the association 

of two or four separate strands. 

 
Figure 1.5 (A) Monomolecular (B) bimolecular and (C) tetramolecular iM conformation. 

 

A fundamental parameter for the iM stabilization is the C-tract length. In 2001 it was 

reported that under the same experimental condition, i-Motif forming sequences 

possessing a high number of C would result more stable rather than sequences with a 

shorter C-tract40. In line with this preliminary data, Waller's group reported that 

increasing the C-tract was strictly related to the increment of the transitional pH, as 

well as the thermal stability. However, more recent studies show that also shorter C-

tracts present the tendency to assume a stable iM under neutral condition41. Besides 

the number of cytosines in each tract, one other parameter affecting the stability of 

the overall structure is the nature of the bases contained into the loop region that 

connects the C-runs as well the presence of capping residues at the end of the iM31. In 

2010 Tracy Brooks and coworkers classified the intramolecular iM structure depending 

by the length of the connecting loop. Class I comprises tetrahelical structures having 

short loops (2: 3-4: 2), whereas iM with longer loops (6-8: 2-5: 6-7) belong to class II. 

Generally, iM belonging to the class I favor the formation of dimeric or tetrameric 

conformation, while longer loops allow the formation of intramolecular structures. 

Moreover, since the longer loop might be characterized by the presence of additional 

stabilizing interaction it has been proposed that the class II are more stable compared 

the class I42–44. Nevertheless, recent reports partially disagree with this classification, 

since it has been observed that short loops allow the formation of stable iM at neutral 
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or nearly neutral pH45. Also the nature of the loops influences the stability of i-Motif. It 

has been observed that the presence of purine bases in the loops induces 

conformational changes that lead the destabilization or disruption of the i-motif core, 

whereas the presence of T or additional C bases confers a higher stability46–48. As for 

the G-quadruplex structures, also the iM can be affected by the nature of cationic 

species contained in solution. Therefore, several studies focused on the effects exerted 

by cationic species already extensively studied for their ability to modulate the G4 

folding as Na+, K+, and Li+. In particular, Saxena and colleagues pointed out that C-rich 

sequences in presence of Na+ ions do not fold into the i-tetraplex structure, although in 

acidic conditions. Whereas, Mg2+ and K+ in a system that contains the two 

complementary sequences lead the formation of three conformations in equilibrium 

each other (duplex, iM, and G4)49. Finally, the effect of LiCl was took into 

consideration, in 2014 Kim et al proved that the presence of the Li+ leads to a decrease 

of the i-motif population in solution. Particularly, this effect can be related to the size 

of the cation, in fact, compared to the sodium or potassium, Li+ is smaller, thus it 

presents a higher charge density and a very large hydration shell. This means that 

despite it is able to insert between a cytosines couple, it cannot mimic the mechanical 

effects hydrogen-mediated 50. Alongside these studies, that referred to physiological 

cations, also the possibilities to obtain the iM foldings under neutral condition 

following the presence of non-physiological metal species as Ag+ or Cu+ was take into 

consideration51–54. As the metal species also the crowding condition and the negative 

superhelicity can favors the unwinding of the ds-form facilitating the formation the 

non canonical secondary structures55,56.  

Since the geometry and charge distribution of the iM makes it an attractive model for 

specific structural recognition of DNA by proteins, the interaction of C-rich DNA 

strands with proteins has been a matter of study for many years. From these studies, 

the existence of poly-C-binding proteins, able to specifically interact with the C-rich 

DNA tract and playing a fundamental role in the regulation of the gene expression was 

obtained. Among them, of great interest is the family of heterogeneous nuclear 

ribonucleoproteins (hnRNPs) that comprises proteins able to bind the G4 and/or iM 

structure assumed by DNA or RNA. One of the best-studied i-motif binding proteins is 

the heterogeneous nuclear ribonucleoprotein LL (hnRNP LL). This protein, which is a 

paralog of the hnRNPL a pre-mRNA splicing factor, was found able to interact and 

recognized the i-Motif conformation formed in the promoter region of BCL2. In 

particular, using two of the four RRM (RNA recognition motif) this protein recognizes 

and binds the two lateral loops of the BCL2 iM leading the unfolding of the DNA 

secondary structure and the transcriptional activation of the gene 57–59. Similarly to the 

hnRNP LL, one other RNA-binding protein that plays a critical role in several cellular 

processes is the hnRNPK. In particular, it has been reported that this protein is 
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characterized by the presence of three domains, named as KH domains, through which 

it is able to interact with the C-rich portion contained along the MYC promoter region. 

Especially, by using two of this three KH domains this protein recognizes and binds the 

3′ lateral and the central loops of the i-Motif (CCCT domain) assumed by the promoter 

of c-Myc, leading again the unfolding of this structure and the transcriptional 

activation. Finally, very recently Niu et al identified a BmILF protein, able to binds the 

iM structures adopted by the promoter region of BmPOUM260. 

 

1.4. G-quadruplex and iM as a therapeutic target 

Nowadays several experimental evidences prove the existence of G4 structures in cell, 

and its multiple roles physiological/pathological processes15,61–63. This fact prompted 

the idea regarding the G4 as a novel drug target that potentially leads to novel 

strategies having a wide therapeutic potential. In this contest, small molecules 

selectively able to recognized and bind the G4 scaffold might replace the nucleic acid-

based therapy and also the classical anticancer approach based on the chemotherapy 

and radiotherapy. 

Since the first assumption to develop a G4 binder is the ability of the scaffold to 

discriminate the G4 over the ds-form the investigators initially developed these 

scaffold by modifying the already known DNA-binding molecules64. The first compound 

identifies as a possible G4 binder was the cationic porphyrin, TMPyP4, that thanks to 

the planar skeleton and cationic moieties, in 1998 was proved able to bind the G465. 

After this first report this chemical scaffold, due to its ability to discriminate the 

tetrahelix over the double helix became one of the best studied compounds. 

Unfortunately, solubility issue and lower penetration ability associated with the lacking 

of specific binding in vivo did not provide it to overcome the pre-clinical trials66,67. 

Following the TMPyP4, another compound was found to exhibit telomerase-inhibiting 

activity by binding the telomeric G4 structures, leading telomere dysfunction, length 

shortening and delocalization of telomere-related proteins; the Telomestatine, that is 

a natural derivative isolated from the Streptomyces anulatus68,69. Another extremely 

interesting compound was the Phen-DC(3), that result able to interact through π‐

stacking with guanine bases of the top G‐tetrad with the intramolecular G4 within the 

promoter region of MYC gene70. These pioneering works accelerated the development 

and screened of G4-selective synthetic molecules that according to the structural 

features can be divided into several categories. Among them great interest received 

the Anthraquinones and naphthalene diimide scaffold that due the presence of a large 

a planar region associated to different substituents can interact selectively with the G4 

structure both via stacking and electrostatic interaction71–74. Other interesting 

compounds are the phenanthroline derivatives that in 2010 were patented since they 

showed a telomerase inhibition and a strong selectivity for the G4 over the duplex 
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form. Also, very recently a 2,6-di-(4-carbamoyl-2-quinolyl)pyridine derivative was been 

evaluated as G4 binder. In particular, It has proved to be selective for the G4 over 

duplex with a preferential selection for the parallel conformation75. It is worthy of note 

that additionally to the stacking over the external tetrads, other binding modes have 

been proposed over the years including the grooves interaction76, the electrostatic 

interaction with the loops and the binding to the negatively charged phosphate groups 

along the backbone. Among these additional binding sites, the best attractive strategy 

appears to be the grooves targeting. Indeed, as expected the Quadruplex grooves are 

extremely different from the double-strand ones, both in terms of shape and 

dimension. Moreover, the high structural polymorphism of the G4 implies the 

possibilities to obtained G4 binders that selectively recognize precise topologies 

compared to the other and also compared to the ds-DNA.  

 

Compared to the numerous and well-documented examples of G4 ligands77–81, the 

discovery of putative i-Motif ligands lags far behind. In this contest, the first study was 

reported in 2000, when Hurley and colleagues investigated the interaction of TMPyP4 

to the tetramolecular i-motif structure assumed by the human telomeric sequence. 

Particularly, the compound was found able to bind and promote the iM conformation 

under acidic condition (pH 4.5). Modelling NMR experiment suggested a non-

intercalative binding mode, further confirmed by Gargallo et colleagues, which 

investigated the selected compound also on the BCL2 iM revealing the interaction 

between the 2 components and the disruption of the iM at slightly acidic condition. 

(pH 6.1)82–85. After this first reports different G4 ligands were screened on this i-

tetraplex as example bisacridine compound86, phenanthroline derivatives87,88 and 

metal complex89,90. Despite some of the recorded data were quite encouraging, all of 

these molecules lack structures specificity and somehow lead to a slight destabilization 

of the iM. The first selective iM ligand reported was the Carboxyl-modified single 

walled carbon nanotube (SWNT), since they increase the thermal stability of the 

telomeric C-rich sequence and inhibit the telomerase activity both in vitro and in 

vivo91–94. Interesting compounds are also the Graphene quantum dot (GQD) that were 

shown to be able to promote the iM under neutral condition (pH 8)95. Another 

successful study for the identification of iM binding ligands was set up by Hurley and 

colleagues. In particular, among 1990 screened compounds, they revealed the ability 

of IMC-48 to selectively bind and stabilize the iM assumed by the promoter of BCL2, 

while in parallel the IMC-76 scaffold was proved able to interact with the same iM 

conformation, leading the conformational switch towards the hairpin conformation. 

Since both of them are able to interact with the iM contained into the promoter region 

of BCL2, it appears that they can be used to modulate the dynamic equilibria of the 

promotorial features, leading the transcriptional activation or repression. An idea 

further confirmed by cellular studies96. The same group in 2017, identified the nitidine 
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as selective compound able to disrupt the hairpin in the hybrid hairpin/iM within the k-

ras promoter, downregulating the gene expression, while 

benzothiophenecarboxamide compound was proved able to selectively binds the 

PDGFR-B i-Motif, leading again to the downregulation of the promoter activity 97,98.  

 

1.5. c-MYC and its promoter region 

c-Myc protooncogene encodes for a 65 kDa helix-loop-helix leucine zipper 

transcription factor that, after a dimerization step with MAX, activates the 

transcription of genes that contain the E-box (enhancer box)99,100. This protein plays a 

fundamental role in a multitude of physiological processes i.e. cell growth and 

proliferation, differentiation and programmed cell death. Also, it is widespread 

upregulated in multiple human malignancies, such as gastric, colon, breast, and 

cervical cancers, osteosarcomas, lymphomas, and leukemia as a result of gene 

amplification, chromosomal translocation, retroviral transduction or proviral 

insertion101–103.  

The mechanisms that govern the gene transcription are extremely complex and involve 

multiple elements known as cis-regulatory elements (CRE), Far Upstream Element 

(FUSE) and Nuclear hypersensitivity element (NHE)III1 able to interact with several DNA 

binding protein,104,105 as well as multiple promoters and transcriptional start sites106. 

Notably, the (NHE)III1 element (CT element) accounts the 85-90 % of the total MYC 

transcription. Initially identified as a major site of the DNAse I hypersensitivity, this 

region located -142 to -115 base pair upstream the P1 promoter, and corresponding to 

bases 2186-2212 in the c-myc locus, presents an unusual strand asymmetry: one 

strand is almost a perfect homopurine filament (noncoding strand) whereas, the 

complementary one is a homopyrimidine tract (coding strand). This region appears 

able to engage a slow equilibrium between the ds-form and stabile paranemic 

structures as the G4 and the iM for which was proposed a role in the regulation of the 

entire expression pathway107. Additionally, many transcription factors as hnRNP A1, 

hnRNPK, Sp1, and NM23-H2 has proved able to recognized and bind selectively these 

purine or pyrimidine rich-tract as a single strand or as a non B-DNA form. 
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Figure 1.6 Representation of the Far Upstream Element (FUSE) and Nuclear hypersensitivity 

element (NHE)III1. 

The pioneer in the structural characterization of this domain was Simonsson, that in 

1998 proved the ability of the guanine rich domain to assume a three tetrads 

intramolecular G4 structure108. Lately, several groups focused their attention on this 

peculiar guanine rich tract, in 2002 Siddiqui-Jain et al revealed an equilibrium between 

two different G4, a two tetrads chair G4 with 2-nts lateral loop and one orthogonal 3-

nts bridging loop and the previously mentioned three tetrads basket G4 with two 

lateral two-base loops and an orthogonal three nucleotide bridging Despite, the tree 

tetrads result to be thermodynamically favored, mutational analysis proved that the 

chair form is the biological relevant G4. Indeed mutation or disruption of this 

conformation caused an increment of the transcriptional activity83. Additional 

mutational studies, as well as NMR assay, revealed the ability of this guanine rich tract 

to assume a parallel G4 conformation composed by three tetrad producing four 

isomers with a loop sizes of5′-(1:2:1)-3′, 5′-(2:1:1)-3′, 5′-(1:1:2)-3′ and 5′-(2:1:2)-3. 

However, the predominant loop isomer adopted is the 5′-(1:2:1)-3′, in which the four 

5′ guanine runs are utilized 42,109,110. 

Since this conformation was proved to be an efficient repressor element for the 

transcription process, the identification of physiological proteins able to modulate this 

folding, as well as the possibility to target it specifically via small molecules received a 

lot of interest.  

An interesting protein partner in the expression of this gene is Nucleolin, a 100 kDa 

phosphoprotein involved in several important processes as ribosomal biogenesis, 

transcriptional regulation, chromatin decondensation, cell proliferation, and 

differentiation. In 1994 the LR1 nucleolin-hnRNPD heterodimer was reported able to 

regulate the transcription of MYC in a B cell lymphoma by interacting with the NHE(III)1 

element. Whereas, in 1999 the specific interaction of Nucleolin with DNA G4 

conformation, was reported. A further demonstration that Nucleolin act as a MYC G4 

binding protein was stated in 2009 by Gonzales and colleagues. By applying in vitro an 

in vivo experiments they proved the binding of this protein on the G-quadruplex form 

adopt by this promoter, moreover, a transcriptional down regulation promoted by this 

interaction was observed111–113. 
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Figure 1.7 (A) Parallel G4 conformation adopts by the purine rich strand within MYC NHE(III)1 

element. (B) 

Proposed interaction of Nucleolin protein on the G4. (C) Proposed binding mode of 

GQC-05 compound. Regarding the possibility to target this G4 form, the first tested 

small molecule was the cationic porphyrin TMPyP4. This compound was proved able to 

lower the transcription and the protein expression of MYC. However, an implication in 

other promoter systems as BCL2, hTERT, and VEGF as well as, solubility issue, lower 

penetration ability, associated with the lacking of specific binding in vivo made it a 

non-specific compound for this gene. A more specific ligand was discovered in 2011 by 

Brown and colleagues. This ellipticine analog GQC-05 (NSC338258) was proved able to 

selectively recognize and binds the MYC G4 structure compared to dsDNA or to other 

tetrahelical conformation. Moreover, by applying ChiP assay the molecular mechanism 

of this compound was discovered. Especially, it was observed that the binding of this 

compound on the G4 structure alters the recruitment and the binding of specific 

protein actively involved in the transcriptional activation as CNPB and hnRNPK. 

Therefore, a downregulation of the gene expression was observed [Brown et al]. 

Alongside this compound, in 2016 a quinazoline derivative, able to affects the 

telomere by interacting with the G4, was investigated as a putative MYC G4 binder, 

both in vitro and vivo. Biophysical assay revealed the ability of this compound to 

selectively bind and stabilized the G4 conformation within MYC promoter promoting a 

decrement of the gene expression and antitumor effects114. 

 

Opposite to the guanine rich strand, the coding region contains eight runs of cytosine 

possibly involved in the formation of the iM. The existence of this conformation was 

firstly provided by Simonnson et al in 2000115, later NMR study validated the folding 

towards the iM of the cytosine rich stretch suggesting also the ability of this cytosine 

rich tract to adopts at least two different intramolecular iM116. In 2009 the effect of the 

negative supercoiling on the iM folding was taken into consideration, in this specific 

condition Sun and Hurley proposed the ability of this sequence to adopts an 

intramolecular iM with a loop conformation of 2:6:2 where the first five 5’ runs of 

cytosines are involved55. However, in 2016, Sutherland and colleagues by CD 

spectroscopy and footprinting assay revealed the formation of a unique iM with a loop 

conformation of 5:5:5. Furthermore, they revealed that as in the case of hINS and 

A B C
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hTERT117,118, the formation of the two tetrahelical conformations results mutually 

exclusive. Confirming the importance of both conformations and their different 

implication on the transcriptional regulation. 

 

As the G-rich counterpart, also the iM could be recognized by several proteins. One 

such protein is the heterogeneous ribonucleoprotein K (hnRNPK), an RNA-binding 

protein that plays a critical role in several cellular processes, including the regulation of 

cell cycle progression, cell growth, and differentiation, transformation, angiogenesis, 

and apoptosis. In early studies, hnRNPK was proved able to binds the pyrimidine-rich 

strand contained in MYC promoter, promoting the transcriptional activation119. Later 

studies revealed the presence of a conserved motif in all RNA-binding protein, 

repeated three times within the primary sequence of this protein, and in 1995 

Takimoto and colleagues showed that the binding with the protein required at least 

two CT (CCCT) repeats separated by at least three nucleotides, suggesting that the 

interaction involves the KH1 and the KH2 domains. Furthermore, they proved that the 

binding of the KH1 domain, located at the N-terminus of the protein is necessary for 

the transactivation of the gene120,121. The involvement of the last KH domain on the 

DNA-protein complex was demonstrated in 2002 by Braddock et coworkers. This last 

domain located at C-terminal end was proved able to recognize and bind the CCCT 

element contained along the NHE(III)1 region. Moreover, they observed that the fifth 

amino acidic residue contained in each KH domain plays a crucial role in the 

discrimination of the first two bases of the CCCT tetrad121. 

In analogy to the observed data for the promoter region of Bcl2, the consensus sites 

for the hnRNPK are contained within the iM loop are inserted in a rigid conformation. 

This idea was further confirmed by Sutherland et al. Using both in vivo and in vitro 

techniques, they revealed that hnRNPK recognize the c-myc iM and bind the central 

loop and the 3’-lateral loop using the KH1 and the KH2 domains. They also revealed 

that the third KH domain interacts with the fifth CT element located at the 3’ end of 

the C-rich sequence, leading the unfolding of the DNA secondary structure and the 

transcriptional activation of the gene121. 

In this contest, it emerged the possibility to target the iM via small molecules able to 

stabilize it and alter the recruitment of this protein. Based on this, very recently two 

papers were published regarding the possibility to stabilized selectively the iM and/or 

inhibit the interaction iM-hnRNPK. Shu and coworkers in 2018 proved the ability of an 

acridone derivative to induce and stabilize the iM as well as its ability to downregulate 

the transcriptional process. Moreover, by testing the compound on a SiHa cell line they 

revealed its ability to inhibit the cell proliferation by inducing the apoptosis122. Later 

this group focused their efforts on the possibility to inhibit the formation of the DNA-

protein complex by sequestering the hnRNPK. In 2019 they reported the ability of a 

quindoline derivative to bind tightly the protein disrupting the interaction with the c-
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myc iM and downregulate the gene expression. Furthermore, they observed the ability 

of this compound to inhibit the proliferation of various cancer cell line, to induce the 

apoptosis and inhibit the long-term proliferation, migration, and invasion of tumor 

cells123. 

 

1.6. BCL2: an important partner in the apoptosis process. 

The apoptosis, also known as programmed cell death, is a fundamental process 

discovered in the early 1970s that allows the removal of aged, useless and damaged 

cells in order to maintain the homeostasis and the tissue functions. Moreover, it plays 

an important roles in controlling physiological pathways as development, immune 

response as well as diseases progress as neurodegenerative syndromes or cancer124,125. 

