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 Short Abstract 
 
Synthetic nucleosides, nucleotides and nucleic acids are extremely 

versatile molecules, all from a biological, biotechnological and 

therapeutic point of view. In fact, by virtue of their remarkable 

properties, such as:  higher bioavailability, affinity with target, 

biostability and higher resistance against nucleases degradation, they 

can be used as diagnostic tools, nanoprobes, biosensors, vaccines, 

aptamers, but also for the development of new materials in 

nanotechnology fields.  

 

In this contest resides my research activity dedicated to the 

synthesis and study of analogues ODN, with potential application 

properties ranging from the development of new strategies for gene 

regulation and recognition of specific proteins, until the construction of 

new scaffolds based on higher ordered supramolecular structures. 

 

Specifically, my research work has been focused on: 

 

o Study of the topology, stability and molecularity of G-
quadruplexes linked to a ñdouble-end-linkerò. 

 

o Implementation of anti-HIV activity aptamers based on G-
quadruplexes linked to a ñtetra-end-linkerò. 
 

o Evaluation of an analogue Ů-Poly(L-Lysine) or Ů-PLL as ligand 
for G-quadruplex structures. 

 

o Realization of a new supramolecular structures formed by G-rich 
oligonucleotide sequences containing an inversion of polarity 
site for the development of long G-wires. 

 

o Chemical synthesis and structural and biological 
characterization of Peptide Nucleic Acid-functionalized 
Adenoviral vectors for the modulation of Bcl-2 proto-oncogene.  
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Long Abstract 
 

Grazie alla straordinaria flessibilità e selettività, il DNA può assumere 
diverse conformazioni o strutture secondarie. Tra queste, abbiamo le 
G-quadruplex, osservate 50 anni prima della scoperta della doppia elica 
di DNA ma determinate solo nel 1962 attraverso metodi cristallografici. 
A differenza del DNA, le G-quadruplex sono caratterizzate 
dallôimpilamento di due o pi½ tetradi di guanine. Ogni tetrade ¯ 
composta da quattro basi guaniniche che si auto-assemblano in una 
conformazione planare ben ordinata, stabilizzata dalla presenza di 
cationi monovalenti quali K+ o Na+. Queste strutture sono rimaste in 
gran parte una curiosità di laboratorio fino a quando non si è scoperto 
il loro attivo coinvolgimento in regioni importanti del genoma umano, 
come le estremità cromosomiche dei telomeri, nei promotori di geni ed 
oncogeni. Da qui la possibilità di utilizzare le G-quadruplex nella 
regolazione dei processi replicativi e trascrizionali oltre che 
nellôinibizione dello sviluppo o della proliferazione cellulare nelle cellule 
neoplastiche. Al di l¨ dellôinteresse prettamente biologico, tali strutture 
stanno riscuotendo ampi consensi anche nellôambito delle 
nanotecnologie e della chimica supramolecolare, per la loro capacità di 
formare, in maniera ordinata e controllata, strutture di ordine superiore, 
conosciute come G-wires, tramite processi di auto-assemblaggio o self-
assembly. Grazie alle loro proprietà fisiche, come: struttura 3D ben 
definita, proprietà ottiche, conducibilità, basso potenziale ossidativo, 
flessibilità, abilità nella funzionalizzazione e biocompatibilità, le G-
quadruplex possono trovare nuove e diverse applicazioni, tra cui 
biocatalisi, nanodispositivi, drug delivery, nanomateriali e biosensori.  

Unôaltra interessante scoperta per quanto riguarda la 

regolazione del DNA o RNA è rappresentata dal PNA o acido peptido 

nucleico, mimico sintetico del DNA. La sua struttura consiste 

essenzialmente nella ripetizione di unità di N-(2-amminoetil) -glicina 

unite attraverso legami ammidici. Le basi azotate puriniche (A e G) e 

pirimidiniche (C e T) sono unite al backbone mediante legami 

metilencarbonilici. Proprio come il DNA, lôappaiamento e la distanza tra 

le basi azotate segue fedelmente la regola di Watson e Crick (A-T e G-

C), ma a differenza della sua controparte naturale, non contiene né 

zuccheri pentosi né gruppi fosfato. Oltre alle ovvie differenze strutturali, 

i PNA presentano un backbone aciclico, achirale e neutro, infatti data 

la loro chimica neutralità risultano essere meno solubili e tendono ad 

aggregare, in aggiunta, presentano unôelevata stabilit¨ biologica, infatti 

sono resistenti allôattacco di proteasi e nucleasi, sia nel siero umano 
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che in estratti cellulari e sono resistenti e stabili in ambienti fortemente 

acidi. In virtù delle loro proprietà chimico-fisiche, i PNA sono i candidati 

ideali per la modulazione artificiale dellôespressione genica. 

 

È in questo ampio contesto che si colloca il mio progetto di tesi, 
focalizzato sulla: 
 
 
o Sintesi e caratterizzazione di G-quadruplex monomolecolari 

coniugate ad un linker bifunzionale. 
 

o Sintesi e caratterizzazione di aptameri tetraramificati (TEL-
ODNs) ad attività anti-HIV.  

 
o Valutazione di un analogo Ů-Poly(L-Lisinico) or Ů-PLL come 

ligando di G-quadruplex. 
 
o Realizzazione di strutture supramolecolari provviste nel tratto 

G-rich di in unôinversione di polarit¨ 3ô-3ô.  
 
o Modulazione del proto-oncogene Bcl-2 attraverso lôutilizzo di 

PNA funzionalizzati con vettori Adenovirali. 
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CHAPTER 1 

 

Oligonucleotides and analogues: synthetic strategies and 
applications 
 
1.1 Introduction 

 
Oligonucleotides (ONs) are short (13-25 nucleotides) single stranded 

DNA or RNA molecules which are able to hybridize a unique sequence 

in the total pool of targets occurring in a cell. In contrast, certain 

unfavourable properties, such as the degradation of nucleases, the 

poor uptake through cellular membranes, and the presence of 

unfavourable biodistribution and pharmacokinetic properties [1][2], can 

represent a limit for diagnostic and therapeutic applications. To 

overcome these limitations, it is possible to chemically modify the 

phosphodiester bond [3], the ribose spine [4] or the nucleobases 

[5][6][7][8] in order to obtain analogue ONs of the first, second and third 

generation. The first generation of ONs, in particular that of the 

Phosphorothioates (PS), is characterized by the replacement of a 

phosphodiester oxygen with a sulphur atom [9]. This modification 

confers on the ONs a higher resistance against nuclease degradation, 

leading to a higher bioavailability. However, this modification can 

slightly reduce the affinity of the ONs towards their mRNA targets [10]. 

To further improve the nuclease resistance and increase the binding 

affinity for the target mRNA, the second generation of ONs comes to 
the rescue. The ribose can be modified through the replacement of the 

2ô-hydroxyl by different groups. The most commonly used are 2ô-O-

Methyl (2ô-OMe) and 2ô-OMethoxyethyl(2ô-MOE) (4). The 2ô-

modifications increase the thermal stability during hybridization and 

increase the stability with respect to digestion by nucleases. Instead, to 

enhance the target affinity, biostability, pharmacokinetics and 

resistance against the nucleases, the employment of ONs of the third 

generation is possible. They mainly modify the furanose ring of the 

nucleotide [11]. The first suggestion about the use of ONs as 

therapeutic agents was made in 1978 by Zamecnik and Stephenson 

[12][13]. Although 41 years have passed since this event, ONs and their 

analogues still represent a valid pharmaceutical and nanotechnological 

tool. In fact, they can be used: i) in gene therapy to correct genetic 

disorders or to silence gene expression (antisense and antigene), ii) in 
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biosensing, iii) as nanodevices, iv) as DNA vaccines and v) as aptamers 

[14][15][16][17] (Figure 1). 

 
 

Figure 1. Schematic representation of some applications of oligonucleotides and their 
analogues. 
 

1.2 Oligonucleotides and analogues in the antisense strategy 
 

An antisense oligonucleotide (ASO) is a short (12-20 nucleotides) 
synthetic strand of DNA complementary to the mRNA target. 
Hybridization of an ASO to its target mRNA via Watson-Crick base 
pairing leads to the formation of a heteroduplex capable of causing a 
specific inhibition of gene expression through various mechanisms 
depending on the chemical composition of the ASO and the location of 
hybridization [18]. The mechanisms by which an ASO may induce 
biological effects are numerous and complex. For example, the 
inhibition of translation from a mRNA into a protein may occur in three 
different ways [19]:  
 

i) activation of RNase H. This leads to a splitting of the RNA-
DNA heteroduplex and the degradation of the target mRNA 
and leaves the ASO intact, 

 
ii) translational arrest by the steric hindrance of ribosomal 

activity, or 

 

iii) destabilization of the pre-mRNA in the nucleus. 
 