This process physiologically is tightly controlled by two major pathways: the extrinsic 

pathway (death receptor pathway), activated by a ligand-receptor interactions and the 

intrinsic one, promoted by intracellular signaling and controlled by a heterogeneous 

family of protein known as B cell lymphoma 2 protein family. This proteins depending 

by their pro- or anti-apoptotic activity can classified into two subfamilies126,127. The 

founder of this family is the Bcl2 protein, a 239 amino acid protein confined in the 

inner mitochondrial membrane, whose function is to inhibit the process. This structure 

was firstly identified in 1986 as an oncogene in human follicular B cell lymphomas, 

characterized by translocation t(14;18)128 and overexpressed in several human tumors, 

i.e. prostate, breast or colorectal cancer. With such an important role, the 

comprehension of the mechanism that regulates its expression and its gene structure 

was demand. 

The encoding gene for this protein is a large gene composed by the three exons (≈200 

kb), a facultative 220 bp introns I and a 370 kb intron II129. The transcriptional process 

results under the control of two promoters (P1 and P2). The P1 promoter is located in 

the first exon near the nuclease-hypersensitive element (NHE) and commence the 95% 

of the transcription, whereas the P2 is located at ≈ 1.3 kb downstream the P1 and 

regulates only the 5% of transcript130. Since the discovery of the G4 structures, 

computational searches scanned the entire genome to found where these peculiar 

domains are localized. From this bioinformatic research the presence of multiple G-rich 

sequence along the promoter region of BCL2 emerged (figure 1.5).  
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Figure 1.8 Representation of the guanine rich domain within BCL2 

 

Pu39 sequence is located at 58-19 bp upstream the P1 promoter, it contains six runs of 

two or more contiguous guanines and present the propensity to form three individual 

intramolecular G-quadruplex structures. Trough systematic mutagenesis and NMR 

experiment each conformation were isolated and characterized and the pivotal 

conformer was identified as BCL2MidG4 that folds into a mixed parallel/antiparallel G-

quadruplex with two lateral loops and a single nucleotide propeller loop. Since three 

tetrahelical conformations are present along this region it appears that selectively 

target one of them may alter the destiny of the transcription. Dexheimer and 

colleagues focused their effort on the possibility to target them via different small 

molecules (TMPyP4, Telomestatine and se2SAP). Surprisingly, their results revealed 

that two of these compounds (TMPyP4 and Se2SAP) showed a selectiveness for the 

different G-quadruplexes, whereas Telomestatin showed the ability to interact quite 

strongly with all sequences131–133. Similarly in 2010 Wang and colleagues took into 

consideration the effect of Quindoline derivatives as a turning off the transcription 

process. Particularly, after having proved that the disruption of this G-rich sequence 

lead to an increment of the transcriptional activation, the stabilizing effect of the 

quindoline compounds were explored, revealing their activity both as a repressor for 

the promoter activity and activators for the apoptosis process134. Also a pyridostatin 

analog was taken into account as a putative G-quadruplex binder. In 2016 it has been 

reported that PDF compound, as the quindoline derivatives, exhibits a high specificity 

and stabilizing effect on the G4, as well as interesting suppressor activity on the 

transcription process and a promoting effect on the apoptosis135. In 2014 Agrawal and 

coworkers focused their effort on a 30-nts sequence, involving four nonsuccessive 

guanine runs within Pu39 (1245G4). CD spectroscopy and NMR demonstrated that this 

sequence adopts a stable (Tm 71 °C) intramolecular parallel topology with three chain-

reversal loops of 1, 13, and 1 nt. It is highly intriguing that the two stable 

intramolecular G4 structures formed in the BCL2 promoter, 1245G4 andMidG4, 

assume completely different folding structures moreover they can exist 

simultaneously136. The coexistence of this two interchangeable G-quadruplexes 
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envisage a new mechanistic of regulation since each G-quadruplex is likely to be 

recognized by different proteins leading to different gene modulation. Additionally, 

they may be act as different scaffold for small molecules. In 2019 the mechanical 

stability of these two G4s and the folding/unfolding kinetic was assessed by Cheng and 

coworkers. They found that although kinetically favored the hybrid topology (Pu39) 

result less stable compared to the parallel 1245G4 form. Therefore, this second 

topology may act as a kinetic barrier for the transcription process. Furthermore, they 

determined the existence of additional stable DNA secondary structure, the hybrid 

stranded Bcl2-1234 G4137.  

Another interesting tract is P1G4. In 2016 Onoel et colleagues reported the ability of 

this 28-nts sequence, immediately located upstream the P1 promoter, to assume an 

intramolecular G4 folding. This structure that consists in five runs of three guanines 

generates two three tetrads parallel topology in highly dynamic equilibrium each other 

and characterized by the presence of longer middle loop (12 nts or 11 nts) able to 

generate a hairpin structure involving the classical WC base pairs. This structure that 

was proved to be extremely stable, fold independently from the Pu39 G4. Moreover, it 

emerged that compared to the Pu39 G4, P1G4 has the major role in the repressing of 

transcriptional activity138. 

 
Figure 1.9 Schematic representation of the resolved G4 within the promoter region of Bcl2. 

 

Another putative G4 forming sequence is P32 that resides 451 bp upstream the P1 

promoter. P32 forms a high thermal stable intramolecular hybrid-type, composed by 

four G-tetrads. Differently from the previously G4s cited this folding appear involves in 

the transcriptional activation of the gene. However a detailed structure and its real 

relevance on the BCL2 expression are yet to be explored139. 

In physiological condition the guanine rich tract interacts stabily with its 

complimentary pyrimidine sequence (C-rich). This suggests that for each quadruplex 

forming sequence exist an i-M forming sequence. Up today, experimental data 

regarding this tetraplex structure are available only for the cytosine-rich tract opposite 

to Pu39 (Py39). In 2009 Hurley’s group focused their effort on this cytosine rich tract; 

they revealed the ability of this sequence to generate a stable intramolecular i-Motif 
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with a 8:5:7 loop folding pattern and having a high transitional pH (pH 6.6) likely 

supported by the presence of a capping structure involving the three loops of the iM 

(figure 1.7)30. Lately, through NMR assay, the highly dynamics of this conformation, 

that coexists in equilibrium with a flexible hairpin form was observed. Moreover two 

distinct compounds were proved able to interact specifically with these conformations 

leading the redistribution of them in solution and two opposite effect on the gene 

expression. The cholestane derivative IMC-48 after a binding interaction on the central 

loop of the iM improve its thermal stability, shift the equilibrium towards it and lead 

the upregulation of the Bcl2. On the contrary the preganol derivative (IMC-76) well 

recognizes the hairpin conformation and shifts the dynamic equilibria towards this 

conformation inducing the repression of the BCL2. Since the antagonist effect of this 

two molecules was observed in vitro as well in cellular system, Hurley’s group further 

assessed the presence of a transcription factor able to modulate this peculiar 

equilibrium96. The hnRNP LL transcription factor, belonging to the same family as hn 

RNPK, was identify able to recognize and stabilize the iM through specific domains 

known as RRM at the two lateral loop, leading the unfolding of the sequence and 

transcriptional activation. Since the two mentioned compound were able to modulate 

the iM/hairpin equilibria, appears clear that each considered partner may alter the 

conformational equilibria57.  

 
Figure 1.10 (A) Effect of the IMC-48 and IMC-76 on the dynamic equilibrium and on 

transcriptional process of BCL2. (B) Proposed interaction between BCL2 iM and the hnRNPLL 

protein. 
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Alongside the G4 and iM forming sequences contained along the promoter region 

another extremely interesting domain is the 5’-untranslated domain of BCL2 transcript, 

since it a reservoir of multiple non canonical structures element. One of these 

elements is the highly conserved 25-nucleotides PQS, located at 42 bases upstream the 

translation start site (BCL2Q). Despite less is known compared to the promoter G4s, 

Zhang et colleagues, as well as, Balasubramanian and coworkers, proved the aptitude 

of this sequence to assume a parallel fairly stable G4 conformation in absence of 

stabilizing factor, whereas the thermal stability improves in presence of KCl. 

Additionally to the structural characterization, also the potential role in vivo was 

explored, Bugaut and coworker stated the reduction of the in vitro translation and the 

abrogation of the gene expression both in cell-free lysate and human cell lines 140–143. 

Finally, also the 3’-UTR is populated by conserved non B-DNA which are involve both in 

the translational machinery process, as well as in the polyadenylation and mRNA 

stability144. 
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2 AIM OF THE WORK  

Over the years, in silico prediction disclosed the existence of several G4/iM forming 

sequences upstream the trascriptional start site or within the untranslated region of 

several oncogenes. Among them, MYC and BCL2 are two of the most studied genes 

due to their involvement in cancer progression. 

 

Based on the multiple physiological roles, i.e. cell growth and proliferation, 

differentiation as well as apoptosis, associated to its implication in a wide range of 

human malignancies, MYC gene became an interesting and important candidate for 

the anticancer therapy. Nowadays several approaches targeting the protein are 

available; however, they present several limitations. In the last decades the possibility 

to regulate directly the expression of this gene raised in interest, therefore several 

elements involves in the regulation of the gene expression were very well 

characterized. In particular one of the most interesting is the polyguanine/polycytosine 

region contained within the NHE(III)1 element. Recently it has been proved the 

importance of the iM conformation assumed by the polycytosine tract, on the 

transcriptional activation of this gene, following the interaction with a precise 

transcription factor (hnRNPK). For this reason, small molecules able to stabilize this 

conformation, avoiding the unfolding of the iM promoted by the transcription factor, 

could be a new and selective approach for anticancer therapy. In this contest, we 

explored the impact of the loops composition on the stability of the iM structure 

previously characterized and published. Subsequently, we investigated the feasibility 

to target it with a small molecule, 5-[(benzylamino)methyl]quinolin-8-ol compound 

(IMC-30), selected by a FRET screening assay from NCI library compounds. In this 

contest were assessed the effect on the iM stability, and the localization of binding site 

for this chemical entity. Moreover, since MYC gene is involved in the regulation of the 

apoptosis, we explored the possibility to modulate this process in a B-cell lymphoma 

cell line (U2932) that simultaneously overexpress MYC and BCL2. Finally, a drug 

combination target was taken into account, with the purpose to evaluate the 

possibility to hit simultaneously both overexpressed genes. 

In the last decades, the in silico prediction was also expanded on the untranslated 

domain of the oncogenes, and the existence of putative G-quadruplex forming 

sequences in the UTR domain of extremely important oncogenes was reported. 

Particularly, the presence of a highly conserved PQS sequence along the 5’-

untranslated domain of BCL2 gene was observed (BCL2Q). Differently, from the well-

studied guanine and cytosine rich sequences along the promoter of this gene, less 

information are reported for this 25-nts RNA sequence. In 2010 Zhang and coworkers 

stated the ability of a truncated version (22nts) of this sequence to assume a parallel 

G4 conformation fairly stable in absence of G4 promoting cation. Similarly, Bugaut and 
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colleagues proved that BCL2Q assume a stable parallel G4 conformation, also they 

demonstrated the inhibition of the in vitro translation following the stabilization of this 

G4 conformation141,142. The presence of this guanine rich tract on the primary 

transcripts (mRNA) implies the presence of the same sequence within the 5-

‘untranslated DNA region (figure 2.2).  

 
Figure 2.1 Schematic representation of the 5’-Untranslated region of BCL2. 

 

Particularly, this G-rich tract will be localized in the Sense strand of DNA, therefore, the 

antisense strand will be enriched in cytosine. A 22nts sequence was taken into account 

by Zhang and colleagues. They revealed the ability of this DNA guanine rich sequence 

to generate different G4 conformation depending by the working condition145. 

However, no indication regarding the ability of the DNA sequence corresponding to 

BCL2Q to assume or not the G4 are yet reported. 

Recent evidences report the possibility to modulate the recruitment of the Polymerase 

II enzyme, as well as, the scanning step of the ribosome through these non-canonical 

conformations. Therefore, the structural characterization of these tracts is demanded. 

Since the literature lack of information about the structural characterization of the 25-

nts DNA guanine and cytosine rich sequences contained in the DNA 5'-UTR region, the 

first purpose of this project was to assess the conformational equilibrium and the in 

vitro ability to assume the G4 and iM conformation of these two sequences.. 

Moreover, we explored the balance of the G4 assumed by BCL2Q, with the aim to 

derive a comparison of the differences existing between the G4s assumed by the DNA 

and the RNA 5’-UTR region. 

 

dBcl2_G: 5’-GGG GGC CGT GGG GTG GGA GCT GGG G-3’ 

dBcl2_C: 5’-CCC CAG CTC CCA CCC CAC GGC CCC C-3’ 

rBcl2_G: 5’-GGG GGC CGU GGG GUG GGA GCU GGG G-3’ 

 

Physiologically the 25-nts selected sequences are contained in a longer gene portion, 

and it is well known that the presence of additional bases can modulate the ability to 

assume or not the non canonical conformation of selected tract as well as the 
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possibility to shifts the conformational equilibrium towards a different structure or 

towards a single species. Therefore, we extended our study considering the 

conformational equilibrium in solution of three longer sequences containing the 25-nts 

G-rich sequence (dBcl2_G or rBcl2_G). 

 

dBcl2_G+3WC: 5’-CTC TGG GGG CCG TGG GGT GGG AGC TGG GGC GAG-3’  

rBcl2 + 3WC: 5’-CUC UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG-3’ 

rBcl2_48: 5’-UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG AGG UGC CGU UGG 

CCC CCG-3’ 

 

The extremely important role and the implication of this gene in several cancer forms 

made BCL2 a promising anticancer target. To date, chemotherapy, radiotherapy and 

interfering strategies that includes peptides and peptidomimetics, small molecule 

inhibitor and antisense oligonucleotide are the most used approaches. However all of 

these strategies are partially successful due to remarkable side effects that make them 

quite vain. Therefore, an alternative approach targeting the non canonical 

conformations assumed by this gene is highly desirable. From this point of view after 

the structural characterization step, we explored the feasibility to target selectively the 

iM and the G4 structures by performing a preliminary screening assay with selected 

compounds already known for their ability to recognize the G4 structure (figure 2.2) 

 
Figure 2.2 chemical structure of the ligand selected for the preliminary screening assay on Bcl2 

sequences. 
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3 MATERIALS METHODS 

3.1. Materials 

 

Oligonucleotides  

All deoxyriboligonucleotide sequences were purchased lyophilized from Eurogentec 

(Belgium) and stock solutions of 1 mM or 100 µM were prepared in MilliQ water. 

Before use, all DNA solutions were diluted in 10 mM Tris pH 7.4 buffer, heated for 10 

mins at 95 °C and slowly cool down. 

dBcl2_G: 5’-GGG GGC CGT GGG GTG GGA GCT GGG G-3’ 

dBcl2_G+3WC: 5’-CTC TGG GGG CCG TGG GGT GGG AGC TGG GGC GAG-3’  

dBcl2_C: 5’-CCC CAG CTC CCA CCC CAC GGC CCC C-3’ 

EGFR-272_C: 5’-CCC AGC ACT GCC CCT CTG GAC CCG GTC CCC-3’ 

EGFR-37_C: 5’-CCC TCC TCC TCC CGC CCT GCC TCC CC -3’ 

Scramble: 5’-GGA TGT GAG TGT GAG TGT GAG G-3’ 

Coscramble: 5’-CCT CAC ACT CAC ACT CAC ATC C-3’ 

Coscramble-CC: 5’-TCA CAC TCA CAC TCA CAT-3’ 

 

All ribonucleotide sequences were purchased lyophilized from IDT () as standard 

desalting purified products. Stock solutions of 100 µM were prepared in DEPC water. 

Before use, all sequences were diluted in 10 mM Tris pH 7.4 buffer, heated at 95 °C for 

10 mins and slowly cool down.  

rBcl2_G: 5’-GGG GGC CGU GGG GUG GGA GCU GGG G-3’ 

rBcl2 + 3WC: 5’-CUC UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG-3’ 

rBcl2_48: 5’-UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG AGG UGC CGU UGG 

CCC CCG-3’ 

 

The cytosine rich sequences used for the fluorescence melting assay were labelled with 

FAM at 3’ end and Dabcyl at 5’ termini. All oligonucleotides were purchased lyophilized 

from Eurogentec (Belgium) and resuspended in MilliQ water as a stock solution of 100 

µM. 

 

For MYC sequences, all oligonucleotides were purchased lyophilized from Eurofins 

Scientific. Standard solutions were prepared at 100 µM concentration in MilliQ water. 

Before use, each sequence were diluted in the required buffer (10 mM Na-Cacodylate 

pH 6.0 or 6.7) heated for 60 s at 95 °C and the slowly cool down. 

4CT: 5’-TCC CCA CCT TCC CCA CCC TCC CCA CCC TCC CCA-3 

5CT: 5’-TCC CCA CCT TCC CCA CCC TCC CCA CCC TCC CCA TAA GCG CCC CTC CCG-3 

4CT L1M1: 5’-TCC CCA TCT TCC CCA CCC TCC CCA CCC TCC CCA-3’ 

4CT L1M2: 5’-TCC CCA CTT TCC CCA CCC TCC CCA CCC TCC CCA-3’ 
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4CT L2M1: 5’-TCC CCA CCT TCC CCA TCC TCC CCA CCC TCC CCA-3’ 

4CT L2M2: 5’-TCC CCA CCT TCC CCA CTC TCC CCA CCC TCC CCA-3’ 

4CT L3M1: 5’-TCC CCA CCT TCC CCA CCC TCC CCA TCC TCC CCA-3 

4CT L3M2: 5’-TCC CCA CCT TCC CCA CCC TCC CCA CTC TCC CCA-3’ 

4CT A6G: 5’-TCC CCG CCT TCC CCA CCC TCC CCA CCC TCC CCA-3’ 

4CT T9C: 5’-TCC CCA CCC TCC CCA CCC TCC CCA CCC TCC CCA-3’ 

4CT T10C: 5’-TCC CCA CCT CCC CCA CCC TCC CCA CCC TCC CCA-3’ 

4CT A6T/T9A: 5’-TCC CCT CCA TCC CCA CCC TCC CCA CCC TCC CCA-3’ 

4CT A6T/T10A: 5’-TCC CCT CCT ACC CCA CCC TCC CCA CCC TCC CCA-3’ 

 

Compounds 

 Mitoxantrone and Anthracene derivatives were synthesized and purified in 

Prof. Giuseppe Zagotto’s laboratory the University of Padova. 

 Chelerythrine, Sanguinarine and Berberine were purchased purified from Sigma 

Aldrich 

 

All compounds were dissolved in 100 % DMSO to obtain a 5 mM stock concentration 

based on the molecular weight of each compound. Before screening assay each stock 

solution were diluted in MilliQ water. 

 

3.2. Methods 

 

3.2.1 Circular dichroism measurement (CD) 

All CD analyses were conducted using a Jasco 810 spectropolarimeter equipped with a 

Peltier system using a quartz cell of 1 mm or 10 mm optical path length. CD Spectra 

were obtained using a scanning speed of 100 nm/min, with a response time of 1s, over 

a wavelength range of 230−330 nm in increasing concentration of HCl, cations (KCl, LiCl 

and AgNO3), ligand (IMC-30) or protein (hnRNPK). For BCL2 G4 forming sequences,  

DNA and RNA samples were diluted in 10 mM Tris-HCl, pH 7.4 at a 4 μM or 2 μM, while 

the iM forming sequence was prepared in 10 mM Na-Cacodylate pH 5.0 or pH 7.5 at a 

strand concentration of 4 μM. MYC cytosine rich sequences were prepared at a 5 μM 

concentration in 10 mM Na-Cacodylate pH 6.76.The final concentration of each sample 

was controlled using NanoDrop1000 Spectrophotometer (Thermo Scientific) and 

before data acquisition, each oligos solution were heated at 95°C and slowly cooled to 

room temperature. Each reported spectrum represents the average of two scans, 

baseline corrected and smoothed out. The acquired dichroic signal was finally 

converted in molar ellipticity per residue ([Θ] = deg x cm2 x dmol-1). 
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Experimental data were fitted according to a single binding event process according 

the following equation (Eq.1): 

 

y= (Bmax*x)/ (Kd+x) (Eq. 1) 

 

Melting and annealing curves were recorded by monitoring the variation of the 

dichroic signal at the λ of the maximum molar ellipticity over a temperature range of 

25−95°C with a heating rate of 50°C/h or 25°C/h for BCL2 sequences, whereas for MYC 

mutants the variation of the dichroic signal as a function of the temperature was 

monitored over a temperature range of 15−70°C with a heating rate of 60°C/h.  