Antisense technology can offer not only an important opportunity for the 
manipulation of gene expression within the cells, but also represents a 
powerful tool for the study of the gene function in specific diseases. This 
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approach has been successfully used for the treatment of cancer, HIV and 
other mutating viral diseases. Currently, different ASOs are undergoing 
clinical trials in relation to many neurodegenerative diseases, such as 
Huntingtonôs disease, Parkinsonôs disease, Alzheimerôs disease, 
amyotrophiclateral sclerosis and several other cancer states [20][21]. 
Although many are being tested in clinical trials (Table 1), to date only two 
ASOs have been approved by the US FDA to be used on humans, including, 
Formivirsen (Vitravene), for the treatment of human retinitis induced by 
cytomegalovirus (CMV). 
 

Study id; year; 
country of 
conduct  
of study 

Sponsor Disease  
conditions 

Phase of  
clinical trial; 

target 
mRNA 

 

    
 
NCT02947893; 

2017; USA 

 

Georgetown University 

 

Moderate 

Alzheimer's Disease 

 

Phase 2;  

anti-tau 

 
NCT01563302; 

2012; USA 

 

Isis Pharmaceuticals 

 

Lymphoma 

 

Phase 1/2;  

STAT-3 

 

 
NCT02294851; 

2016; USA 

 

Biogen 

 

Parkinsonôs disease 

 

Phase 1;  

Tau 

 

 
Table1. Recorded clinical trials which use ASOs 

 
1.3 Oligonucleotides and analogues in the antigene strategy 

 
In the antigene strategy the ONs can recognize and bind selectively 
double-helical DNA, forming through hydrogen bonds (Hoogsteen and 
reverse-Hoogsteen) triplex oligodeoxynucleotides (TFO). TFOs were 
first described in 1957 by Felsenfeld and Rich [22] and in 1986 it was 
demonstrated that a short (15-mer) mixed-sequence TFO had formed 
a stable and specific triplex DNA complex [23]. In particular, the third 
strand of the DNA triplex followed a path through the major groove of 
the duplex DNA. According to the base composition and binding-
direction against the duplex DNA, TFOs can be classified into two 
types: intramolecular and intermolecular. Intermolecular triplexes 
(Figure 2A) are formed of two or three DNA strands, usually between a 
DNA duplex and a single stranded DNA. Instead, in intramolecular 
triplexes (Figure 2B) the third strand is physically tethered to the DNA 
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duplex. The most studied intermolecular triplex is H-DNA. In H-DNA the 
homopurine and homopyrimidine sequences must contain a specular 
repetition. In this way, half of the pyrimidine tract rotates on the purine 
strand of the duplex. The orientation of the strands can be parallel or 
antiparallel. 

 
Figure 2. Schematic representation of an intermolecular triplex with an antiparallel 
strand orientation (A). Examples of intramolecular H-DNA structures with parallel and 
antiparallel strand orientations (B). 
 

1.4 Oligonucleotides and analogues as aptamers 
 

In the past two decades, the use of biomolecules, called aptamers, has 
attracted the attention of the scientific community due to their 
applicability in the diagnosis and treatment of various diseases. 
Aptamers are short single-stranded DNA or RNA molecules (25-50 
nucleotides), equipped with an  affinity and selectivity towards their 
molecular targets, mainly proteins [26]. The major applications of 
aptamers include their use in diagnostics and therapeutics, as 
biomaterials or nanomaterials and in nanomedicine. They can bind an 
intracellular or extracellular target and can function as agonists or 
antagonists. Aptamers are selected by an in vitro process described by 
Tuerk and Gold (1990) and Ellington and Szostak (1990), called SELEX 
(Systematic Evolution of Binding by Exponential Enrichment). The 
SELEX method (Figure 3) involves the progressive selection of 
aptamers, by the repetition of binding cycles and the elution and 
amplification of ligands from a random nucleic acid library (DNA and 
RNA) to the selection of sequences with a higher binding affinity for the 
target is achieved [27][28]. The differences in the majority of RNA 
SELEX (Figure 3A) protocols, compared to DNA SELEX, (Figure 3B) 
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include: i) the protection of RNA from RNAases through modifications 
of their ends 5 'or 3', ii) amplification by T7 RNA polymerase and iii) 
reversed transcription step before PCR. After this iterative process, the 
resulting nucleic acid molecules can be chemically modified, in order to 
provide them additional properties and, above all, to extend their half-
life in biological fluids [29].The characteristics of the selected ONs are 
identified by using various physical, chemical and biological assays 
[30]. 
 