Kinetic data were recorded for dBcl2_C after the addition of HCl to the oligonucleotide 

solution. After a mixing time of 10 s, the spectra acquisition was initiated using an 

interval scan of 120 s. The temperature was maintained constant at 25°C. 

 

Thermal differential spectrum (TDS) 

The thermal difference spectra were calculated by subtracting the UV spectra at 25°C 

from the UV spectra recorded at 95°C. The experiments were performed in 10 mM 

Tris-HCl w/o KCl pH 7.5 for the G-rich strands and in 10 mM Na-Cacodylate pH 5.0 for 

the C-rich strand. All the resulting thermal difference spectra have been normalized to 

the value of one at the maximal intensity calculated. 

 

3.2.2 Fluorescence melting assay 

Fluorescence melting curves were acquired using a Roche LightCycler480 (λecc 488 

nm, λem 520 nm). A volume reactions of 20 µL was loaded in a 96-well plate 

containing 0.25 µM of the tested sequence in 10 mM LiOH with H3PO4 pH 7.4 and 

increasing concentrations of KCl (0-200 mM) or AgCl (0-20 µM). For the compounds 

screening each well of a 96-well plate contained 0.25 μM of dBcl2_C in 10 mM LiOH 

with H3PO4 pH 7.4 or pH 5.0 and increasing concentrations of ligands (0-20 µM). During 

the experiment the oligonucleotide was first denatured by heating to 95 °C at a rate of 

0.1 °C/s, maintained for 5 mins at 95 °C and then annealed by cooling to 30 °C at a rate 

of 0.1 °C/s and maintained for 5 mins at 30°C before being slowly heated and annealed 

at a rate of 1°C/min. The Tm values were determined from the first derivative of the 

melting profiles using a Roche LigthCycler software. 

 

3.2.3 Electromobility shift assay  

The electrophoretic mobility of Bcl2 sequences in absence/presence of increasing 

concentration of KCl, LiCl, AgCl or PEG200 was monitored by a 15% native 

polyacrylamide gel (acrylamide:bis-acrylamide 19:1) in 1x TBE (89 mM Tris, 89 mM 

Boric acid, 2 mM EDTA, pH 8.0) containing or not KCl.  
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Before loading, all samples were heated at 95 °C for 10 minutes and then cooled down 

to room temperature overnight. Solved products were visualized and quantified on a 

Geliance system (Roche) before and after staining with Sybr Green II. 

For Myc sequences, the electrophoretic mobility was monitored for 4CT and 5CT 

oligonucleotides 5′-end-labeled with IrDye88. Oligonucleotides were prepared at 10 or 

100 nM concentration in a binding buffer contained 20 mM HEPES (pH 6.5), 1 mM DTT, 

2 mM MgCl2, 1 mM EDTA, 10% glycerol, 100 mM KCl, 1 μg/μL BSA, 0.1% Tween-20, 

and 0.01μg/μL poly [d (I−C), and incubated on ice for 20 mins with or without 

increasing concentration of hnRNPK (0-70-115-700-1400 ng). Protein−DNA complexes 

were resolved by electrophoresis on a 8% native acrylamide gel in 1x TBE (89 mM Tris, 

89 mM Boric acid, 2 mM EDTA, pH 8.0). Solved products were visualized and quantified 

using a LICOR xS system. 

 

3.2.5 Fluorescent Intercalator Displacement assay (FID) 

The DNA binding by Thiazole Orange (TO) was monitored using a Victor3 multilabel 

counter (PerkinElmer). A total volume reaction of 100 µL was loaded in a 96-well black 

plate containing constant concentration of a target DNA (0.5 µM) in 10 mM LiOH with 

H3PO4 pH 7.4, 100 mM KCl and increasing concentrations of TO, until the saturation of 

the signal was reached. Changes in fluorescence emission were recorded at 535 nm 

and then plotted against the TO/ [oligo] ratio. 

For FID assay, a 10 mM LiOH with H3PO4 pH 7.4, and 100 mM KCl solution containing 

DNA and TO in a 1:2 ratio, was added of increasing concentrations of tested 

derivatives. Changes in fluorescence emission were recorded and the percentage of TO 

displacement was calculated (Eq.2). 

 

% TO displacement = 100-[(F/F0) x 100] (Eq.2) 

 

Where, F0 is the fluorescence before the addition of ligands. The TO displacement was 

plotted as a function of compounds concentration. Each titration was repeated in 

triplicate. 

 

3.2.6 Cell culture and caspase-3 assay 

Human B cell lymphoma (U2932) cells were cultured in 10% FBS, 1% 

penicillin/streptomycin-supplemented RPMI medium at 37°C in a humidified 

atmosphere of 5% CO2. Cells were counted using a haemocytometer and the viability 

was assessed using trypan blue exclusion. Caspase-3 activity in presence of selected 

compounds was evaluated using the ApoAlert Caspase-3 Plate Assay as the 

manufacturer’s specification (Clontech, Mountain View, CA). 
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3.2.7 Protein production and purification 

pET28-hnRNP K-positive transformants were seeded in Miller’s LB broth and grown 

overnight. Then 600 mL Miller’s LB broth was inoculated with the overnight culture 

and incubated at room temperature for 2-3 h, and then protein expression was 

induced by 1 mM IPTG overnight at room temperature. Harvested cells were 

resuspended in a lysis buffer (50 mM NaH2PO4 pH 8.0, 300 mM NaCl, 1% Triton X-100, 

1 mg/mL lysozyme and 1× protease inhibitor cocktail) and underwent to 10 cycles of 

the following: incubation on ice, vortexing, and sonication. Cell debris was removed by 

centrifugation at 4°C, and the supernatant was incubated with a HisPur Cobalt Resin 

for 1 h at 4 °C. The resin was washed with a wash buffer (50 mM NaH2PO4 pH 8.0, 300 

mM NaCl, and 20 mM imidazole) and an elution buffer (50 mM NaH2PO4 pH 8.0, 300 

mM NaCl, and 250 mM imidazole) was used to separate hnRNPK from the resin. 

Purified hnRNPK was subjected to buffer exchange using a Centricon centrifugal filter. 

Purity of hnRNPK was confirmed by Coomassie blue staining and Bradford assay was 

performed to determine its concentration.  
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4 RESULT AND DISCUSSION 
 

4.1. MYC iM: a potential anticancer target 

Several data are reported in literature about the proximal promoter region of MYC 

gene and the secondary structures that it contains. In particular, the coding strand 

comprises a Cytosine-rich sequence composed by eight runs of three or four 

consecutive C able to assume an iM conformation with a loop configuration of 5:5:5, a 

transitional pH close the physiological one and acting as an important element in the 

entire transcription process. Based on these reported data an in-depth evaluation of 

this domain was assess, focusing the attention on the DNA-protein complex involved 

during the transcription and the feasibility to modulate the effect of this complex 

through small molecules. 

 
Figure 4.1 (A) Schematic representation of MYC proximal promoter region. (B)Proposed folding 

pattern of MYC iM composed by the 4CT sequence146. 

 

4.1.1. Loop composition affects the thermal stability of the i-Motif 

structure. 

Lots of evidences is reported in literature showing that the stability of this secondary 

structure is strictly dependant both by the number of cytosines that composed each 

run35,36,147and by the oligonucleotide composition of the connecting loop By keeping 

that in mind, we decided to explore the impact of different loop on the stability of the 

iM conformation within the promoter region of MYC. In particular for each loop a 

single C-to-T mutation were considered. By using a spectroscopic technique as the CD 

assay, and working at the transitional pH of this structure (pH 6.7) were firstly 

confirmed the thermal stability of the wild type sequence, named as 4CT recording the 

variation of the CD signal at 286 nm, that is the most important positive contribution 

for the iM structure, as a function of the temperature, subsequently the same 

experimental approach was set up on each selected mutants in which one C was 

replaced by a T (Figure 4.2) 
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Figure 4.2 Melting temperature and derived ΔTm recorded for wild type sequence and for 

each mutants at 286 nm in 10 mM Na-Cacodylate at pH 6.7. 

 

As expected the melting temperature reported in figure 4.2 A evidenced that the loop 

composition strongly affect the thermal stability of the non canonical structure 

assumed by the selected C-rich domain. More generally, all considered mutation does 

not alter the CD features recorded at the transitional pH, indeed the positive 

contribution at 286 nm was always maintained (data not shows). However, a 

detectable variation in the thermal stability of the iM assumed in solution was 

observed. In particular, for the oligonucleotides that contain the single C-to-T mutation 

in the first loop (5’ end) a sensible decrease of the melting temperature was detected, 

in fact, by comparing the Tm derived for L1M1, in which the mutation involves the 

position 7, with the value derived for the wild type sequence, a decrease of about 2°C 

was observed, while a higher loss of stability (5 °C) was detected for the 

oligonucleotide in which the C8 was replaced by a T (L1M2). Suggesting that the first 

loop exert a strong impact on the stability of the overall structure. 

Quite different is the behaviour observed for the second set of sequences, in which the 

mutation toward the T was localized in the second or central loop (ACCT). Particularly, 

compared to the iM adopted by the 4CT sequence, a small increment of the thermal 

stability was unexpectedly observed, that results to be 1.7 for the L2M1 (C16-to –T) or 

2.3 °C for L2M2 (C17-to –T). Mostly the same was the behaviour observed also for the 

last set of oligonucleotide selected, where the single mutation was carried on the 3’ 

later loop (third loop), in fact 4 °C stabilization was derived for both sequences (L3M1 

and L3M2). Suggesting that in this case the replacement of a C to a T does no 

destabilize the tetraplex, but contrarily it exert a stabilization effect. 

Considering together, this preliminary data exhibit that basically the single mutation 

exert different action based on its localization, in particular modifications in the second 

loop and in third one allows the formation of a more iM arrangement compared to the 

tetrahelical conformation assumed by the 4CT sequence. Probably, this stabilizing 

effect is due to the presence of an additional methyl group carried by the T able to 

stack over the other bases involved in the second and third loops. On the other hand, 



43 

 

the presence of this additional methyl group in the first loop may create a steric 

hindrance, thus a partial distortion of the loop is induced and a less stable 

conformation is assumed by both selected sequences (L1M1 and L1M2).  

To fully understand the role exert by these three loops on the iM stability, for each of 

them we deeply analysed the base composition. By the comparison of the base 

contained into the first, second and third loop, was been immediately evident that the 

central loop (loop2) and the 3’ lateral loop (loop3) are composed by the same five 

nucleotides while they differs from the first loop (5’ lateral loop) for a T to C 

replacement (ACCCT instead of ACCTT). Moreover, considering only the first loop 

composition, it came out that the A6 may easily interact with the T9 or 10 through a 

Watson and Crick base pairing. This, may be in line with the thermal data collected for 

the first loop mutants, also suggests that the presence of an additional base pair could 

exert an important role for the stability of the overall iM structure. To further asses 

this idea a second set of mutant sequence for the first loop and two different double 

mutants were considered, and again the thermal properties at the transitional pH were 

evaluated (Figure 4.3). 

 
Figure 4.3 Thermal evaluation for single and double loop one mutant sequences. Data 

collected at 286 nm in 10 mM of Ma-Cacodylate pH 6.7. 

 

In line with the preliminary data previously describe, each selected mutations sensible 

alters the stability of the original system generate by our C-rich sequence. Particularly 

the data collected using the same experimental condition, confirmed our hypothesis 

regarding the existence of a WC base pairs, moreover, they provide us the exactly 

localization of this additional pairing. In fact, if we compared the melting temperature 

(Tm) and the ΔTm derived, a remarkable loss of the thermal stability was observed for 

the sequences carrying the single mutation in position 6 (A-to-G) and in position 9 (T-

to-C), suggesting that the purine in position six and the pyrimidine in position 9 are 

extremely important for the iM. On the contrary, the behaviour observed when the 

position 10 was mutate was quite unexpected, in fact a higher melting temperature 

rather than the Tm derived for the wild type sequence was collected. In order to 

explain why a thermal stabilization was observed for the 4CT T10C sequence, we 
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considered once again the nucleotide composition. By merging all data collected we 

can assume that the A6 and T9 are involved in the formation of a canonical Watson 

and Crick base pairs that exert a fundamental role in the stabilization of the iM. While 

the replacement of the T into a C in position 10 leads the formation of a longer C-run, 

composed by 5 consecutive pyrimidines, that probably allows the formation of a 

different and more stable iM in which different C are involved. 

In order to definitively confirm the presence of a WC base pair between the position 6 

and 9, the thermal properties of two sequences carried a double mutation were 

evaluated. Both of them contained the same A-to-T mutation, while the T-to-A 

mutation involves firstly the position 9 and secondly the position 10. 

Unfortunately, the collected data in for these two double mutants cannot allow us to 

totally confirm the position involving the WC base pairs indeed; the acquired data 

were quite unexpected. Specifically, following the effect exerted by the double 

mutation in positions 6 and 10 on the thermal stability of the iM, a comparable Tm 

value with the one derived for the wild type sequence was derived. Suggesting that, 

the switching of these two positions does not alter the iM stability. On the contrary, 

the mutations involving the positions 6 and 9 provided a higher Tm value. This data 

was quite surprising, in fact, in our idea, the inversion of these two positions does not 

change sensibly the thermal stability of the structure. Despite that, to understand why 

a thermal stabilization was observed, again we took into consideration the nucleotide 

composition. For the second mutant selected the position 6 was replaced with a T, a 

pyrimidine base, which differs from the C for the presence of an additional methyl 

group. Based on that, we suggest that thanks to the presence of this additional –CH3 

group, additional interactions able to stabilize the last C-C pair involving the first C run 

may exist, thus, a more stable iM conformation can be assumed by the 

oligonucleotide. 

 

Taking together all the collected data, it is reasonable to assume that for the iM within 

the c-Myc promoter, thanks to the presence of an additional WC base pair, involving 

the positions 6 and 9 and more generally the first loop plays the most important role 

for the stability of the overall structure. Also, it is reasonable to transfer this 

suggestion to the third loop in which probably the position 24 and 28, due to their 

spatial proximity, allows the formation of the same WC interaction. Moreover 

considering the importance of the first loop on the stability, the iM folding is driven by 

the first and the third loop. On the contrary, concerning the second loop, it covers a 

marginal role on the iM stability and that could be reasonably associated with its 

dimension indeed, being the wide loop the additional WC bp isn't allowed. 
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Figure 4.4 Proposed schematic representation for MYC iM. The light blue interaction is 

referred to the WC base pair between the position 6 and 9. 

 

4.1.2. IMC-30: a potential iM stabilizer compound. 

Based on its implication in a wide range of cancers, over the years MYC became one of 

the most attractive anticancer targets. Unfortunately, the lack of a targetable domain 

and of a specific enzymatic activity, associated with an extremely short half-life of the 

primary transcript make extremely difficult to gain a direct therapeutic approach. 

Additional strategies are obviously required and one of them is referred to an indirect 

inhibition of the MYC expression using a compound called JQ1, that prevent the 

transcriptional activation by a competitively binding towards the bromodomains 

region or to the acetyl-lysine recognition domain of several transcription factors 

involved in MYC expression pathway148. Despite, this compound is look as a promising 

anticancer drug, the direct modulation of the gene expression still remain the main 

focus for the scientific community and this may be obtained by targeting the non 

canonical secondary arrangements (G4 and iM) contained in the proximal promoter, 

that as already reported in literature, act as a molecular controls for the gene 

expression pathway. 

An important goal for achieving that is the identification of small molecules able to 

modulate the formation/disruption of these non-canonical structures or able to 

modulate their recruitment of transcription factors. Recently, Hurley and co-workers 

have identified an ellipticine derivative (GQC-05) able to repress the transcription of 

MYC and kill tumor cells through a specific targeting to the G4 structure149. Even 

though the G-quadruplex has been demonstrated to be an effective target for 

repressing the MYC activation, the iM structure presents the potential to be the most 

successful target. Indeed, compared to the G-Quadruplex conformation, this folding 

present unique chemical properties that make it less polymorphic and easier to target. 

Thus, several scaffolds were screened with the aim to find a selective iM ligand. 

Particularly, using a fluorescence resonance energy transfer (FRET) assay, three 

compound libraries were previously screened in Hurley’s laboratory and the collected 

data revealed the presence of several drug-like structures able to recognize the iM. 



46 

 

Among them, using the z-score method and based on the quenching effect, two small 

molecules were selected: IMC-16 and IMC-30. Concerning the IMC-16, a very well 

characterization is already be done and its ability to selectively bind and stabilize the 

iM leading the transcriptional activation was already published 146. Regarding the 

second hit-compound selected (IMC-30) no details about its activity were known. Thus, 

by applying the CD technique, the effect of this small molecules on the conformational 

equilibria of 4CT sequence was evaluated firstly by working at slightly acidic pH (pH 

6.1) and then at the transitional pH (pH 6.76). Moreover, its effect on the thermal 

properties was evaluated (Figure 4.4). 

 
Figure 4.5 Effect of IMC-30 on MYC iM. (A) CD titration of 5 µMT 4CT in 10 mM Na-Cacodylate 

pH 6.7 with increasing concentration of compound. (B) Relative variation of the molar 

ellipticity at 286 nm. (C) CD titration in increasing concentration of IMC-30 in 10 mM Na-

Cacodylate pH 6.0.  

 

Unexpectedly, as figure 4.4 A shows, working at the transitional pH, the increasing 

concentration of compound was not associated with an increment of the CD signal. 

Indeed upon the addition of IMC-30 the shape recorded still maintained the positive 

contribution at 286 nm and the negative one at 261 nm; however a sensible decrease 

of the CD intensity was observed suggesting that the selected compound partially 

alters the tetraplex conformation. By plotting the relative variation of the molar 

ellipticity towards the compound concentration a higher Kd value of 17.4 ± 5.1 µM was 

derived towards the compound concentration compared to the already reported value 

obtained for the IMC-16. From this first set of data, we can suppose that despite the 

selected compound was able to recognize the already existing iM conformation in 

solution; increasing concentration of it partially promote the switching towards a 

different conformation. To assess if this compound is able to recognize the C-rich 
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domain, leading the destabilization of the tetraplex conformation and bring it towards 

to a different conformation, as the hairpin one, the same titration was repeats by 

working in iM promoting condition (pH 6.0). As the collected data show, (figure 4.4 C) 

increasing concentration of IMC-30 induced the behaviour observed at pH 6.7, thus 

only a decrement of the intensity of the signal recorded at 286 nm was detected. From 

the collected data during the two titrations, it appears that the IMC-30 compound, as 

the IMC-16, is able to recognize the cytosine rich sequence within MYC promoter and 

particularly, it seems able to bind the iM conformation contained in solution. 

Furthermore, considering that high concentration of compound leads only a 

decrement of the CD intensity probably this interaction partially distorted the 

tetrahelical structure. Thus, on the contrary of IMC-16, our hit-compound may be 

acting as an iM destabilizer compound. 

In order to check this hypothesis, the thermal profile of the wild type sequence in 

presence of a constant concentration of IMC-30 was considered and the variation of 

the CD contribution at 286 nm was followed as a function of the temperature (figure 

4.6 A and B).  

 
Figure 4.6. Evaluation of the thermal properties of c-Myc iM in presence of compound. (A) CD 

spectra recorded w/o 5 Equivalents of IMC-30 in 10 mM Na-Cacodylate pH 6.7. (B) Melting 

temperature derived in absence/presence of compound. 