 
 
Figure 3. Graphical representation of the SELEX (Systematic Evolution of Binding by 
Exponential Enrichment) strategy starts with random (A) ssDNA or (B) ssRNA 
libraries  

 
Analogically to monoclonal antibodies, aptamers can specifically 
recognize and bind their targets, but unlike antibodies, they have a 
number of advantages, described in Table 2. Due to their abilities, a 
number of aptamers have entered clinical trials, such as in the 
treatment of ocular diseases [31], hematologic diseases [32], cancer 
[33], immune disorders, inflammatory processes [34], 
neurodegenerative diseases, and bacterial infections [34][35]. Some of 
the most extensively studied aptamers present Guanine rich (G-rich) 
consensus sequences that allow them to fold into stable four-stranded 
structures, known as G-quadruplexes [36]. G-rich aptamers that form 
G-quadruplexes have several advantages compared with unstructured 
sequences [36]. They are thermodynamically and chemically stable, 
show no immunogenicity and are resistant to numerous serum 
nucleases. A few years ago, a number of G-rich aptamers were 
developed, which can now be used as anticoagulant agents [37], 
therapeutic agents for cancer treatment [38][39], nano-devices [40] and 
APT-sensors [41]. 
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Aptamers 

 
Antibodies 

Stability Withstand repeated rounds of 

denaturation/renaturation. 

Stable at room temperature. 

Long shelf life (several years). 

Can be lyophilized. 

Degradable by nucleases. 

Resistant to proteases. 

Easily denatured. 

Limited shelf life. 

Must be refrigerated 

for storage and 

transport. 

Degradable by 

proteases. 

Resistant to 

nucleases. 

 
Synthesis 

 

In vitro SELEX takes only 2-8 

weeks. 

No batch-to-batch variation. 

Cheap to synthesize. 

 

 

Produced in vivo. 

More than 6 months. 

Batch-to-batch 

variations. 

Laborious and 

expensive. 

 

Target potential From ions and small molecules  

to whole cells and live animals. 

Targets must cause a 

strong immune 

response for 

antibodies  

to be produced. 

 

Size Small molecules  

(~12 ï 30 kDa). 

Relatively large by 

comparison (~150 ï 

170 kDa). 

Modifiability Aptamers can readily and easily be 

modified without affinity loss. 

 

Modifications often 

lead to reduced 

activity. 

Affinity High and increased in  

multivalent aptamers. 

Dependent on the 

number of epitopes on 

the antigene. 

 

Specificity Single point mutations  

identifiable. 

Different antibodies 

might  

bind the same antigen. 

 

Tissue 
uptake/kidney  

filtration 

Fast. Slow. 

 

 
Table 2. Comparison of aptamers and monoclonal antibodies. 
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CHAPTER 2 
 
DNA G-Quadruplexes: from nucleic acids involved in gene control 
expression to highly ordered supramolecular structures 
 
2.1 Introduction 
 
DNA or deoxyribonucleic acid is a fascinating model of self-assembling 
material. In fact, through a cooperative balance of hydrogen bonds, ˊ-
ˊ stacking interactions and other non-covalent forces, a single DNA 
fragment can find with extraordinary selectivity its complement in 
solution. Nevertheless, the rotational freedom of the six single bonds of 
the DNA backbone gives rise to various possible conformations for the 
polymeric chain, depending first on the DNA sequence on the amount 
and the direction of the bases with respect to the sugar moiety and then 
on the hydration level [1]. During the last few years, more than ten 
different DNA conformations have been discovered. These are often 
referred to as secondary structures of DNA or non-B-DNA and include 
the left-handed DNA (Z-DNA) [2], triplex (H-DNA) [3], Holliday junction 
[4], G-Quadruplex [5] and i-motif [6] (Figure 1). These secondary 
structures form spontaneously on tracts of repeat sequences in 
genomes and, besides having a range of biological functions such as 
immune response activation [7], gene regulation [8] and telomere 
maintenance [9], can also induce genetic instability with a 
predisposition to disease. For these reasons, in recent years a new 
pharmacological approach has been developed, that predicts the use 
of these non-canonical structures as potential targets for cancer 
therapy, in order to affect gene expression and telomerase activation, 
respectively [10][11]. 