 

As reported in figure 4.6 the addition of 5 Eq of IMC-30 does not alter the CD features 

recorded either in term of intensity or shape. However, a remarkable variation in 

terms of thermal stability was observed. Indeed, by following the denaturation process 

at 286 nm as a function of the temperature a 4 °C increment of the melting 

temperature was detected upon the addition of compound. Thus, in contrast with the 

previously reported idea regarding the ability to destabilize the iM, this last set of data 

exhibit that in presence of our compound an increment of the thermal stability of the 

iM assumed in solution by the cytosine-rich sequence was observed.  

After having established that our compound stabilizes the iM conformation assumed 

by the 4CT sequence, our issue became the identification of the binding site on the iM 

for the IM-30. Thus, a constant concentration of compound was added to each single 
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mutants selected then after an incubation time of 20 minutes, the denaturation profile 

at 286 nm was recorded as a function of the temperature. Collected data are reported 

in figure 4.7 

 
Figure 4.7 Effect of IMC-30 on MYC mutant sequences. Data collected in 10 mM Na-Cacodylate 

pH 6.7 in presence/absence of 5Equivalent of IMC-30. 

 

As expected, the collected data (Figure 4.7) showed that the behaviour of all 

sequences in presence of IMC-30 remarkably depends both by the type and the 

position of the single mutation. Generally, the addition of compound always induce an 

increment of the thermal stability, indeed, with the exception of loop 3 mutants, all Tm 

values derived  upon the addition of IMC-30 were higher than the Tm derived for each 

mutants in 10 mM Na-Cacodylate pH 6.7. With the aim to identify the binding site, we 

deeply evaluate the melting temperatures and the derived ΔTm for each loop mutant. 

Considering the first loop, the value collected revealed that the addition of IMC-30 

remarkably affects the thermal stability of the iM assumed in solution. Especially, a 3.7 

°C increment for A6G mutant, a 2.1 °C for T10C mutant and 2°C for L1M2 were 

detected, meaning that upon the addition of the small molecules, it recognize the first 

loop improving the stability of the iM. Moreover, based on the mutants presenting the 

higher ΔTm, we can also suppose the nucleotide involved in the binding process 

between the iM and the compound, which are the A in position 6, the T in position 10 

and finally the T10. 

Regarding the two mutant sequences selected for the second loop, a sensible 

improved of the melting temperature was observed just for the sequence in where the 

C17 was mutated into a T (ΔTm 3.7 °C).On the contrary, when we tested the 

compound on the loop 3 mutants no stabilization effect was observed suggesting that 

this lateral loop is not the preferred binding site. It also should be noted that the 

mutation in this loop even in the absence of compound results in a 4°C increase in the 

Tm compared to WT. 

Sadly, based on our evidence, we cannot unquestionably assume where the binding 

site for the selected compound is. However, we can propose that this chemical entity 

recognizes and improves the thermal stability of the iM following the interaction with 
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the first and the second loop. Particularly, we can also suggest the bases involved in 

this binding process, which are the A6, C8 and the T10 in the first loop, whereas for the 

second loop, probably the bases involved in the binding process should be the A15 C17 

and T19. 

 
Figure 4.8. Schematic representation of the proposed site involves in the binding process 

between the IMC-30 and the iM adopted by MYC C-rich sequence. 

 

4.1.3. IMC-30 and DNA-protein complex: new tool for the modulation of 

the transcription process. 

Thanks to several contribute reported in the literature the secondary structure 

adopted by the DNA, both canonical and not, may act as a scaffold for the recruitment 

of protein involved in the activation/repression of the gene expression. Specifically, for 

the MYC gene and the iM structure several pieces of evidence report that the 

heterogeneous RNA binding protein K (hnRNPK) binds the promoter region of this 

gene as a single strand leading the transcriptional activation. Particularly, Boss and 

colleagues demonstrated that the K-homology (KH) domains contained within this 

protein, recognize and binds selectively the C-rich sequence located into the loop 

region of the MYC iM 150–153. Thus the iM may represent the optimal scaffold to 

enhance the transcription. Sutherland and colleagues in 2016 also demonstrated that 

this protein preferentially binds the longer C-rich domain contained into the promoter 

region of MYC and in particular they evidenced that the protein was able to recognize 

both Cytosine domain, the shorter one (4CT), that is required for the completely 

folding towards the iM and the longer ones, that is proved to be able to assume 

exactly the same iM conformation of the 4CT despite the presence of more C. 

However, physiologically, to get the competent form required for the maximal 

transcription activation the additional runs of C contained into the 5CT sequence is 

required. Thus a more stable DNA-protein complex was observed. 

After having established that our compound was able to recognize and stabilize the iM, 

the next step was to explore its ability to modulate the recruitment of the mentioned 

transcription factor. By using two different approaches (native PAGE assay and 

spectroscopic technique) firstly we confirmed the ability of this protein to recognize, 

binds and unfold the iM structure adopt both by the 4CT and the 5CT sequences. Then, 
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the effect exerts by the addition of IMC-30 on hnRNPK protein recruitment was 

explored. 

 
Figure 4.9 Unfolding process lead by hnRNPK. (A and C) 10 % native PAGE assay for 4CT and 

5CT in increasing concentration of protein. (B and D) CD spectra of 2 µM of oligonucleotide 

sequence (4CT or 5CT) in increasing concentration of protein.  

 

Briefly, the collected data confirmed the ability of the hnRNPK to bind and unfold the 

iM structure adopts both by the 4CT and the 5CT sequence. Indeed, as reported in 

figure 4.9 A and C, by working in a native condition, the addition of increasing 

concentrations of protein provide the formation of a new species characterized by a 

very low electrophoretic migration. Thus, the formation of a high molecular weight 

complex, in which the protein after the recognition step induced the unfolding of the 

secondary structure, is confirmed. One other technique that allows us to evaluate the 

conformational changes in solution is the CD spectroscopy, in order to confirm 

definitively our preliminary data; a titration with increasing concentration of protein 

was set up for both sequences. Data collected are reported in figure 4.8 B and C, 

working at the transitional pH, we firstly induced the iM formation, then increasing 

concentrations of hnRNPK were added to our samples and the CD spectra were 

recorded after 20 min incubation at room temperature. Again the unfolding of the iM 

was observed, in fact, a sensible variation of the CD features both in terms of intensity 

and shape was observed. Especially, at the end of the titration in where 1 µM of 

protein was added a decrease of the intensity of the signal associated to a 6 nm red 

shift of the positive contribution was observed. 

Despite, for both C-rich sequences the presence of hnRNPK induced the unfolding of 

the non canonical secondary structure, the observed behaviours were quite different. 
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Concerning the 4CT element, two different DNA-protein complexes were resolved, 

whereas just only single DNA-protein complex was detected for the longer sequence. 

Similarly, during the CD titration, for the 4CT element, the addition of the protein 

immediately induced the switching towards a different DNA structure. On the 

contrary, to get the same variation on the CD spectra for the 5CT element, a higher 

concentration of the protein has been necessary. 

This suggests that in contrast with the previously reported data, the unfolding activity 

of our protein is more prominent for the shorter (4CT) C-rich sequence in spite of the 

lacking of the third KH domain. 

Based on our data, the IMC-30 acts as an iM stabilizer compound while the protein 

leads its unfolding. As for the G4, a compound able to stabilize/destabilize the 

secondary structure may be use as a potential anticancer drug. Thus, the following 

step was to explore the effect of our compound on the unfolding process mediated by 

hnRNPK. To check that, we set up the same protocols mentioned before (native PAGE 

assay and CD spectroscopy). As figure 4.10 A and B show, the PAGE assay did not allow 

us to defined the effect of the compound the iM-hnRNPK complex. Indeed, for both 

sequences (4CT and 5CT) after the addition of increasing concentration of the 

compound, a single electrophoretic band, having the same electrophoretic mobility of 

the control, was observed. This could be due to the small size of our compound, which 

is therefore not able to increase the hydrodynamic volume of our complex, otherwise, 

the interaction between the DNA-protein and the compound is extremely weak and 

under the electrophoretic migration, the chemical entity has been lost. For that 

reason, a different approach was needed and again, the CD spectroscopy was applied 

(figure 4.11). 

 
Figure 4.10 Effect of IMC-30 on protein-DNA complex. (A) 10 % native PAGE assay of 10 nM 

4CT in presence of 100 nM of hnRNPK and increasing concentration of compound. (B) 10 % 

native PAGE assay of 10 nM 4CT in presence of 100 nM of hnRNPK and increasing 

concentration of compound. All samples were loaded after an incubation time of 20 minutes. 

 

As reported in figure 4.10 B, the titrations with increasing concentration of hnRNPK 

exhibit that the addition of protein does not provoke the unfolding of the iM contained 

in solution. Indeed, by comparing the behaviour collected in the absence and in the 
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presence of compound (Figure 4.10 and 4.111) clearly neither the addition of one 

Equivalent of protein, promotes the unfolding of the iM assumed by both selected 

cytosine rich sequences. Thus, in line with the data collected for the thermal stability 

of the iM in presence of the compound, this experiment suggests that our compound 

stabilize the tetraplex structure preventing the unfolding activity of our protein. 

Moreover, focusing the attention in the wavelength range between 240 to 260 nm, the 

same variation in terms of shape and intensity was observed after the addition of the 

protein provokes. Thus we can presume that during the titration the protein still able 

to recognize and bind the sequence. However, thanks to the presence of IMC-30, that 

has a stabilizing effect on the iM, the entire unfolding process is prevented. 

 
Figure 4.11 CD spectroscopy in increasing concentration of protein and constant concentration 

of compound on 4CT (A) or 5CT sequence (B). 

 

4.1.4 IMC-30 and the apoptosis. A possible target to gain an innovative 

treatment. 

MYC is one of the most-studied genes, however, at this day; a strategy able to directly 

modulate its expression is not available. Our previous data exhibit that IMC-30 

compound recognizes stabilizes and binds the i-Motif structure within the promoter of 

this gene. Moreover, we observed that our compound by following the binding step, 

alter the recruitment of the transcription factor (hnRNPK) and the unfolding process of 

the iM.  

Based on that evidence and with the aim to determine if this selected compound may 

be considered as a potential anticancer drug, we decided to evaluate if the 

stabilization of the iM lead by the presence of IMC-30 would result in activation or 

repression of the gene expression. 

Using a human B lymphoma cell line that simultaneously presents the MYC 

translocation-positive and the Bcl2 amplification-positive, the cytotoxicity of IMC-30 

was initially assessed, and then the effect on the gene expression at the mRNA 

production level was evaluated. Despite, the obtained results are not reported in this 

chapter, differently, from what was observed after the treatment with IMC-16, the 

presence of IMC-30 leads a sensible decrement in the mRNA production was observed, 
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which also results to be time- and dose-dependent. Thus, our compound seems to be 

able to negatively modulate the expression of MYC. 

Based on the implication of MYC in different physiological processes, including 

apoptosis, we decided to evaluate the activity of this compound on the apoptotic 

pathway. In particular, the ability of this compound to activate or not the caspase-3, 

one of the most important caspases involved in the entire process, was assessed 

(figure 4.11).  

 
Figure 4.12 Caspase-3 test after a 24-hour treatment in the presence of 1.25 µM of compound 

(IMC-30). Compound ABT-199, a promising anticancer agent for the treatment of chronic 

lymphocytic leukaemic and estrogen receptor-positive breast cancer, was selected as the 

reference compound. While as a negative control was used the DMSO. 

 

Following the protocol, after a 24 h treatment, the caspase-3 activity was assessed. As 

reported in figure 4.12 compared to the negative control (DMSO), when the cell line 

was treated with our compound, an increment of the enzymatic activity was observed. 

Thus, suggests that IMC-30 may affect and improved the apoptotic pathway of the 

U2932 cell line. To check the activity of IMC-30, we compared its activity with the one 

derived for the reference compound (ABT-199)154. As expected, after 24h treatment, 

ABT-199 induced a sensible variation of the enzymatic activity. This can be associated 

with the ability of this compound to recognized and interact with the BCL2 protein, 

that is implicated into the regulation of the apoptosis process. 

Considering this first set of data, our results are extremely promising; in fact, they 

revealed that IMC-30 may be used as a potential drug thanks to its ability to hit the iM 

and also thanks to its ability to modulate the apoptosis. 

It's reported that the non canonical conformations may be used as a scaffold for 

selective small molecules in order to modulate the transcription of the gene in a direct 

mode. Considering that, we decided to evaluate which was the best target among the 

non-canonical structures contained into the MYC promoter (G4 or iM), thus the same 

experimental protocol was set up using an ellipticine derivative (GQC-05) already 

known for its ability to binds and stabilize the G4. Collected data and the comparison 

with those reported in the presence of IMC-30, after a 24h treatment, are reported in 
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figure 4.13. Clearly, also in the presence of the same concentration of GQC-05, the 

induction of the caspase-3 activity was promoted. Indeed, an increment of the activity 

of this enzyme was observed if compared to the negative control. Moreover, as we 

already observed for IMC-30, again the activity of Venetoclax compound (ABT-199) 

results to be more prominent and a higher increment of the enzyme activity was 

detected. By comparing the experimental results obtained for both selected 

compounds it appears that they present a quite similar ability to modulate the 

apoptosis. Indeed, working at the same compound concentration, no sensible 

differences among the percentages of activation was detected. This, suggest that both 

compounds may be selected as a possible new anticancer treatment, thanks to their 

ability to reduce the mRNA production and also thanks to their ability to induce the 

apoptosis. 

 
Figure 4.13. Comparison of the caspase-3 assay after a 24h treatment with GQC-05 (A) or IMC-

30 (B). 

 

After having considered the MYC gene alone and the possibility to directly modulate it 

with small molecules. The concomitant overexpression of MYC and BCL2 was taken 

into consideration. As already know the concurrent overexpression of these two 

oncogenes is a condition that occurs in at least 30% of patients affected by non-

Hodgkin lymphoma, which is characterized by a rapid disease progression and drug 

resistance. Currently, no effective strategies are available to treat those patients, thus 

new approaches in which both critical oncogenes are simultaneously targeted are 

encouraged. In order to evaluate this possibility, we decided to evaluate the effect of a 

drug combination on the caspase-3 activity. Again, ABT-199 (Venetoclax) was selected 

for its ability to block the Bcl2 protein, whereas for Myc we selected IMC-30 and GQC-

05 as compounds able to modulate the conformational equilibria at the promoter level 

and JQ1 a member of triazolo-diazepine already known for its ability to indirectly 

reduce the MYC expression through the inhibition of the BET bromodomain proteins 
155. Firstly the effect of this compound was evaluate in comparison to ABT-199, then 

the combination treatments in where the Venetoclax was combined with the G4 or iM 

binding compounds or with the JQ1 compound were considered (figure 4.14). As 
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reported in figure 4.14 A despite the JQ1 is known for its ability to indirectly modulate 

the MYC gene by targeting the bromodomain proteins, the observed activation of the 

caspase-3 was similar compared to the iM and G4 binders activities, suggesting that all 

selected compounds able to directly or indirectly modulate the expression of the MYC 

protein, efficiently induces the apoptosis. Regarding the combination assay, the 

behaviour observed was quite similar. Indeed, after a 24h of treatment, each 

considered combination induced the activation of the caspase-3. However, again the 

best results were detected in presence of GCQ-05 and IMC-30, suggesting that a 

connection between the possibility to directly modulate the protein expression and 

the activation of the caspase-3 and the apoptosis process may exist. Moreover, it 

appears that the combination in presence of a G-quadruplex binders give the best 

activation of the enzymes. Thus, in this case targeting the G4 may be the best choice. 

 
Figure 4.14. (A) caspase-3 assay in presence of JQ1 on U2932 cell line. (B) Comparison of the 

combination treatment in presence of 1.25 µM IMC-30, GQC-05 or JQ1 and 5 or 12.5 nM or 

ABT-199. 

 

After having proved that in combination the G4 and iM binders present a higher 

aptitude to induce the apoptosis compared to the JQ1, different combinations were 

considered and especially, we focused on the possibility to combine the iM and the G4 

binders. Then the possibility to obtain a significant activation of the caspase-3 by 

targeting the MYC gene both directly and indirectly (figure 4.15) was assessed.  
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Figure 4.15 Comparison of drug combination on U2932 cell line. 

 

As expected, since the formation of the G4 and the iM within MYC gene is mutually 

exclusive, the data collected and reported in figure 4.1 revealed that the combination 

of the GQC-05 and IMC-30 does not strongly affect the apoptosis process. Indeed, the 

percentage of activation derived after a 24 h treatment in the presence of both 

compounds is comparable to the percentage observed after the treatment with each 

single compound tested. On the contrary, the other two combinations induced an 

increment of the apoptosis. Especially, working in the presence of two compounds 

able to hit the MYC gene (IMC-30 and JQ1) and in the presence of a BCL2 protein 

inhibitor the highest activity was observed. 

By considering all collected data, it appears that each tested compounds and 

combinations produce the activation of the caspase-3 in a cell line presenting the 

overexpression of two important genes as MYC and BCL2. 

Furthermore, by keeping in mind our aim, that was the identification of a new strategy 

for patients in which the classical treatment based on radiotherapy or chemotherapy is 

not responsive due to the overexpression of MYC and BCL2, it appears that a 

multidrugs approach that combined ABT-199, a compound able to inhibit the BCl2 

protein, with compound able to modulate the conformational features of MYC gene, 

may be used as an innovative anticancer treatment. 
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4.2. DNA G-quadruplex folding sequences: structural 

characterization 
 

4.2.1. dBcl2_G 

As already mentioned, in the sense strand of the DNA 5' untranslated domain a 25-

nucleotide long putative quadruplex forming sequence (PQS) is contained.  

 

dBcl2_G: 5’-GGG GGC CGT GGG GTG GGA GCT GGG G-3’ 

 

In order to assess the ability of this tract to assume a G4 conformation we studied it in 

the absence/presence of quadruplex promoting cations (KCl and NaCl). In this contest, 

the circular dichroism (CD) is a useful technique to obtain a general indication of the 

nucleic acid arrangements in solution. Indeed, DNA and RNA are able to interact with a 

polarized light beam and provide a specific signal in terms of shape and intensity, 

depending on the structure assumed in solution156–158. The spectroscopic evaluation of 

dBcl2_G was initiated by recording the CD signal in 10 mM Tris buffer pH 7.4. After 

dilution of the DNA stock solution to 4 µM in the required buffer, the recorded CD 

signal was remarkably intense and characterized by the presence of a positive peak at 

263.5 nm and a positive contribution at 290 nm. However, an annealing cycle strongly 

alters the CD signal associated to the selected sequence. Indeed, as reported in figure 

4.16 after the thermal treatment the intensity of the CD signal recorded dropped and a 

4 nm red shift of the main positive peak was detected. Since the intensity of the CD 

signals recorded before the melting/annealing was remarkably high, our data suggest 

the existence of a pre-organized conformation possibly deriving from the stock 

solution. In order to understand the nature of this initial arrangement, two thermal 

different spectra were derived (TDS). For nucleic acid, the thermal difference spectrum 

is obtained by simply recording the ultraviolet absorbance spectra of the unfolded and 

folded states at temperatures above and below its melting temperature (Tm). The 

difference between these two spectra is the TDS that as the CD signal, presents a 

unique shape for each type of oligonucleotide rearrangements159. The comparison of 

the two TDS calculated before (solid line) and after (long dash line) the annealing cycle 

is reported in figure 4.1 B. The two CD shapes are remarkably different; moreover, due 

the presence of a negative contribution at 299 nm, the TDS profile recorded before the 

denaturation step suggests the presence of a G4 structure in solution that was lost 

after the annealing step. Since the aptitude of dBcl2_G to keep a G4 conformation 

even in the absence of KCl, possibly deriving by the presence of traces of cations in the 

stock buffer, was suggested, before each experiment, our DNA solution was subjected 

to a proper thermal treatment (10 mins at 95 °C followed by overnight annealing to 

the room temperature).  
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Figure 4.16. (A) Dichroic spectra for 4 µM dBcl2_G in 10 mM Tris pH 7.4 recorded before and 

after the annealing process. (B) Thermal difference spectra calculated in Tris 10 mM pH 7.4. 