 
 

Figure 1. Schematic illustration of Non-B-DNA structures. 
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2.2  Background Information on DNA G-Quadruplexes 
 

The self-association of guanosines was observed in 1910 by German 
chemist Ivan Bang [12], but only in 1962 did Gellert and co-workers 
determine for the first time, by crystallographic methods, the ability of 
guanosines to form tetrameric structures by the self-association of 
guanine bases [13]. The basic unit of a G-quadruplex is the G-quartet 
or G-tetrad, which is composed of a planar arrangement of four guanine 
bases stabilised by Hoogsteen hydrogen bondings. More precisely, the 
cyclic arrangement involves N1, N7, O6 and N2 of each guanine base. 
This produces a central cavity with a specific geometry in which only 
one pair of electrons of the four O6 is able to coordinate a monovalent 
cation of the correct size. The different behaviour of these cations within 
the cavity depends on their dimensions. For example, among the 
smaller cations, Na+ can reside in a plane with the G-quartet, whereas 
K+ cations can coordinate between two tetrads (Figure 2).  
 

 
 

Figure 2. The planar arrangement of four guanine bases bound by eight Hoogsteen 

hydrogen bonds and between three quartets. 

 

The ions are also able to contribute to charge screening, by reducing 
the strong negative electrostatic potential generated by the guanine O6 
atoms. Furthermore, the O6 atoms form a square planar arrangement 
for each tetrad, with a twist of 30° and a distance of 3.3 Angstrom 
between each tetrad. The stacking of the guanine planes contributes to 
further stabilize the quadruplex structure by the ˊ-ˊ stacking interaction 
[14] (Figure 2). The formation of any type of G-quadruplex structure is 
driven by the enthalpy per quartet, from -15 to -25 kcal mol-1, which is 
more negative than the enthalpy per base pair helix.  
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2.2.1 Structural Polymorphism of DNA G-Quadruplexes 
 
The family of G-Quadruplexes is characterized by a great structural 

polymorphism that results in a wide variety of topologies. In part this is 

a consequence of the number of possible combinations, such as the 

presence of a monovalent cation, the conformation of the glycosidic 

bond, the number of molecules of the nucleic acid involved in their 

formation, the orientation of the leading strands  [15][16][17], the base 

composition of the loops (when it occurs) and the number of stacking 

G-quartets [18][19][20]. G-quadruplex structures can be found in many 

different multimeric forms including one, two or four separate chains 

[21]. Therefore, they can be classified, in terms of stoichiometry, as 

intramolecular (unimolecular-Figure 3A) or intermolecular (bimolecular-

Figure 3B and tetramolecular-Figure 3C). 

 
Figure 3. Different topological forms of unimolecular, bimolecular and tetramolecular 
G-quadruplex structures. 

 
Depending on the DNA strand orientation, a G-quadruplex can be 
described as parallel, antiparallel or mixed. A parallel G-quadruplex is 
formed when all four strands are oriented in the same direction, and as 
a consequence, all the residues found in the G-tetrad have the same 
glycosidic bond conformation (anti-anti-anti-anti or syn-syn-syn-syn) 
(Figure 4A). Antiparallel G-quadruplexes are formed by one or more 
DNA strands that run in an orientation opposite to the other strands. In 
particular, we can observe two types of orientation. In the first type, two 
strands run in the opposite orientation to the other two, and the G-
tetrads comprise two guanosines with syn-conformations and two with 
anti-conformations (syn-syn-anti-anti and syn-anti-syn-anti) (Figure 4C 
and D). Instead, in the second type, known as a mixed-type-hybrid 
(3+1), three strands are parallel to each other, while the fourth strand 
runs in the opposite direction. 
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Figure 4. Strand polarities in parallel (A), antiparallel (C and D) and hybrid-type 
antiparallel (B) G-quadruplexes together with a corresponding syn-anti orientation of 
the guanosine residues. 
 