 

To evaluate the effect exerted by the potassium ion on the G4 folding process, a CD 

titration with increasing KCl concentrations was performed.  

 

 
Figure 4.17. (A) CD titration of 4 µM dBcl2_G in 10 mM Tris pH 7.4 with increasing 

concentration of KCl. (B) Relative variation of the CD signal at 265 nm and 295 nm plotted 

against the cation concentration. 

 

Collected data exhibit that the spectrum registered in absence of cations remarkably 

changes during the titration, both in terms of shape and intensity (Figure 4.17 A). 

Indeed, the intensity of the two main positive (+ve) peaks increased, and a 4 nm blue 

shift of the positive peak at 260 nm was observed. This suggests the ability of the KCl 

to induce a conformational change on DNA folding. The presence of the two +ve 

contributions at 265 nm and 295 nm might be referred to the presence of a G4 of 

mixed topology, in which the strands are oriented in opposite directions, or to the 

coexistence of multiple conformations (parallel and hybrid form) in solution that 

differently contribute to the CD signal. By plotting the variation of the molar ellipticity 

at these two wavelengths as a function of KCl concentration two different trends were 

observed (figure 4.17 B). In particular, at 295 nm a single process occurs. The 
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saturation is reached at about 20 mM of KCl and by fitting the data according to a one 

binding site saturation equation y= (Bmax*x)/(Kd+x) a dissociation constant of 1.4 ± 0.2 

mM was derived. Extremely different is the behaviour observed at 265 nm. The plot of 

the molar ellipticity towards the KCl concentration revealed the presence of two 

processes in solution. The first one reminds what observed at 295 nm and correspond 

to a dissociation constant of 2.5 ± 1.0 mM for the KCl. However, higher concentrations 

of cation induced an event that reminds the occurrence of non-specific DNA-cation 

interactions. This suggests the coexistence of multiple species in solution that 

differently contribute to the overall CD shape.  

 
Figure 4.18. Melting experiment for dBcl2_G. (A) Melting (dark green) and annealing (light 

green) curves collected upon the addition of 150 mM KCl at 265 nm. (B) CD signal recorded 

before the addition of KCl (black line), in presence of 150 mM KCl before (medium dash line) 

and after annealing (solid dark green line). (C and D). Melting (dark green) and annealing (light 

green) curves recorded at 265 and at 295 nm in presence of 100 mM KCl at a heating rate of 50 

°C/h. 

 

To better understand the effect of potassium chloride on the conformational equilibria 

of dBcl2_G the thermal properties in the presence of a physiological concentration of 

KCl (150 mM) were investigated. First, we followed the variation of the molar ellipticity 

at 265 nm as a function of the temperature, by applying a heating ramp of 50 °C/h 

(figure 4.18 A). The collected profiles were not superimposable and intense hysteresis 

was observed. Multiple transitions on both curves were observed and a sensible 

increment of the molar ellipticity was observed at the end of the thermal cycle. For 
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reference the CD spectra in absence of KCl and then in presence of KCl before and 

after the thermal treatment are reported in figure 4.17 B. By comparing them, it 

emerged that the thermal treatment remarkably affects the G4 foldings. Indeed, after 

the annealing step in presence of KCl, the intensity at the positive contribution at 265 

nm markedly increases, while the contribution at 295 nm slightly decreases. 

Nevertheless the TDS in presence of KCl before and after the annealing cycle (figure 

4.18 B) overlap quite well and both remind to a G4 structure. Indeed a negative 

contribution at 299 associated to a two positive contributions at 274 and at 247 nm 

was observed. This fact supports the hypothesis of the coexistence of multiple G4s in 

solution before and after the melting/annealing. Since in presence of high 

concentration of potassium chloride a non-specific DNA-cation interaction was 

observed, we decided to reduce the KCl concentration (100 mM). By using the same 

heating rate two different behaviours were observed at the two major positive 

contributions (265 nm and 295 nm) (figure 4.18 C and D). At 295 nm, the melting and 

annealing curves overlap quite well in a temperature range between 69-95 °C, while a 

slight reduced CD intensity was observed during the annealing step. However, it is 

worth of note that the relative variation of the curves completely overlaps, and a Tm 

of 69.8 ± 0.6 °C was derived. This behaviour suggests that the species that contributes 

at 295 nm reversibly melts however its relative abundance in solution is reduced after 

the annealing. Conversely at 265 nm, the observed behaviour reminds the data 

acquired in presence of 150 mM of KCl. In fact, although less intense, the hysteresis 

between the curves was still observed. The intensity of the signal in terms of molar 

ellipticity was higher after the annealing cycle. Thus supporting the redistribution 

between the parallel and the hybrid contributions. To check if kinetic affects the 

parallel G4, melting and annealing at 100 mM KCl were acquired at a slower heating 

rate (25 °C/h). Again, the melting and annealing curves collected did not overlap, the 

hysteresis was observed and the intensity of the signal at the end of the process was 

higher compared to the value observed after the addition of KCl. 

By comparing the curves at the two heating rates, it was clear that our system was not 

strongly affected by the selected heating ramp. While, the cation concentration affects 

the thermal stability of the system under investigation. Additionally, considering the 

increment of the recorded signal after the entire process, the redistribution towards 

different G4 conformations was confirmed (figure 4.19). 
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Figure 4.19. Comparison of melting and curves collected at 265 nm upon the addition of 100 

mM using different heating rate (50 °C/h or 25 °C/h). 

 

Table I Tm and Ta derived from the curves acquired in 100 mM KCl at 25 or 50 °C/h heating 

rate at 25 nm and 295 nm. 

 

 265 nm 265 nm 295 nm 

 25 °C/h 50 °C/h 50 °C/h 

Tm (°C) 88.2 ± 1.1 °C 81.4 ± 0.6 °C/h 69.8 ± 0.6 °C/h 

Ta (°C) 69.7 ± 0.7 °C 68.7 ± 0.6 °C 69.8 ± 0.6 °C/h 

 

The G-quadruplex structure can exist as monomeric or multimeric forms that are 

expected to generate CD signal presenting differences in terms of intensity 160. To 

check, the multiplicity of the species promoted by the presence of KCl and their 

redistribution upon the annealing, an electrophoretic mobility shift assay (EMSA) in 

native condition and increasing KCl concentration was set up. 

Since the DNA molecules have a constant mass/charge ratio their migration into a 

native polyacrylamide gel is largely affected by their hydrodynamic volume. 

Particularly, species with a higher volume will migrate slower, it derives that 

monomolecular G4, that are more compact than the linear DNA, will run faster in the 

gel, while dimeric or multimeric forms will present a slower electrophoretic mobility. 

Samples were analysed immediately after the addition of metal ion, as well as, after an 

annealing step with variable KCl concentration (10 min at 95 °C and slow cool down to 

room temperature). As reported in figure 4.20 the addition of KCl provides the 

formation of different species. The presence of monovalent cation in the running 

buffer allows the DNA sequence to fold into an intramolecular arrangement even for 

sample prepared in the absence of KCl. Indeed, the oligonucleotide runs faster that a 

22 bases linear oligonucleotide. Addition of KCl in the samples induces the formation 

of an additional form that we can attribute to the dimeric G4. Conversely, for the 

annealed sample in KCl, three different species were detected, the M form and the D 

form that disappear at the higher KCl concentrations, and the tetrameric ones (T) that 
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results mostly promoted by the annealing step (Figure 4.20). By merging all 

information acquired it is clear that the addition of KCl induces the formation of a 

fascinating system, in which multiple species, monomeric, dimeric and tetrameric may 

coexist depending on the working condition applied. 

 
Figure 4.20. 15% native EMSA assay for dBcl2_G in increasing KCl concentration run in 1xTBE 

buffer containing 1 mM KCl. Samples were annealed in Tris 10 mM pH 7.4 and loaded 

immediately upon the addition of KCl or after and annealing step in KCl. 

 

Since other monovalent cation can promote the folding of this sequence, we 

investigated the effect of Na+. 

 
Figure 4.21. Effect of NaCl on dBcl2_G. (A) CD titration of 4 µM of dBcl2_G with NaCl in 10mM 

Tris pH 7.4. (B) Relative variation of the molar ellipticity at 280 nm as a function of NaCl 

concentration. (C) Melting and annealing curves recorded in presence of 200 mM NaCl, TDS 

calculated in presence of 200 mM NaCl. (D) Native EMSA assay in increasing concentration of 

cation. Before loading all samples were annealed in Tris buffer, then increasing concentration 

of cation was add. Buffer used 1x TBE. 
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CD titration of dBcl2_G with increasing Na+ concentration (figure 4.21 A) revealed that 

this cation only modestly modified the CD features of dBcl2_G. Nevertheless, a CD 

spectrum, having two main positive contributions, was observed and TDS confirmed 

that the addition of the sodium chloride promotes the switching towards a G4 

conformation. Differently from the KCl, here the variation of the signal at 265 nm and 

295 nm upon the addition of the cationic species was extremely low. Therefore we 

decided to consider the variation of the signal at 280 nm as a function of the cationic 

concentration. By fitting the data according to a one binding site model a Kd of 7.5 ± 

1.8 µM was derived. Moreover, the saturation is reached at about 75 mM of the 

cation. Again, differently from what observed in presence of KCl, the melting and 

annealing profiles overlap quite well. Accordingly, a melting temperature of 66.2 ± 1.4 

°C was derived. Finally, to evaluate the number of species in solution we performed an 

EMSA assay in increasing cations concentration. Since the annealing cycle slightly alter 

the conformational equilibria in solution, all samples were analysed immediately after 

the addition of metal species (figure 4.21 C). As above reported, in presence of 

increasing potassium chloride multiple species were detected confirming the ability of 

dBcl2_G to assume several G4 conformations. In particular at high ionic strength. 

Moreover, it appears evident that the Na+ cation is sufficient to drive the G4 folding. 

 

So far acquired data evidenced that the selected guanine rich sequence, depending by 

the working conditions (annealing cycle, presence of KCl or NaCl), generates a very 

complex system in which multiple conformations (monomeric, dimeric and 

tetrameric), coexist in solution. It is worth of note that the herein presented data are 

not completely in line with those previously reported in literature by Zhang et 

colleagues 145. Specifically, in 2010 they took into consideration the conformational 

equilibria in presence of KCl, NaCl and PEG200 of a truncated version of our sequence 

(22-nts). For this tract, they revealed the ability of NaCl to promote the formation of a 

single antiparallel G4, while a mixed structure was suggested in the presence of KCl. 

Also, no indication regarding the formation of a multimeric conformation was been 

derived. Despite our data results partially in contrast, it is worth to note that dBcl2_G 

contains 3 more guanines, this means that reasonably the conformational equilibria 

can be strongly modulated by their presence. Bearing this in mind, we decided to 

expand our characterization study considering the effect of flanking region on the 

conformational folding towards the G4 structures. Particularly, our efforts were 

focused on the possibility to get a conformational selection towards a single G4 

structure. 
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4.2.2. dBcl2_G + 3WC 

As anticipated, the sequence context around the minimal G4 forming sequence largely 

affects the conformational selection towards a single structure. 

Therefore, we decided to scan the entire 5'-untranslated region with a bioinformatics 

tool. Then, we focused our attention on the adjacent portion to the already 

characterized guanine rich tract. 

In this contest our sequence appears slightly symmetric; therefore, in a collaboration 

with Professor Toppo group, at the Department of Molecular Medicine at the 

University of Padova, we scanned the entire 5’-untranslated region looking for a longer 

sequence, where the symmetry of dBcl2_G is maintained and with a higher ability to 

assume into a G4 conformation. To do this a customizable imperfection-tolerant 

algorithm based on dynamic programming recently developed, and known as NeSSie 

(Nucleic acids elements of Sequence Symmetry identification) was applied161.  

From this in silico evaluation, several sequences were derived and among them, a 33-

nts sequence, with the highest ability to folds into a G4 conformation was selected. It 

is characterized by the presence of 6 additional nucleobases potentially involved in the 

formation of 3 Watson-Crick base pairs... 

 

dBcl2_G+3WC: 5’-CTC TGG GGG CCG TGG GGT GGG AGC TGG GGC GAG-3’ 

 

As for the dBcl2_G sequence, the conformational equilibria of the dBcl2_G + 3WC and 

its ability to assume or not a G4 arrangement were evaluated in specific experimental 

conditions (KCl or LiCl). Before use, again, each DNA sample was diluted from a stock 

solution to the required concentration in 10 mM Tris pH 7.4 and annealed. 
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Figure 4.22 (A) CD titration of 4 µM dBcl2_G + 3 WC in 10 mM Tris pH 7.4 with increasing 

concentration of KCl. (B) Variation of the molar ellipticity at 265 nm plotted against the cation 

concentration.(C) Comparison of the spectra recorded in Tris 10 mM pH 7.4 for dBcl2_G and 

dBcl2_G + 3WC. (D) Comparison of the spectra recorded in presence of 250 mM KCl for 

dBcl2_G and dBcl2_G + 3WC. 

 

As reported in figure 4.22 A and C the CD spectrum recorded in Tris 10 mM pH 7.4 

(solid black line) was characterized by the presence of two positive bands centered at 

260 nm and 282 nm. Also, the intensity of this signal compared to the one derived for 

the shorter sequence appears extremely high, suggesting that dBcl2_G + 3WC is 

already structured even in the absence of KCl. Upon the addition of KCl (dark green 

line), a sensible variation both in terms of shape and intensity of the signals was 

observed. In fact, a 5 nm blue shift associated with an increment of the CD intensity at 

265 nm was detected, while the intensity of +ve contribution at 282 nm first slight 

increased but then it was reduced. In order to evaluate if KCl provide the same 

conformational shifting on the two guanine rich sequences under investigation, we 

compared the spectra obtained at the same KCl concentration (150 mM). As reported 

in figure 4.21C clearly the two obtained features are different (figure 4.22 D). 

Therefore, the KCl does not provide the shift toward the same conformation on the 

selected oligonucleotides. 

By plotting the relative variation at the most relevant +ve contribution (265 nm) as a 

function of KCl concentration it emerged that the saturation of the process was 

reached at about 250 mM of cation, a value extremely higher compared to the data 

collected for dBcl2_G. By fitting the data according to a one site saturation binding 

model dissociation constant for the KCl of 39.3 ± 3.9 mM was derived (Figure 4.22 B).  
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In the previous chapter, the ability of dBcl2_G to assume multiple conformations in 

solution was proved. Since the longer sequence was selected with the aim to simplify 

the system in solution. A native EMSA assay, in increasing KCl concentrations, was 

performed to check the number of species in solution. (Figure 4.23). 

 
Figure 4.23. 15% native EMSA assay for dBcl2_G + 3WC with increasing KCl concentration. (A) 

Samples were loaded immediately upon the addition of KCl. (B) Samples loaded after an 

annealing step in KCl. Buffer used 1x TBE containing 20 mM of cation. 

 

Again, the observed behaviour in presence of KCl of dBcl2_G + 3 WC was quite 

different from the one observed for the shorter sequence (dBcl2_G). Indeed, even for 

the annealed samples, a single electrophoretic band was detected, that runs 

comparable with the selected 22-nts marker. This indicated that dBcl2_G + 3WC folds 

into a more compact secondary structure. Furthermore, no multimeric species were 

ever observed. This likely suggests that the presence of the 3 canonical pairings that 

prevent the formation of multimeric structures.  

To verify that the selected sequence generates in solution a less complex system its 

thermal melting profile was evaluated working at 150 mM of potassium chloride 

(figure 4.24). Melting and annealing curves were recorded using a 50 °C/h heating rate 

as previously made for dBcl2_G, and the CD spectra before and after the entire 

thermal treatment were acquired. As reported in figure 4.24 A, the CD spectrum 

collected at the end of the thermal cycle is extremely different from the one collected 

immediately after the addition of KCl as well from the CD signature acquired in Tris 

buffer. In contrast to the data for the shorter sequence, a less intense signal at 265 nm 

was detected associated to a small increment of the positive contribution at 282 nm. 

Also, considering the melting and annealing curves recorded at 265 nm a remarkable 

hysteresis was observed.  
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Figure 4.24. Evaluation of the thermal properties in presence of 150 mM of KCl. (A) CD spectra 

recorded before and after the thermal treatment. (B) Melting and annealing curves recorded 

at 265 nm. 

 

In analogy to previous studies, the effect of lower potassium chloride concentration 

(100 mM KCl) on the thermal melting profile was considered. By applying a 50 °C/h 

heating ramp melting and annealing curves were recorded at 265 nm, which is the 

most relevant contribution on the CD features and also at 295 nm. Collected data are 

reported in figure 4.25 

 
Figure 4.25. (A) Meting and annealing curves collected at 265 nm in presence of 100 mM KCl. 

(B) Melting and annealing curves acquired at the cation concentration at 295 nm. 

 

Generally, the behaviour observed partially resembles the one reported in presence of 

150 mM of KCl. Worth of note for this sequence the hysteresis was still present both at 

265 nm and 295 nm, and multiple transitions can be observed. 

To complete the evaluation of the thermal properties of the longer sequence in 

presence of KCl, as for the dBcl2_G, we set up the annealing experiment in presence of 

100 mM KCl and by applying a heating ramp of 25 °C/h (Figure 4.25). Again the 

collected curves did not overlap and the hysteresis is observed. 
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Figure 4.26. (A) Comparison of the melting and annealing curves recorded at the same cation 

concentration but at two different heating rates (50 °C/h or 25 °C/h). (B) TDSs calculated in 

presence of KCl before and after the annealing cycle performed at 25 °C/h. 

 

By comparing the acquired curves at the two selected heating rates it emerged that 

the heating rate doesn’t affected the melting profiles but remarkably change the 

corresponding annealing curves in the 65-25 °C range. 

This indicates that the denaturation step is fast but during the renaturation step, based 

on the heating ramp a different structures are entrapped. In order to evaluate which 

type of secondary structures were involved during the thermal process; the TDSs were 

derived (figure 4.26). Clearly the two calculated result extremely different. In 

particular, before the melting/annealing two positive contributions at 258 nm and at 

273 nm, while after the annealing, a spectrum that reminds the G4 structure was 

observed.  

 

Considering all the collected data in presence of KCl, it appears that the potassium 

promotes on the tested nucleic acid a conformational rearrangement. However, the 

formation of the tetrahelical the G4 structure is promoted only by an annealing cycle in 

presence of the cation. This intriguing behaviour may related to the presence of the 3 

WC base pairs, that contribute both to the CD signal and to the thermal profile of 

dBcl2_G + 3WC or it can be related to the ability of this sequence to adopted different 

conformation, sufficiently stable at room temperature, that partially prevents the G4 

folding. To evaluate the existence of this non G4 structural rearrangement, the effect 

of lithium chloride, that is the best know cationic species able to stabilize the stem-

loop conformation was assessed. First, a CD titration was performed, and then t the 

variation of the CD signal at 265 nm as a function of the temperature was followed. 

Finally, two TDSs were derived. 
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Figure 4.27 (A) CD spectra of 4 µM of rBcl2_G in 10 mM Tris pH 7.4 upon the addition of 

increasing LiCl concentration. (B) Relative variation of the molar ellipticity at 260 nm as a 

function of LiCl. (C) Melting and annealing curve collected in presence of 100 mM of LiCl. 

(C)TDS calculated before and after the thermal treatment in presence of metal species. 

 

As reported in figure 4.27 A, the addition of LiCl induced only a small variation of the 

CD spectrum, in particular, with a modest increment of the intensity at 260 nm. The 

relative variation of the signal at 260 nm was considered, and by fitting the data, a Kd 

of 6.98 ± 3.9 µM was derived towards the cation. This suggests that the LiCl, as well the 

KCl, alters the conformational equilibria of dBcl2_G + 3WC. The thermal profile in 

presence of this cation and the TDS before and after the annealing cycle were 

considered. As reported in figure 4.27 C the melting and annealing curves completely 

overlap, suggesting the fully reversibility of the annealing cycle. Whereas from the 

shape of the two TDS derived it emerged that melting/annealing doesn’t affect the 

structure assumed by dBcl2_G + 3WC in LiCl. Moreover the overall shapes did not 

remind to a G4 conformation. 

 

The herein presented data revealed that the additional nucleotides allow the 

formation of 3WC base pairs, both in presence of KCl or LiCl. Furthermore, it appears 

that these additional pairings did not favour the G4 folding, indeed, the tetrahelical 

arrangement appears only after melting/annealing in presence of KCl. Finally, 

compared to the shorter sequence, no multimeric conformations (dimeric or 

tetrameric) were observed. 
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4.3. RNA G-quadruplex folding sequences: structural 

characterization 
 

4.3.1. rBcl2_G 

Since the DNA guanine rich sequence is contained into the sense strand, during the 

transcription process, a messenger RNA that contains the 25-nts PQS sequence within 

its 5’-UTR is generated. Again this stretch of guanine can easily lead the G4 folding. Its 

aptitude to assume this tetrahelical conformation was considered by applying the 

same experimental approach used for the DNA sequences previously mentioned. 

 

rBcl2_G 5’-GGG GGC CGU GGG GUG GGA GCU GGG G-3’ 

 
Figure 4.28 (A) CD spectra of 4 µM of rBcl2_G in 10 mM Tris pH 7.4 before and after the 

annealing cycle. (B)) CD spectra of 4 µM of dBcl2_G in 10 mM Tris pH 7.4 before and after the 

annealing cycle. 

 

Based on the collected data for the DNA G-rich sequence, the existence of a pre-

organized structure was taken into consideration. After dilution of the stock solution to 

the required sample concentration (4 µM) CD spectra were recorded before and after 

annealing. Figure 4.28 A reports the collected signals. Both spectra showed a single +ve 

band at 265 nm and a –ve one at 241 nm. However, a sensible drop of the intensity 

was observed. This suggests that also this RNA guanine rich sequence may adopt in 

solution a pre-organized structure that partially disappears after an annealing cycle  

Moreover, both TDS shape derived before and after the annealing, showed two 

positive peaks at 250 nm and 277 nm associated to a negative contribution at 300 nm, 

thus suggesting that the pre-organized conformation in solution is likely a G4 structure, 

which was not completely removed after the thermal treatment (Figure 4.29). 
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Figure 4.29. TDS derived for rBcl2_G in Tris 10 mM pH 7.4 before (black dotted line) and after 

the thermal treatment (grey solid line). 

 

Considering the peaks position of the CD spectra of rBcl2_G a parallel G-quadruplex 

topology was suggested. This fits with the available literature data that indicate this as 

the only G4 topology for the RNA sequences. 

Consistently to that, the evaluation of the effects exerts by KCl and LiCl on the 

conformational equilibrium involving this sequence was performed on annealed 

samples. Considering this set of data, in analogy with the corresponding DNA very low 

amount of cation might be sufficient to drive the conformational equilibrium towards 

the tetrahelical structure. Therefore, the evaluation of the effects exerts by KCl and 

LiCl on the conformational equilibrium involving this sequence was always performed 

on annealed samples. First, we evaluate the effect exerts by KCl on rBcl2_G (figure 

4.30).  

 
Figure 4.30 (A) CD titration of rBcl2_G in increasing KCl concentration. (B) Relative 

variation of the molar ellipticity at 265 and 241 nm plotted as a function of cation. 

 

The collected data showed that potassium chloride markedly increased the intensity of 

the CD signal (Figure 4.30 A and B). The relative variation at the two wavelengths of 
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interest was plotted against the cation concentration. Differently from what observed 

for the DNA sequence, the detected behaviours were superimposable suggesting the 

simple conversion of the pre-organized arrangement towards a parallel G4 structure. 

Data fitted according to a one binding site saturation equation allow us to derive a 

dissociation constant of 3.99 ± 0.5 mM towards the KCl. 

To fully describe our system we considered how this metal species affects the thermal 

stability.  

 
Figure 4.31 Thermal properties of rBcl2_G.in physiological concentration of KCl. (A) CD spectra 

of 4 µM of rBcl2_G recorded in 10 mM Tris pH 7.4 in absence/presence of 150 mM of KCl 

before and after the thermal treatment. (B) Melting and annealing curves recorded at 265 nm. 

(C) TDS derived before and after the melting/annealing. 

 

The thermal profile recorded in 150 mM KCl using a scanning speed of 50 °C/h pointed 

out the remarkable stability of this parallel structure. In fact, clearly the denaturation 

process was not complete up to 95 °C. At the applied heating rate, melting and 

annealing curves were not superimposable, and a hysteresis phenomenon was 

observed (figure 4.31). This, unfortunately, do not allow us to derive a melting 

temperature. Nevertheless, the CD spectra acquired before and after the 

melting/annealing step nicely overlap as well as the two corresponding TDS. This might 

be indicate that for this sequence the hysteresis is not due the entrapping of different 

G4 topology but only to kinetic issues. 

To clarify this point simply the experiment was repeated at lower cation concentration 

(100 mM) and at two different heating rates (50°C/h or 25 °C/h). As figure 4.32 A and B 

showed at both heating rate used, at a lower concentration of KCl the melting process 

appears as completed at 95 °C. However, the hysteresis between melting and 

annealing curves was reduced. A comparison of the collected melting curves, at the 
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same cation concentration but a different rating step was made (figure 4.32 C). 

Contrarily from the behaviour observed for the DNA G-rich sequence, here the two 

melting curves did not complete. Suggesting that the applied heating ramp was not 

sufficiently slow. 

 
Figure 4.32 Thermal properties of rBcl2_G.in 100 mM of KCl recorded at different heating rate. 

(A) Melting and annealing curves recorded at 265 nm in 100 mM KCl at 50°C/h s heating rate. 

(B) Melting and annealing curves collected in the same cation concentration but at 25°C/h. (C) 

Comparison of the two melting curves collected at 265 nm. 

 

To verify the number of species promoted by the presence of KCl a native EMSA assay 

was performed (figure 4.33). It emerged that sample preparation is crucial to gain the 

controlled modification of the conformational equilibria. Indeed, in absence of cation, 

as upon its addition, a single species with comparable electrophoretic mobility was 

observed. On the contrary, the annealing step after the addition of cation provides the 

formation of multiple species having different electrophoretic mobility. Therefore, as 

for dBcl2_G, our data revealed a complex system that contains multiple conformations 

depending on the working condition. Also, it is worth to note that these results are 

quite in contrast with the previous set of data reported by Balasubramanian et al in 

2010. Although, they stated the ability of this domain to assume the parallel topology, 

they never observed multimeric conformation. 
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Figure 4.33 15 % native EMSA assay run in TBE 1x in presence of a physiological concentration 

of KCl. All samples were annealed in Tris 10 mM. After the addition of KCl, one sample was 

loaded immediately; the other was annealed in KCl presence. 

 

To complete the structural characterization of the selected nucleic acid, the effect of 

LiCl was taken into consideration (figure 4.34).  

 

 
Figure 4.34 Effect of LiCl on RNA G-rich domain. (A) CD titration of 4 µM rBcl2_G in 10 mM Tris 

pH 7.4 in increasing concentration of LiCl. (B) TDS spectra calculated in presence of 100 mM of 

cation. (C) 15 % native EMSA assay in presence of LiCl. All samples were annealed in Tris 10 

mM. Before the addition of LiCl, one sample was loaded immediately the other was annealed 

in LiCl presence. 

 

CD titration revealed that the selected cation didn’t promote any conformational 

change. Unexpectedly also the TDS did not show any variation thus meaning that the 

metal ion is not inducing the G4 but as well, is also not able to disrupt the residual G4 

that is carried after annealing in Tris 10 mM. Consistently a native EMSA assay in 

absence/presence of lithium chloride revealed the presence of a single species having 

the same mobility of the 22-nts sequences selected as a marker for each tested 

Wavelength (nm)
240 260 280 300 320

R
e

la
ti

ve
 

A

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Wavelenght (nm)
240 260 280 300 320

M
o

la
r 

El
lip

.

-10000

-5000

0

5000

10000

15000

rBcl2_G

100 mM LiCl

A B

C



76 

 

condition (figure 4.34 C). Therefore it is clear that the LiCl doesn’t alter the 

hydrodynamic volume of the conformation assumed in solution by our sequence. 

 

The data obtained so far revealed several similarities between the DNA and the RNA G-

rich domains. Indeed, in an environmental condition comparable with those found in 

cell, both G-rich sequences are able to assume an extremely stable tetrahelical 

arrangement that can be converted into multimeric arrangements. 
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4.3.2  rBcl2_G +3WC 

Since the minimal G4 forming sequence generates multiple species although with the 

same topology, by applying exactly the same experimental approaches followed for 

the DNA counterpart, we performed the structural characterization of the rBcl2_G + 

3WC, characterized by the presence of 6 additional bases and a theoretical high 

propensity to assume the G4. 

 

rBcl2 + 3WC 5’-CUC UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG-3 

 

The first step was to evaluate the presence/absence of a pre-organized arrangement. 

After a stock dilution the CD signal before and after the annealing cycle was recorded 

(figure 4.35). The recorded CD features shows a positive contribution at 265 nm, 

whereas after the renaturation step a blue shift, associated to a sensible reduction of 

the intensity of the signal was detected. This suggests the presence in solution of a 

pre-initial conformational possibly deriving from the stock solution and likely 

supported by traces of cations in the working buffer. 

 
Figure 4.35. Melting and annealing curves, registered at 265 nm with a heating ramp of 

50°C/h. 

 

Each reported experiment was thus performed on pre-annealed samples (10 min at 

95°C followed by a slow cool down to RT). First the effect of KCl was evaluated (figure 

4.36). 
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Figure 4.36. (A) CD titration in increasing KCl concentration. (B) Relative variation of the molar 

ellipticity recorded at 264 and 239 m as a function of the cation concentration. 

 

As reported in figure 4.36 A the spectrum, recorded in 10 mM Tris shows a positive 

peak at 271 nm, while upon the addition of cation a 6 nm red shift associated to a 

sensible increment of the intensity of the overall CD shape was observed. This suggests 

that the selected metal species promotes conformational changes towards a parallel 

G4 topology. The relative variation of the molar ellipticity at 264 as well as at 241 nm 

were considered and plotted as a function of the KCl concentration. Similarly to the 

reported data for rBcl2_G sequence, the detected behaviour was superimposable By 

fitting the data using the one binding site model; a dissociation constant for the KCl of 

12.19 ± 2.6 mM was derived. Thus the affinity for the metal ion was actually reduced. 

To complete the evaluation of the effects of KCl on rBcl2_G + 3WC, the thermal 

properties were evaluated in presence of a physiological concentration of cation (150 

mM). Melting and annealing curves were recorded using a heating ramp of 50°C/h and 

following the denaturation process at 264 nm. In line with the shorter sequence, at 

150 mM KCl the denaturation process was not complete up to 95 °C (data not shown). 

Surprisingly, even reducing the KCl concentration to 100 mM the unfolding was not 

complete at 95 °C as well. Therefore, we cannot derive a melting temperature. 

Considering the intensity of the signal at the end of the entire cycle a sensible 

increment of the molar ellipticity was observed, suggesting that the annealing step 

actually further promotes the G4 formation that, as reported in figure 4.37 C still 

preserve the parallel orientation. The same emerged from the TDS where the negative 

contribution at 298 nm appears as relevant only after the annealing cycle (figure 4.37 

D). 
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Figure 4.37. (A) Melting and annealing curves collected in 100 mM KCl with a heating ramp of 

50°C/h. (B) Melting and annealing curves collected in 100 mM KCl with a heating ramp of 

25°C/h. (C) Spectra recorded during the entire annealing cycle. (D) TDSs calculated before and 

after the thermal treatment upon the addition of 100 mM KCl. 

 

This behaviour reminds the one previously observed for the dBcl2_G + 3WC and 

confirmed that the presence of 6 additional bases partially prevents the folding into 

G4. However, a native EMSA assay (figure 4.38) revealed the higher complexity of this 

system compared to the DNA counterpart (dBcl2_G + 3WC). In particular, it appears 

that the addition of KCl did not alter the number of species contained in solution, in 

fact, three main bands were identified both in the absence/presence of KCl and, it 

appears that their relative intensity change with the band having the slower mobility 

increasing after the thermal treatment. 

 
Figure 4.38. 15% native polyacrylamide gel in presence of 100 mM of KCl. One sample was 

loaded upon the addition of cation, the other one was submitted to an annealing cycle prior 

the loading. 
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To better understand our system, the effect of Lithium chloride on the conformational 

equilibria of the sequence was evaluated. 

 
Figure 4.39. (A). CD titration in increasing LiCl concentration. (B) Melting and annealing curves 

collected for rBcl2_G + 3WC upon the addition of 100 mM LiCl. (C) TDSs calculated. (D) 15% 

native polyacrylamide gel in presence of 100 mM of LiCl. One sample was loaded upon the 

addition of cation, the other one was submitted to an annealing cycle prior the loading. 

 

In contrast to what we observed on rBcl2_G, here the metal ion increases the CD signal 

at 266 nm (figure 4.39 A). This is quite similar to the one reported for dBcl2_G + 3WC 

and in line with the stabilization of the WC pairing. Indeed, the TDS derived did not 

remind to a G4 conformation (figure 4.39 C). Moreover, the melting and annealing 

curves acquired at a heating rate of 50 °C/h in 100 mM LiCl showed a perfectly 

reversible single transition with a Tm of 54.4 ± 0.2 °C (figure 4.39 B). Finally, as 

reported in figure 4.39 D, native EMSA assay showed that 100 mM Li+ shift the species 

distribution towards the form at lower electrophoretic mobility, irrespectively of the 

presence/absence of the annealing step. 

 

By merging all collected data, we can suggest that this specie might derive from the 

WC pairing of two strands that is stabilized either by potassium and lithium. 
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4.3.3 rBcl2_48 

As we already proved, the conformational equilibrium and the aptitude to folds into a 

G4 conformation of the PQS is strongly modulated by the presence of additional 

nucleotides at 3’ and 5’ ends. In particular, literature data evidenced the formation of 

secondary structures alternative to G4, as the stem-loop conformation (hairpin), that 

might competes with the tetrahelical one and having a physiological impact and 

relevance on the gene expression as well162. 

 
Figure 4.40 5’-UTR domain within BCL2. (A) UTR nucleotide composition. (B) Schematic 

representation of the 5’-UTR domain and possible secondary structure contained. 

 

Bearing this in mind we considered the entire 5'-UTR portion and we searched for the 

presence of other longer domain comprising rBcl2_G that can possibly form a hairpin 

structure. By using mFold as a bioinformatics tool 163, we fractionized in a 50-nts long 

slots the entire 5’-untranslated domain and for each selected tract the ability to 

assume a stem-loop conformation was considered. Thanks to this approach several 

fragments able to assume an intramolecular stem-loop conformation were derived. 

Then, we restricted the area of interest to the portion that contains the selected PQS. 

The same bioinformatics tool was applied by changing the position in which the PQS is 

located within the 50-nts fragment. Again for each stretches we derived the 

theoretical stability of the intramolecular pairing and based on the score obtained a 

longer sequence, composed by 48-nt and characterized by the higher aptitude to 

assume a stable stem-loop conformation, was choose. (Figure 4.41). 

 

rBcl2_48: 5’-UGG GGG CCG UGG GGU GGG AGC UGG GGC GAG AGG UGC CGU UGG 

CCC CCG-3’ 
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Figure 4.41 Example of non canonical secondary structures derived during the bioinformatics 

analysis of the entire UTR domain. (A) sequence 1-50 nts. (B) 76-126 nts. (C) 490-493 nts. (D) 

425-475 nts. 

 

The conformational equilibria of this sequence (rBcl2_48) and its propensity to balance 

between G4 or a hairpin were explored by spectroscopic and electrophoretic 

techniques in absence or presence of selected cations (KCl or LiCl). 

The first step of our study was again evaluate the existence of a pre-initial structures, 

therefore a CD signals were recorded in 10 mM Tris pH 7.4 before and after an 

annealing cycle (figure 4.42) 

 
Figure 4.42. Effect of the Tris buffer on the rBcl2_48 (A) CD spectra recorded in Tris 10 mM 

before and after the annealing cycle. (B) TDs derived before (solid line) and after (dashed line) 

the thermal treatment. 
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For this sequence the two CD spectra nicely overlap. However, they were 

characterized by the presence of a strong positive peak at 265 nm and a negative one 

at 241nm that might refer to a G4 conformation. This was unfortunately ruled out by 

the TDS which shape did not correspond to the differential spectra generally 

associated to a G-quadruplex conformation, since the negative peak at 295 nm is 

missed. From this preliminary set of data a clear indication regarding the pre-initial 

conformation with no involvement of the G4 arrangement was obtained. 

 
Figure 4.43. Effect of KCl on rBcl2_48 conformational equilibria. (A) CD titration in 10 mM Tris 

buffer pH 7.4 in increasing cation concentration. (B) Relative variation of the molar ellipticity at 

264 nm. 

 

Then we moved to evaluate the effect of KCl by using circular dichroism. As reported in 

figure 4.43 A the CD signal recorded upon the addition of KCl up to 500 mM revealed 

that the metal species did not extremely modulate the conformational balance of our 

oligonucleotide. Indeed, no sensible variation in the intensity of the CD feature 

recorded, as well as the shape. By plotting the molar ellipticity recorded at 264 nm as a 

function of the cation concentration a trend that remind of a non-specific interaction 

in presence of higher KCl concentrations was observed  

To better understand this system we evaluated its thermal properties. In 150 mM KCl 

the melting and annealing curves modestly deviated (data not shown), whereas at 

lower cation concentration (100 mM KCl), the recorded data evidenced the completely 

reversibility of the annealing process and a Tm of 76.5 ± 0.5 °C was derived. Under this 

experimental condition the process resulted in equilibrium since  a further reduction of 

the heating rate (25 °C/h) provides a similar thermal profile and melting temperature 

(77.4 ± 0.1 °C) (figure 4.44). Accordingly, TDS did not change and a native EMSA assay 

in TBE 1x buffer and in absence/presence of 100 mM of KCl. Data acquired did not 

highlights the formation of species at differ electrophoretic mobility in the sample 

annealed or not (data not shows). 
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Figure 4.44. Effect of KCl on the rBcl2_48 thermal properties Melting and annealing curves 

collected at 265 nm in presence of 100 mM cation at a 25°C/h as heating rate. 

 

Table II Tm derived from the curves acquired in Tris 10 mM, 100 mM or 150 mM KCl at 25 or 

50 °C/h heating rate at 265 nm. 

 

 Tris 10 mM 

50 °C/h 

100 mM KCl 

25 °C/h 

100 mM KCl 

50 °C/h 

150 mM KCl 

50 °C/h 

Tm (265 nm) 62.7 ± 0.6 °C 77.4 ± 0.1 °C 76.5 ± 0.5 84.8 ± 0.5 

 

 

Considering the data acquired it emerged that the KCl doesn’t promote the folding 

towards the G4 structures, despite a thermal stabilization effect was observed. 

To understand the nature of the structure assumed by rBcl2_48 the same data were 

acquired in presence of lithium chloride (100 mM). Again, from the spectroscopic data 

(figure 4.45 A) no sensible variation in the CD signal,  neither in terms of intensity or 

shape, was observed, and melting and annealing curves overlapped quite well, 

confirming the reversibility of the annealing process. By fitting the data as a function of 

the temperature a Tm close to 75 °C was derived that result comparable with the value 

derived in KCl. Also the TDS was reminiscent to the obtained trend in absence and in 

presence of KCl. To conclude the evaluation of the LiCl effect on rBcl2_48 a native 

EMSA assay in TBE 1x was performed. As reported in figure 4.45 B for each lane a 

single species, with the same electrophoretic mobility was observed, suggesting that 

the LiCl does not alter the hydrodynamic volume of the species contained in solution. 
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Figure 4.45 (A) CD titration of 4 µM rBcl2_48 in 10 mM Tris pH 7.4 in increasing concentration 

of LiCl. TDS spectra calculated at the cation concentration of 100 mM. (B) Native EMSA assay in 

presence of LiCl. All samples were annealed in Tris 10 mM. Before the addition of LiCl, one 

sample was loaded immediately after the addition of cation; the other one was annealed in 

presence of LiCl. 