In the (3+1) G-quadruplex, three guanosines adopt the same glycosidic 
bond conformation, while the fourth residue exhibits an opposite 
conformation (syn-anti-anti-anti or anti-syn-syn-syn) (Figure 4B). Within 
the G-quadruplex structure, the G-tetrads can be connected by loops 
of a variable size and sequence. Based on their arrangement within the 
structure, it is possible to distinguish three loop types: i) a double chain 
reversal loop (also known as a propeller) which connects the adjacent 
parallel strands (Figure 5C), ii) a diagonal loop connecting two opposite 
antiparallel strands (Figure 5B), and iii) an edgewise loop (also known 
as a lateral loop) in which two adjacent antiparallel strands are 
connected (Figure 5A). 

 
 

Figure 5. Arrangements of the loop in inter- and intramolecular G-quadruplexes. The 
loops are marked in blue. 
 

The formation and stability of a G-quadruplex are guaranteed by the 
presence of monovalent cations. As described previously, the presence 
of the strong negative electrostatic potential created by the guanine O6 
atoms forms a central channel in the G-tetrad, allowing the cation to 
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position itself inside [22][23][24]. In 1992, Hardin et al. provided a 
classification of cations as a function of their G-quadruplex stabilization 
properties: K+> Ca2+> Na+>Mg2+> Li+ and K+>Rb+> Cs+. However, due 
to their physiological relevance, the most extensively studied ions are 
K+ and Na+ [25]. Several studies have shown that the concentration of 
these ions can stabilize or inhibit the interconversion of G-quadruplex 
DNA structures. In particular, it has been demonstrated that K+ ions 
preferably stabilize linear four-stranded parallel quadruplexes, whereas 
Na+ ions stabilize folded forms [26].  
 
2.2.2 Biological Implications of DNA G-Quadruplexes 
 
As is well known, nucleic acid structures are fundamental to cellular 
function and the regulation of several biological events. Recently, 
several studies have reported the involvement of G-quadruplex 
structures in fundamental regulatory regions critical for biological 
processes such as DNA replication, transcription and translation, 
providing new and important mechanisms for controlling gene 
expression and genome stability. Bioinformatic analysis of the human 
genome has identified about 375,000 possible guanine-rich (G-rich) 
regions that could form G-quadruplex structures [27][28], including the 
telomeric regions, immunoglobulin switch regions, and promoter 
regions of different genes and oncogenes, such as c-MYC, VEGF, 
KRAS, c-kit, PDGF-A and c-Myb [29][13][30][31]. The most studied G-
quadruplex sequence is the human telomeric sequence, well organized 
in a specialized nucleoprotein structure, known as a telomere, located 
at the end of a eukaryotic chromosome. In human somatic cells, the 
telomerase consists of 500 to 3,000 tandem repetitions of the 
hexanucleotide d(T2AG3)n. During each round of chromosome 
replication, the telomerase loses about 50-200 base pairs and gradually 
becomes shorter until it reaches a critical length below which there is 
cell senescence or apoptosis [32]. For this reason, the protection of its 
terminal ends from fusion and nuclease degradation represents an 
important checkpoint in telomere structure and function. In human cells, 
telomerase activity is detected at around 90-95%. Instead, for cancer 
cells, the telomerase enzyme is overexpressed in more than 85% of 
tumours, leading in this way to an uncontrolled cellular proliferation [33]. 
Therefore, the possibility of inhibiting the telomerase activity in tumour 
cells has drawn the attention and interest of the scientific community. 
Another notable feature of G-quadruplexes derives from the fact that 
they constitute the scaffold of several aptamers [34]. Aptamers are 
short DNA or RNA fragments, which consist of supporting sections 
immobilized on solid substrates. This characteristic allows them to 
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recognize with a specific interaction proteins and enzymes (Table 1) 
[35]. Due to their well-known properties, namely there: i) resistance to 
serum nucleases, ii) thermodynamic and chemical stability, iii) low 
immunogenicity and iv) good cellular uptake, aptamers are used in 
biosensing, bioimaging and therapeutics, as described below [36][37]. 
 