 

Considering all acquired data it emerged that the longer sequence is not able to 

assume the tetrahelical conformation neither in presence of potassium chloride and/or 

after an annealing cycle in presence of it. LiCl gave a comparable set of data. Indeed, 

no detectable variation in the CD shape and TDS were observed. Thus, both of them 

did not promote a conformational shift towards a different conformation. However, it 

is worth to note that both selected cations promote a thermal stabilization of the 

structure in solution. Therefore, all evidence supports and confirms the in silico 

analysis performed on our domain. This means that the insertion of the minimal G-rich 

sequence into a larger domain, prevent the formation of a G4 and promote the 

formation of an intramolecular stable hairpin structure. 
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4.4 DNA Cytosine-rich domain: structural characterization 
 

4.4.1. dBcl2_C 

The previous chapters (4.2 and 4.3) were focused on the structural characterization of 

the putative G-quadruplex forming sequences. However, physiologically the DNA is a 

double helix, thus a Cytosine rich domain is present on the complementary strand. For 

this gene, the C-rich domain is located in the antisense/template strand that contains 

the consensus site for the RNA Polymerase II. In 2014 Agarwal et colleagues164 

reported, that the presence of iM conformation in the antisense strand can creates a 

physical blockage for the enzyme, therefore the translation might be reduced. Keeping 

this in mind in this chapter the conformational equilibrium of dBcl2_C and its ability to 

assume the iM structure was explored. 

 

dBcl2_C: 5’-CCC CAG CTC CCA CCC CAC GGC CCC C-3’ 

 

As reported in figure 4.46. A, in Tris 10 mM pH 7.4, the first recorded spectrum was 

characterized by the presence of a positive peak at 281 nm, a negative one at 236 nm 

with a cross-point at 260 nm, that reminds to a canonical DNA B-Helix. After the 

denaturation process, a 2 nm shift of the positive peak was observed (279 nm). 

However, the intensity of the CD signal recorded was maintained. Melting and 

annealing curves recorded at 281 nm overlap quite well. No sigmoidal profile was 

observed, suggesting that probably the conformation assumed in solution is not 

extremely stable. A native PAGE assay (figure 4.46 C) showed a single species with an 

electrophoretic migration comparable with the expected one for a 25-nts longer 

sequence. This might suggest that, differently from the guanine rich sequence, dBcl2_C 

did not assume a significantly stable pre-organized conformation. 
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Figure 4.46 (A) Dichroic signal of 4 µM of dBcl2_C in 10 mM Na-Cacodylate at pH 7.4 before 

and after the thermal treatment. (B) Melting and annealing curves recorded for dBcl2_C. (C) 

15% native PAGE assay in TBE 1x. 

 

Even though this pre-folded conformation is not significantly stable, in silico evaluation 

using IDT OligoAnalyzer as a bioinformatics tool was set up to check the possible 

nature of this structure. As reported in figure 4.47, dBcl2_C might assume a poorly 

stable intramolecular pairing. 

 
Figure 4.47 Possible intramolecular hairpin-like or conformation assumed by dBcl2_C 

calculated via IDT OligoAnalyzer tool with their relative theoretical stability. 

 

The formation of the iM was subsequently followed working in a wide range of pH 

(8.3-2.8). The acidification of the environment strongly altered the recorded 

spectroscopic signal (figure 4.48). Specifically, by decreasing the pH from 8.3 to 5.5 a 

sensible increment of the intensity associated to a blue shift of the +ve peak at 288 nm 

and was observed. Comparing this trend with the CD dataset reported in 

literature164,165, clearly, it reminds to an iM conformation. Moreover, according to the 

formation of the tetraplex, the addition of HCl up to pH 2.8 caused a sensible drop of 
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the signal as a consequence of the fully protonation of the cytosine bases166. Since the 

iM requires a specific pH condition to fold, from a pharmacological and physiological 

point of view is extremely important determines the transitional pH, which is the pH 

value where half of our sample is folded into this intercalated form. By plotting the 

relative variation of the molar ellipticity towards the pH value, a sigmoidal trend was 

observed, suggesting a cooperative folding process. By fitting the data according to y= 

B/ (1+ 10^ (n*(pH – pKa) equation, a transitional pH (pHt) value of about 6.6 was 

derived, a value quite close to the physiological one. As the cellular environment is 

extremely crowded, the pKa of the cytosines may change to allow the iM occurrence in 

vivo, as now confirmed by in-cell NMR spectroscopy and imaging with a selective 

antibody. 

 
Figure 4.48 CD features recorded for dBcl2_C in 10 mM Na-Cacodylate during the pH titration 

(pH 8.3-2.5). (B) Relative variation of the molar ellipticity at 288 nm plotted as a function of the 

pH value  

 

In addition we decided to follow the kinetic of the folding process. We acquired the CD 

spectrum at neutral condition (10 mM Na-Cacodylate pH 7.4), then HCl was added to 

get the transitional pH and the variation of the CD signal as a function of the time was 

evaluated (figure 4.49). 

 
Figure 4.49.Kinetic experiment for dBcl2_C in 10 mM Na-Cacodylate upon the addition of HCl. 

The solid blue spectrum referred to the pre-folded conformation assumed at pH 7.4, the black 

solid line referred to the iM structure at the transitional pH (pH 6.6). 
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As reported in figure 4.48, by comparing the CD spectra recorded it appears that upon 

the addition of the cloridic acid immediately the pre-organized structure shifts towards 

the iM. Indeed, a blue shift associated with an increment of the intensity was 

observed. However, since the kinetic parameter was evaluated using a CD instrument, 

a lag time between the addition of the HCl and the first CD spectrum recorded exists. 

Thus, we cannot ensure that the iM folding process does not involve other 

intermediates. 

The thermal profile at pH 5.5 is reported in figure 4.50 A. Melting and annealing curves 

recorded revealed the fully reversibility of the annealing process, moreover since a 

sigmoidal transition was observed a melting temperature of 53.0 ± 0.1 °C was derived.  

Compared to the G4 conformation, the iM structure is considered less polymorphic, 

due to the spatial arrangement of the CC+ base pairs, the iM can assume just two 

different topologies: the 5'E when the outmost CC+ is located at the 5'end of the entire 

structure. While, if the terminal CC+ is at the 3' terminus of the structures the topology 

assumed is known as 3'E39. Also, as in the case of the guanine rich sequence, the iM 

can exist as a monomeric structure, dimeric or tetrameric forms. Considering this, the 

effect of strand concentration was taken into consideration. As reported in figure 4.50 

B, the nature of the derived iM was asses by comparing the CD spectra recorded at 

different strand concentrations (3.60 and 20 µM). Nicely, the obtained trends overlap, 

the presence of a monomolecular tetraplex in solution.  

 
Figure 4.50 (A) Melting and annealing curve of dBcl2_C recorded in 10 mM Na-Cacodylate pH 

5.5 at 288 nm (B) CD spectra recorded at pH 5.5 of 3.6 µM or 20 µM dBcl2_C. 

 

The formation and the stability of the DNA secondary structures are largely affected by 

the ionic condition within the cell environment. Therefore, the conformational 

equilibrium of dBcl2_C was explored in presence of KCl. 

To do this, working under neutral condition (pH 7.4) three different techniques were 

applied: Circular Dichroism, native PAGE assay, and fluorescence melting experiment. 

The effect of KCl was initially assessed performing a Fluorescence melting assay at pH 

7.4. This technique correlates the variation of fluorescence emitted by a suitably 
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sequence functionalized with a fluorophore and a quencher as a function of the 

temperature increment. In a condition that allows the folding into iM or other 

secondary structure, the fluorophore and quencher are in close proximity and the 

emission of the fluorophore will be quenched. On the contrary, when the sequence is 

completely unstructured, the maximum fluorescence emission is observed, since 

fluorophore and quencher are spatially distant. During this assay, the shift from the 

structured condition to the unstructured one is induced by temperature and the 

obtained out-put is a thermal profile where the variation of the fluorescence emitted is 

reported as a function of the temperature. 

Considering the melting curves acquired none melting profile was detected even after 

the addition of 200 mM of KCl (data not showed). This suggests that the metal ion does 

not thermally stabilize the conformation assumed by our sequence. In agreement CD 

spectroscopy (figure 4.51 A) revealed that increasing KCl concentration doesn’t alter 

the conformational equilibria in solution and native PAGE assay showed no variation in 

the electrophoretic mobility. Thus we can conclude that KCl doesn’t induce the iM. 

 
Figure 4.51 Effect of KCl on the iM forming sequence. (A) CD titration of 4 µM of dBcl2_C in 10 

mM Na-Cacodylate pH 7.4 with increasing cation concentration. (B) 15% native PAGE assay 

runs in TBE 1x for the 25-nts iM forming sequence in presence of increasing KCl. 

 

These collected data, unexpectedly are partially in contrasts with those published for 

EGFR-272_C, a 30-nts iM forming sequence previously characterized in our lab88 where 

the iM was competing with a more defined hairpin that caused an impairment of the 

tetrahelical formation by the presence of monovalent cation. While in this context the 

monomeric stable iM assumed by dBcl2_C in mildly acidic condition is not in 

competition with other significantly folding. 
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4.5. Environmental factors affecting the G4 and iM 

conformational equilibria. 

The great interest received by the non-canonical structures in not solely confined on a 

pharmacological field. In literature, several contributes focused on the possibility to 

use this arrangement as a tool for the evaluation and detection of a physiological and 

pathological condition or as a nanodevice loaded with protein or small molecule able 

to selectively release the cargo. Several contributes also reports that external factors, 

as small molecules, non-physiological cations, protein or dehydrating agent and co-

solvent may alter these conformational equilibria. By keeping this in mind, after having 

established that all of the selected sequences along the 5’-UTR of BCL2 are able to 

assume a non-canonical secondary structure (hairpin, G4, and iM), we decided to 

explore how the environment can modulate these conformational equilibria. In 

particular, the effect of selected ligands, non-physiological metal species (AgCl) or 

crowded agent, as the PEG200, and the presence of the complementary strand, to 

modulate these foldings and their stability were assessed. 

 

4.5.1 ds-DNA vs tetrahelical arrangements 

The selected G- and C-rich domains and their ability to folds into peculiar non-

canonical secondary structures were been confirmed using different experimental 

conditions where a single strand was present. Physiologically the DNA is a right-handed 

double helix stabilized by the Watson and Crick (WC) base pairs A-T and G-C. For the G-

C base pairs, there are three hydrogen bonds (ΔG – 17.20 Kcal*mol-1) in contrast to 

the two present in the A-T base pairs. Considering the high content of Guanine and 

Cytosine of the DNA selected region, the formation of a stable double-stranded can be 

predicted. The base composition of the sequence exerts a fundamental role in the 

stability of the double-strand form, as well the cations physiologically present in cells. 

Indeed, positively charged species can neutralize the negatively charged backbone of 

the DNA leading to a differential stabilization of specific foldings. For this reason, here 

we assessed the ability of the dBcl2 25-nts long domain to form a ds-form instead of 

G4 and iM conformations in conditions that mimic the physiological environment. 
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Figure 4.52 (A) CD spectra collected for dBcl2_G and dBcl2_C in 10 mM Tris pH 7.4. CD trend of 

an equimolar solution of both oligonucleotide in absence/presence of KCl and mathematical 

sum of the G- and C-rich spectra recorded. (B) 15% native EMSA assay runs in TBE 1x in 

presence of dBcl2_G-, dBcl2_ C and an equimolar mixture of selected strands. 

 

A brief summary is reported in figure 4.52. As previously reported at pH 7.4 the single 

G and C-rich strands are differently organized. The guanine rich strand is folded into a 

G4 conformation even in the absence of cation, whereas for the C-rich sequence, a 

pre-organized conformation probably corresponding to a self-dimer was detected (+ve 

peak at 277 nm). When an equimolar solution of C- and G-rich sequences was 

considered, an unexpected behaviour was detected. Indeed, although the selected 

experimental conditions were set up to promote the formation of a double strand-

form, the recorded CD features did not fit to a classical B-DNA (+ve peak at 280 nm and 

–ve ones at 245 nm). Indeed, it was characterized by a +ve contribution 265 nm, 

suggesting that the ability of the G-rich domain to assume the tetrahelical 

conformation might significantly prevent the formation of the ds-form. However, it is 

worth to remind that depending on the base composition different structures were 

adopted as well different CD spectra. In particular, compared to the canonical shape 

associated to the B-DNA, poly[d(G)] poly[d(C)] duplex generate a different CD 

spectrum, with a positive contribution at about 260 nm167. In order to understand the 

behaviour observed during the spectroscopic evaluation, a native EMSA assay was set 

up working in the same experimental condition (figure 4.52 B). Again, the collected 

data confirmed the propensity of the G- and C-rich sequence to assume a pre-

organized conformation. Indeed electrophoretic bands having a comparable migration 

with the 22-nts marker were observed. The equimolar mixture of the two strands 

provides two species having different migration. The faster one runs comparable with 

the single strands, whereas the slower one might be related to the formation of a ds-

form. Therefore, by merging all the presented data, we cannot fully exclude the 

formations of the double-stranded DNA in the selected condition. 
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4.5.2 AgCl: an interesting cation able to modulate the conformational 

features of DNA C-rich strand. 

The DNA is a pivotal biopolymer comprises four distinct nucleobases (A, T, G, and C) 

and having the ability to self-assemble in intricate nanostructures in a reversible 

manner. 

This peculiar ability and the excellent mechanical properties raised the interest 

regarding the nanotechnological application of the DNA. An interesting area of 

research is the metal-base interaction168–170. Indeed, each nucleobase offers several 

sites for the interaction with metal species. Over the years, many cations were found 

able to interact with the DNA. As example, in 1963 the ability of the Hg2+ to interact 

with the T residues, allowing the formation of T-HG2+-T base pairs, was observed171–173. 

Similarly, in 1967 the interaction with the silver ion was proposed174. An hypothesis 

further confirmed lately175–178. In addition to that, the discovery of the non canonical 

secondary structures improves the research among the environmental condition able 

to stabilized/destabilize them. The presence of metal ions is one of the most intriguing 

partners for the iM folding process. In the last decade, the effect of monovalent or 

divalent cations such as calcium, magnesium and sodium was explored50,179. In 2013 

Waller’s group stated the ability of the silver ion to mediate the iM folding under 

neutral condition where the silver to acting as a bridge between the two N3 mimicking 

the structure of the hemi-protonated C-H+-C dimer responsible for the stabilization of 

the i-motif structure in DNA51,180 

Following these mentioned reports, we decided to evaluate the effect of AgCl on the 

conformational equilibria involving our cytosine rich sequence. 

As in the case of the KCl, the ability of the silver ion to improve the thermal stability of 

our sequence was assessed through a fluorescence melting assay at neutral pH. As 

reported in figure 4.53, increasing concentrations of cation significantly alter the 

thermal profile associated to dBcl2_C.  
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Figure 4.53 Melting curves recorded for 0.25 µM of labelled oligonucleotide in presence of 

increasing concentration of cation.  

 

To evaluate the occurrence of a conformational rearrangement a native 

polyacrylamide gel was performed in the same experimental condition (10 mM Na-

Cacodylate pH 7.4). Figure 4.54 A shows that the presence of cation did not alter the 

electrophoretic mobility of the tested nucleic acid. Indeed the electrophoretogram 

revealed the presence of a single band, having slower mobility compared to the 

selected 22-nts marker. Interesting results were derived by the CD titration that 

evidenced, as reported in figure 4.54 B, the aptitude of the silver ion to induce a 

conformational change. In particular, the positive contribution at 277 nm disappears 

and two different CD profiles were observed. The first one, characterized by a -ve 

contribution at 267 nm was observed up to the addition of 4 µM of cation. The second 

one, at higher AgCl concentrations, was characterized by a -ve contribution at 290 nm 

that was not completed up to 80 µM of AgCl. Each of these steps showed an isodicroic 

point. This particular behaviour might suggest that the conformational rearrangement 

promoted by the silver ion proceeds with a two-step process. To confirm our idea, the 

relative variations of the molar ellipticity at 267 nm and at 290 nm were plotted 

towards the cation concentration (figure 4.54 C). As expected, completely different 

trends were observed. At 267 nm, two distinct events were observed: in presence of 

lower cation concentrations a linear increment of the negative contribution was 

observed. However, by increasing the AgCl concentration, the –ve peak at 267 nm 

shifts towards 290 nm. Quite different is the behaviour at 290 nm, were only the 
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second step can be easily monitored. By fitting the data at 290 nm according to a one 

binding site equation the Kd for the second process was derived (Kd of 16.0 ± 1.6 µM). 

 
Figure 4.54. (A) 15% native PAGE assay runs in TBE 1x upon addition of increasing 

concentration of cation. (B) CD titration of 4 µM of dBcl2_C in 10 mM Na-Cacodylate with 

increasing AgCl concentration. (C) Relative variation of Molar Ellipticity at the two most 

relevant contributions (267 nm and 290 nm).  

 

Together, the collected data revealed that AgCl promotes a conformational 

rearrangement towards a conformation that unfortunately not corresponds to an iM 

structure. To understand if the effect of this cation is specific for the iM forming 

sequences, CD titrations were performed on a different set of sequences. In particular, 

two C-rich sequences able to fold into an iM (cMYCpu24 and hTeloC) were selected. 

Coscramble-CC and Coscramble sequences were selected as cytosine-rich sequences 

not able to assume the iM, whereas the ctDNA as an example of a stable double 

strand. 
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Figure 4.55 CD titrations on 4µM of (A) c-Myc (B) hTeloC, (C) Coscramble-CC with increasing 

concentrations of silver ions. (B) Relative variation of the signal plotted against the cation 

concentration.  

 

Figure 4.55 revealed that the general behaviour observed reminds the one observed 

for dBcl2_C. Indeed, the main +ve contribution disappears and two different CD 

profiles, both characterized by isodicroic point, were observed. Again, we followed the 

second step of the entire process and by fitting the relative variation at the most 

relevant -ve contribution (293 nm for c-Myc, 289 nm for hTeloC and 290 nm for 

Coscramble-CC and Coscramble) according to a one binding site model a dissociation 

constant were derived (9.3 ± 1.6 µM and 14.9 ± 2.6 µM 23.5 ± 4.6 µM, 32.3 ± 5.8 µM 

and of 3.6 ± 0.8 µM). A comparison of this second step for each tested sequences is 

reported in figure 4.55 D. It emerged that unfortunately none of the selected 

sequences reached the saturation point, moreover, with the exception of the hTeloC, 

the behaviours observed for the other sequences nicely overlap. This suggests that the 

cation acts similarly on the iM forming sequences as well as on the Coscramble-CC and 

Coscramble that are enriched in cytosine but not designed to fold into an iM. Quite 

different was the scenario exhibit in figure 4.56 where the ctDNA was titrated with 

increasing AgCl. Indeed, again the silver ion induces a conformational change. The 

positive contribution at 270 nm disappears, two different CD profiles were observed 

and each of them showed an isodicroic point. However, by plotting the relative 

variations at 286 nm, which correspond to the second step, two different events occur, 

thus we cannot derive dissociation constant. Therefore, it appears that the selected 

metal ion acts differently on a double-strand form. 
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Figure 4.56 CD titration of ctDNA with increasing concentrations of AgCl. (B) Relative variation of 

Molar Ellipticity at the two most relevant contributions (270 nm and 286 nm). 

 

The herein presented data are fully in contrast with the reported ability of the cation 

to induce the iM. Indeed, CD features recorded does not remind the signal associated 

to an iM conformation and more relevant, with the exception of the ctDNA, that is a 

double strand, the same trend was observed for each tested C-rich sequences.  

Recently Swasey and colleagues181 stated the ability of this cationic species to induce 

the formation of a parallel duplex by using ESI-MS and FRET assay. The formation of 

this peculiar pairings can fit our results. However, PAGE data excluded the formation of 

a dimeric species. This fully excludes the formation of a parallel dimer induce by the 

presence of AgCl. 

Since unfortunately, our recorded CD features don't fit either with the CD spectra 

reported for the iM nor for the parallel duplex CD trend, in order to accurately define 

which conformation is assumed by each selected sequence further studies under these 

conditions are needed. 
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4.5.3 PEG200: a crowded agent able to modulate the conformational 

equilibria of dBcl2 G- and C-rich sequences. 

 

The presented data so far were acquired in a dilution condition. However, it is worthy 

to note that the intracellular environment is considerably different from the diluted 

aqueous solution. Indeed, in living cells the 20-40% of the total volume is occupied by 

various biomolecules, thus, the dynamics and the interaction between biomolecules, 

as well the efficiency of the gene transcription and translation and the cell growth is 

modulated by this crowded condition182–184. Based on this, in vitro studies, using 

buffered solution in presence of protein as albumin, chymotrypsin and lysozyme were 

performed. However, in their presence is not easy to analyse the reaction of interest, 

also, the added proteins might bind and/or degrade the nucleic acid. For this reason, 

to generate the intracellular crowding condition, synthetic cosolutes are considered 

more convenient reagents. Especially, among them, neutral or net neutral molecules 

as ethanol or small Poly(ethylene glycol) (PEG) reduces the water molecules activities, 

generates an osmotic stress and reduces the dielectric constant185,186. In the case of 

nucleic acids, it has been reported that the addition of cosolutes stabilizes the less 

hydrated structures, as the G4; moreover, they influence the folding topology. Also, 

the C-rich domain is affected by of these agents, in fact, several reports revealed the 

folding into iM structures at neutral pH lead by the addition of PEG200
33,187,188. An 

evidence completely in line with the reported data regarding the destabilization of the 

Watson-Crick duplex189,190. 

For this reason, the effect of PEG200 on the folding pathway of both DNA G- and C-rich 

tracts contained along the BCL2 DNA untranslated domain, was assessed (figure 4.57). 
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Figure 4.57 (A) CD spectra of the guanine rich sequence in absence/presence of 40% of 

cosolvent before and after an annealing cycle. (B) CD spectra of dBcl2_C in absence/presence 

of 40% of cosolvent before and after an annealing cycle. (C) 15% PAGE assay for the C-rich 

sequence in presence of increasing % of PEG200. One set of sample was loaded after an 

annealing cycle in presence of the polymer.  

 

As reported in figure 4.57, the addition of the PEG200 caused different behaviours on 

the tested sequences. In particular, the addition of 40% of PEG200 on dBcl2_G 

immediately leads to the reduction of the CD signal. However, after an annealing cycle, 

the recorded CD spectrum exhibits an increment of the signal at 265 nm, while the +ve 

peak at 295 nm disappears. This behaviour suggests that the presence of the polymer 

partially alters the conformational equilibria in solution of dBcl2_G and, in line with the 

datasets reported in literature it appears that the parallel conformation is promoted 

(figure 4.57 A). Quite different was the behaviour observed for the cytosine rich 

fragment. As reported in panel B the molar ellipticity immediately dropped upon the 

addition of 40% of PEG200 that was even more evident after an annealing step. 

Additionally, considering the peak position, clearly, no induction of the iM 

conformation was provided. Despite, our set of data is totally in contrast with the 

reported behaviour of PEG200 on the iM folding process of several genes; these data 

are totally in line with those observed for the C-rich tract, along the EGFR promotorial 

region. Indeed, neither for the EGFR-272_C sequence, the addition of Poly (ethylene 

glycol) promotes the iM folding. To conclude our evaluation on dBcl2_C a 15% native 

PAGE assay was set up. In particular, the effect of increasing percentage of PEG200, as 

well the annealing cycle after its addition, on the conformational equilibria of dBcl2_C 

was assessed. From the collected data, reported in panel C it appears that the addition 

of increasing % of PEG200 doesn’t alter the electrophoretic mobility of the samples 
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loaded immediately after the addition of polymer, whereas a very small shift of the 

electrophoretic bands was observed for the samples loaded after an annealing cycle. 

 

Considering all the acquired data we can propose that for the dBcl2_G crowding 

condition partially promotes a conformational selection, probably towards the parallel 

topology. Contrarily, the same percentage of polymer does not promote the iM folding 

of dBcl2_C under neutral condition. Indeed, no detectable changes towards a CD trend 

that reminds the iM were observed. Moreover, considering the sensible drop off of the 

CD signal and the small variation on the electrophoretic mobility after the annealing 

cycle, we might suggest that the selected polymer strongly interact with the 25-nts C-

rich sequences, allowing the formation of a DNA-PEG complex that might precipitate in 

solution. 
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4.5.4 Targeting the iM and the G4 structures: screening of small 

molecules on DNA and RNA selected sequences. 

The first goal of this project was the structural characterization of the guanine and 

cytosine rich sequences contained in the 5’-untranslated domain of BCL2. Since these 

conformations, may modulate the recruitment of the Polymerase II enzyme and the 

transcription process or the scanning of the ribosome along the primary transcript, we 

moved forward to a compounds screening, in order to identify small molecules able to 

selectively recognized, stabilized or induced them. At the first time the possibility to 

alter the recruitment of the RNA polymerase enzyme by inducing the iM was taken 

into account.  

To get this aim the fluorescence melting assay was performed in presence of 

increasing concentration of selected derivatives already known for their ability to 

recognize the G4 form (Figure 4.58). As reference compounds Mitoxantrone and 

Berberine were selected since it was recently stated their ability to destabilized the iM 

under neutral condition (MX) or stabilized it at acidic pH191–193. All selected compounds 

were screened at slightly acidic pH (pH 5.5) to check their stabilization properties on 

the folded iM and at pH 7.4 to check the possible induction of the iM at physiological 

pH. 

Differently, from the other techniques used so far, a labelled sequence, with Dabcyl 

(quencher) at the 5’-end and FAM (Fluorophore) at the 3’-end was titrated with 

increasing concentrations of small molecules. In conditions that allow the folding into 

iM, fluorophore and quencher result in close proximity, if the fluorophore will be 

excited its emission will be quenched by the Dabcyl. On the contrary, when the 

environmental conditions lead to a destabilization of the structure in solution, as 

during the denaturation step, the fluorophore and quencher move apart from each 

other and an increase of the fluorescence signal associated with the FAM will be 

observed194. This means that the thermal denaturation profile can be easily recorded 

and the melting temperature can be derived. Since this value, is related to the thermal 

stability of the structure contained in solution, ligands able to induced/stabilize the 

arrangements in solution provides an increment of the melting temperature, while the 

opposite effect will be observed in presence of inactive/destabilizer compounds. 
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Figure 4.58 Chemical structures of the tested compounds. 

 

The recorded data, summarized in figure 4.59 highlighted the different activity of the 

selected compounds on the cytosine rich sequence. With the exception of the 

Sanguinarine for which was observed a 7 °C stabilization of the iM structure, Berberine 

and Chelerythrine do not promote the stabilization or the induction of the iM. 

Considering the MX, the observed behaviour was quite unexpected, however in in 

2016 Waller and coworkers stated the high stabilization effect of the MX on the hTeloC 

iM structures compared to the double-strand form or G4 conformation195. Since two 

different behaviours are reported in literature, we cannot give a clear explanation of 

the real effect exerts by this compound on the selected iM. However we can speculate 

that the MX interact with the unfolded form during the thermal denaturation step, 

thus the renaturation step might be affected by this peculiar complex, or it is able to 

selectively recognizes the pre-organized form observed at pH 7.4 and promotes the 

shifting towards this conformation at pH 5.5. 

Quite encouraging was the data recorded for the anthracene derivatives. Indeed, an 

increment of the thermal stability was observed upon the addition of compounds at 

both tested pH, although this was more prominent in acidic condition. 
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Figure 4.59 (A) Melting temperature derived from the denaturation profile of dBcl2_C at pH 

7.4 or 5.5 in presence of 5 µM of selected compound. (B) Thermal profiles derived at pH 5.5 or 

7.4 in increasing concentration of Bis 1-8 compound. 

 

Since at these days, no information are reported for this class of compounds on the iM 

structure, our data might be revealed the possibility to stabilize the existing iM at 

acidic pH and the possibility to induce it in condition that mimics the physiological pH. 

In our lab, the iM forming sequence along the BCL2 5’-UTR region is not the solely C-

rich tract under investigation, recently we stated the ability of a 30-nts C-rich sequence 

(EGFR-272_C) within the EGFR promoter region to assumes the iM, also, promising 

results have been collected for the C-rich tract located 37 bases upstream the TSS of 

the same gene. To corroborate the data previously described, the effect of these 

compounds on these aforementioned C-rich sequences was evaluated. 

 
Figure 4.60 (A) Fluorescence melting assay of 0.25 µM of (A) EGFR-37_C and (B) EGFR-272_C at 

pH 5.5 or 7.4 in presence of 5 µM of selected compounds. 
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Data acquired and summarized in figure 4.60 revealed that again Berberine and 

Chelerythrine result quite inactive at both tested pHs. An exception is the Sanguinarine 

that improves the thermal stabilization at pH 7.4 for the EGFR-272_C sequence. As 

expected, MX and the anthracene derivatives increase the melting temperatures at 

both tested conditions. An in-depth evaluation of the collected data revealed that for 

EGFR-37 at physiological pH the compound 1-8 acts better compared to the 9-10, 

contrarily to acidic pH. On the contrary, at the two tested pH a comparable 

stabilization of the Tm was detected for EGFR-272_C upon the addition of Bis 1-8 and 

Bis 9-10, moreover, also the compound 1-5 results quite active in acidic condition. 

 

Depending by the working condition, with the exception of the rBcl2_48, the guanine 

rich sequences assume different conformations in solution. In this contest, one 

possible drawback of the fluorescence melting assay is the obtained of not defined 

melting curves. To overcome this fact the fluorescent intercalator displacement assay 

(FID) was considered. This specific assay follows the loss of fluorescence of thiazole 

orange (TO) upon a competitive displacement from DNA or RNA by the addition of 

putative ligands. In fact, upon stacking interaction on the external tetrads or when it 

intercalates between the WC base-pair the TO emits a fluorescence signal, that 

decreases if the added compound efficiently competes with these interactions. 

Before performing the assay in presence of the selected compound, we checked the 

binding of TO on the tested oligonucleotides performing a titration. As expected, data 

reported in figure 4.61 revealed the ability of the Thiazole Orange to recognize and 

interact with each guanine rich tracts. Indeed, an increment of the Fluorescence signal 

was observed towards the TO concentration. 

 
Figure 4.61 TO titration of the selected DNA and RNA guanine rich sequences. 

 

Once proved the interaction between the TO and the G-rich sequences, a high 

throughput screening in 10 mM LIP pH 7.4, 100 mM KCl was set up in presence of 

increasing concentration of compound (Figure 4.62). 
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Figure 4.62 Fluorescence intercalator displacement assay in presence of 2 µM of selected 

ligand on the characterized guanine rich domains contained within the DNA or RNA 5’-UTR 

region of BCL2. 

 

The selected compounds recognize and interact differently the tested sequences. 

Indeed, different percentage of displacement was observed. 

Unexpected was the observed behaviour upon the addition of Berberine. Indeed, in 

literature, its ability to stabilized the telomeric G4 has been reported196, however, a 

small displacement was observed only for rBcl2_G and rBcl2_48 sequences. This might 

suggest that the Berberine compound binds preferentially the parallel RNA G4 and the 

intramolecular hairpin structure. As expected, the Sanguinarine197, despite with 

different efficient on the sequences, promotes the higher TO displacement, while an 

intermediate efficiency was detected for the Chelerythrine compound. 

As expected, the MX gives us the highest displacement. Therefore, it cannot be 

considered a selective compound towards a specific DNA or RNA conformation. 

Regarding the anthracene derivatives, their activity results sequence-dependent and 

less intense compared to the MX. Especially, the addition of Bis 1-8 provides the 

highest displacement on rBcl2_G and rBcl2_48, Bis 1-5 provides the highest 

displacement for rBcl2_G + 3WC, while compound 9-10 give the best displacement on 

both DNA selected sequences. 

 

Generally our data revealed that Berberine, Sanguinarine and Chelerythrine cannot be 

used to induce/stabilized the conformation assumed by dBcl2_C whereas quite 

encouraging were the data acquired in presence of compound 9-10 and 1-8. 

Concerning the guanine rich tracts, the tested compounds do not interact specifically 

with a single conformation, thus we cannot derive clear information regarding which 

compound can stabilizes or induces the G4 conformation or the intramolecular hairpin-

like conformation 
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5 CONCLUSIONS 

5.1  C-Myc i-Motif  

The overexpression of MYC is a common feature across several types of cancer that 

often is associated with a poor prognosis and multidrug resistance, especially when in 

combination with the overexpression of BCL2. Despite a lot of work has been made to 

selectively target this protein, compounds able to inhibit or reduce the expression of 

this gene by targeting the secondary structures within the promoter region could be an 

innovative approach. One such compound is GQC-05, indeed is already reported its 

ability to recognize and stabilize the G4 structure contained in MYC promoter, inducing 

transcription repression. In this first part of the project, based on the already published 

structural characterization we explored one of the main important factors affecting the 

iM stability: the loop composition. Data acquired clearly demonstrated that the first 

loop, thanks to the presence of an additional WC base pair between positions 6 and 9 

plays the most important role in the stability of the overall structure. This suggestion 

might be also transferred to the third loop, in fact being the narrowest grooves, as the 

first one, the spatial proximity may allow the formation of Watson-Crick base pairs 

between the position 24 and 28. On the contrary, our evidence revealed that the 

central loop, since it is the major groove, marginally acts on the stability of the 

tetrahelical structure. Moreover, no additional WC pairing was observed. Once having 

proved that the remarkable stability of this iM is affected by the presence of canonical 

Watson-Crick base pair along the loop region, a small molecule (IMC-30) was 

considered as a putative iM target. From the acquired data, the binding site of the 

compound was suggested. Particularly, we proposed that the recognition site is 

located on the first and second loop and involves position 6, 8 and 10 for the first one 

whereas the position 15, 17 and 19. Moreover, the addition of IMC-30 thermally 

stabilized the iM conformation. Our compound was also proved able to affect the 

binding of the hnRNPK protein, thus the unfolding process was prevented. Finally, with 

a cellular test, we demonstrated that this compound actively modulates the apoptosis 

leading an increment of this process. Thus, it can be considered an interesting 

compound for innovative anticancer treatment either as a single treatment or in drug 

combination with a well-known compound able to target the BCL protein. 

 

5.2  BCL2 and the non canonical secondary structures 

A conclusion of this structural characterization study, we can say that all tested 

sequences are actually able to fold into a non-canonical secondary structure under the 

selected experimental condition. However, it appears that the features of all these 

folded forms are quite different from each other.  

Regarding the 5 selected guanine rich strings, they demonstrated the ability to 

generate different conformations depending by the working condition (KCl, annealing 
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cycle and LiCl). In particular, considering the two 25-nts selected sequences (dBcl2_G 

and rBcl2_G), the collected data revealed their ability to assumed a pre-organized 

conformation, that partially disappears after an annealing cycle in 10 mM Tris buffer 

pH 7.4. As expected, for both of them, the presence of KCl promotes the 

conformational shifts towards several G4 conformations coexisting in solution, both in 

a monomeric and multimeric fashion form. Also, from the evaluation of the thermal 

properties, it was clear the remarkable stability of both systems.  

Since the RNA in the cellular compartment is present as a single strand, the G4 

conformation may be in strong competition with other secondary conformation. To 

confirm the tetrahelical nature of the conformation observed for rbcl2_G the effect of 

LiCl was considered. Acquired data nicely confirmed our idea regarding the presence of 

parallel G4 conformation. Indeed no significant variation was detected in a solution 

containing a high concentration of this cation. 

Our data underline that both sequences in an environmental condition comparable 

with those found in the cell (150 mM KCl pH 7.4), assume multiple conformations. 

Since the sequence context around the minimal G4 forming sequence largely affects 

the conformational selection towards a single structure. Two longer sequences were 

taken into consideration (dBcl2_G + 3WC and rbcl2_G + 3WC) in order to get a 

conformational selection. In spite of the theoretical data derived through 

bioinformatics tool regarding their high aptitude to assume the G4 conformation, the 

collected data partially disagree. It appears evident that in each tested condition (KCl 

or LiCl) the addition of 6 nucleotides, allows the formation of 3 WC pairings that 

partially prevent the G4 folding. Moreover, in presence of KCl a fascinating system 

composed by at least three different species was observed for the rBcl2_G+ 3WC.  

Since literature data reports the formation of alternative secondary structures that 

might have a physiological role, we explored the possibility to get a hairpin 

conformation able to compete with the G4 by implementing he number of nucleotide 

adjacent to the guanine rich core. All presented data for rBcl_48 confirmed the derived 

theoretical ability of this sequence to assume a stable intramolecular conformation 

even in G4 promoting condition despite, its abundance in guanine bases. 

In addition to the guanine rich tracts, also the structural properties of the cytosine rich 

sequence contained in the antisense DNA strand were taken into account. 

The collected data for dBcl2_C revealed its ability to assume a monomeric iM structure 

with a pHt quite close to the physiological pH. Since the iM folding requires a specific 

pH condition that does not fit the intracellular environment, its potential occurrence 

was asses also in a condition mimicking the nuclear environment (KCl and pH 7.4). 

From the acquired data it emerged that the KCl does not alter the conformational 

equilibria of the selected sequence; as well no stabilization effect was observed. It is 

well known that external condition, as the presence of complementary strand, 

crowding agent ligands or metal species, alters the conformational equilibria of the 
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guanine and cytosine rich tract. In this contest, we proved that despite the higher 

stability observed in vitro; the G4 conformation does not completely impair the 

formation of the ds-form. As crowding condition, the activity of PEG200 was tested. 

Contrarily to the expected data, the selected polymer does not promote either the 

folding or the stabilization of the i-Motif. While, the formations of non-specific DNA-

PEG complexes was suggested. Interesting are the derived data for dBcl2_G. Indeed, 

molecular crowding condition in concert with the annealing cycle partially promotes a 

conformational selection towards a structure that reminds to a parallel topology. This 

fact may suggest that, among the several topologies assumed in vitro by the guanine 

rich tracts, the parallel one might exert a physiologically relevant role compared to the 

others. Extremely interesting is also the effects exerted by the silver ion. Our data 

pointed out the ability of this ion to modulate the conformational equilibria involving 

the C-rich tract. However, contrarily to the expected behaviour, this cation promotes a 

conformational shift towards a structure totally different from the i-Motif. The most 

recent data revealed the ability of this cation to induce a parallel duplex structure, 

unfortunately, our acquired CD feature is not reminiscent with this specific 

conformation as well our electrophoretic data. Based on this unclear set of data, we 

cannot define exactly which conformation is assumed by dBcl2_C at the tested 

experimental condition and further studies are required. However, our evidence nicely 

supports the possibility to get a DNA-metalled nanostructure that can be used as an 

innovative nanotechnological tool. To conclude our project the feasibility to target the 

G4, the iM and the hairpin-like conformation previously characterized was taken into 

consideration. Despite an improvement of the knowledge is required, the performed 

screening protocol pointed out that the natural compounds cannot be considered 

putative iM binders. While, compounds 1-8 and 9-10 were proved able to directly 

interact with the C-rich sequence at both selected pHs, promoting a thermal 

stabilization of the conformation contained in solution.  

Regarding the guanine rich tracts, unfortunately, from the acquired data, despite a 

sequence-dependent activity was observed, it appears that all screened ligands do not 

interact specifically with a single conformation (G4 or hairpin). Therefore, we cannot 

define which compound can be used for inducing the G4 conformation and which one 

can induce the intramolecular hairpin structure. 
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