 

G4-containing 
aptamer 

 
Targets 

 
Aptamer sequences 

 
3R02 

 

VEGF 

 

d(TGTGGGGGTGGACTGGGTGGGTACC) 

 
ISIS 5320 

 

HIV gp120 

 

d(T*T*G*G*G*G*T*T) 

 
93del 

 

HIV 

integrase 

 

d(GGGGTGGGAGGAGGT) 

 
TBA 

 

Thrombin 

 

d(GGTTGGTGTGGTTGG) 

 
Table 1.  Representative list of G-quadruplex containing aptamers. 

 
One well-known G-quadruplex-based aptamer is the thrombin-binding 
aptamer (TBA), discovered in 1992 by Bock et al. and characterized 
[38][39] as comprising two G-quartets connected by one TGT and two 
TT loops (Figure 6) [40].  

 
Figure 6. G-quadruplex of the thrombin binding aptamer (TBA). The K+ ion is marked 
in red. 

 
In particular, the TBA sequence d(G2T2G2TGTG2T2G2) is able to bind 
the fibrinogen binding site of thrombin, responsible for the cleavage of 
the fibrinogen and the subsequent formation of fibrin clots in the blood. 
The binding of TBA to Ŭ-thrombin prevents the pathological process of 
thrombosis. Recent studies on TBA aptamers suggest that they can be 
used in biosensing, with a nanomolar affinity to thrombin. A similar 



 

 
19 

approach has also been used for the preparation of aptamers against 
the HIV-integrase and the vascular endothelial growth factor (VEGF), 
thus demonstrating the establishment of a promising new class of 
pharmacological molecules. Among the techniques used to monitor the 
distribution and tracking of the intracellular biomolecules involved in 
various biochemical reactions and cellular metabolic processes, 
fluorescence imaging has been found to be very effective in identifying 
the expression and understanding the cellular location of biomolecules. 
A particular example of such an aptamer is reported by Jaffrey et al., 
who established a strategy for the identification of the cellular 
metabolites in E. coli using fluorogenic Rnas [41]. Since the structural 
stability of G-quadruplex-forming aptamers is closely related to the 
biological activity of the aptamer, different synthetic approaches have 
been proposed to improve the chemical-physical characteristics of the 
G-quadruplex structures, including the introduction of large aromatic 
substituents at the 3ô- and/or 5ô-end [42] and the anchoring of the 
filaments to an alkyl tetra-end-linker (TEL) [43] able to direct the 
structuring of the G-quadruplex, as suggested by Oliviero et al. in 2010 
(Figure 7) [44].  

 
Figure 7. Schematic structures of the ODNs investigated. a) Hotodaôs sequence; b) 
TEL-3ô-Hotoda sequence-5ô; c) TEL-5ô-Hotoda sequence-3ô; where TEL= tetra-end-linker 
(long or short) 
 

2.2.3 Small Molecules that Recognize and Stabilize DNA G-
Quadruplexes 
 

The development of small molecules (G4-ligands) able to recognize 
and bind to G-quadruplex structures with a high affinity plays a crucial 
and important role in the treatment of certain diseases with anticancer, 
antiparasitic and antimicrobial agents. On account of their high degree 
of polymorphism, G-quadruplexes can be bound in different ways 
(Figure 8), namely by means of i) intercalation between base pairs [45], 
ii) minor groove binding [46], iii) major groove binding [47] and iv) end-
stacking. In particular, ligands containing amino groups and/or side 
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chains can interact with the grooves, loops and the negatively charged 
backbone of the G-quadruplex. 
 

 
Figure 8. Binding modes of ligands to G-quadruplexes. 

 

With respect to their effects, these compounds have been divided into 
three classes: i) ñlight-upò probes, compounds that display a strongly 
enhanced fluorescence upon binding, ii) ñlight-offò probes compounds 
that show a strongly decreased fluorescence upon binding and iii) 
ñpermanentò probes, compounds whose fluorescence is not modified 
by binding. Some of these ligands are designed as fluorescent or 
imaging probes to verify the G-quadruplex formation or to structurally 
stabilize the G-quadruplex and others as libraries to detect and identify 
particular topologies of G-quadruplexes.  
 
2.2.4 Use of DNA G-Quadruplex Building Blocks in Nanotechnology 

and Biotechnology 
 
A cooperative action of hydrogen-bonding, ˊ-stacking, electrostatic and 
hydrophobic interactions leads to the assembly of G-rich sequences 
into G-quadruplex structures according to precise rules of base pairing. 
In particular, by exploiting certain structural features, such as their 
electronic conductivity, optical properties, well-defined 3D structures, 
high specificity of assembly, conformational flexibility, biocompatibility 
and ability for functionalization, it is possible to explore new and 
different applications, including biocatalysis, nanorobotics, drug 
delivery, and the design of sensors and nanomaterials. In fact, in recent 
years, G-quadruplexes have drawn particular interest in relation to 
nanotechnology and biotechnology applications [48] due to the fact that 
they can be used as building blocks to create supramolecular structures 
(Figure 9).  
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Figure 9. Several applications obtaining an advantage from building blocks of G-
quadruplexes. 

 
Despite their various applications, the use of supramolecular 
assemblies in the real world encounters a series of obstacles, such as 
the cost of synthetic DNA, the small production scales, the low yields 
and the sensitivity of DNA to ionic strength and temperature. For these 
reasons, many studies have been devoted to the optimization and 
strengthening of their chemico-physical properties.   
 
2.2.5 Nanostructures based on DNA G-Quadruplexes 
 
In 2003 Seeman et al. designed for the first time a stable four-stranded 
DNA junction, in which each strand was fitted with a ñsticky-endò [49]. 
These assemblies are called ñDNA origamiò and ñDNA super origamiò 
[50]. It is well known that G-rich strands can self-assemble into highly 
ordered assemblies by multimerization between the several units that 
compose the G-quadruplex structure[48]. In the literature three major 
types of supramolecular structures are reported: i) G-wires [51], ii) 
frayed G-wires [52] and iii) G-Legos (Figure 10). In 1990, Henderson 
and Sheardy established, for the first time, the capacity for the 
sequence d(G4T4G4), corresponding to the telomeric repetition of 
Tetrahymena Thermophila, to form in the presence of K+ buffer a 
nanometre assembly known as a ñG-wireò. G-wires form when the 5ô-
end of one duplex with G-G pairs associates with the 3ô-end of a similar 
duplex (Figure 10A). MacGregor and co-workers identified in the 
sequence d(A15G15) the formation of another type of structure, called a 
ñfrayed G-wireò, distinguished from a G-wire in terms of the flexible A15 
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strands that radiate from the guanine core (Figure 10B). Instead, 
Nishigaki and Biyani proposed another model, called a ñG-Legoò formed 
by the sequence d(G11T). In this model, the G-rich strands form a 
parallel or antiparallel monomeric building block, and the terminal 
thymidine residue of each monomeric unit interacts with the next one, 
leading to the formation of an ultra-stable aggregate (Figure 10C). 
 

 
Figure 10. Models proposed for G-quadruplex supramolecular structures: (A) G-
wires, (B) Frayed G-wires and (C) G-Legos. 

 
2.2.6 Hydrogels Utilizing DNA G-Quadruplexes 
 
The first observation of hydrogel on a G-quadruplex base was reported 

more than 100 years ago. Most hydrogels and their derivatives have 

been employed in the development of platforms for biomedical and 

bioengineering purposes. Hydrogels are characterized by crosslinked 

3D networks of hydrophilic polymer chains able to retain a large amount 

of water due to their structure [53][54][55][56]. Compared with other 

types of biomaterials, hydrogels have a series of advantages, such as 

their biocompatibility and biodegradability. However, due to their low 

mechanical strength and fragile nature, the use of hydrogels is still 

limited. With the development of various synthetic strategies, it is now 

possible to design hydrogels with the required chemical composition 

and mechanical strength. For many years, hydrogels were prepared by 

following long and complex procedures, but instead, nowadays they 
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can be produced from completely artificial components, showing a 

remarkable stability under hard conditions such as high temperatures, 

acidic or basic environments and chemical agents. Some of the major 

growth areas include the use of injectable fillers in orthopaedic 

applications to guide the growth of osteoblasts and to improve vascular 

infiltration or in cell therapies such as immunomodulation 

[57][58][59][60]. Major advances in this field have resulted from the 

development of nanocomposite or hybrid hydrogels. In general, 

nanocomposite hydrogels are made by combining natural or synthetic 

nanomaterials with the hydrated polymer network [61][62]. These 

systems could represent a valid springboard for the use of 

multifunctional materials. 

 

2.2.7 Dynamic DNA G-Quadruplex Biosensors 
 

A biosensor is an analytical tool formed of an electrode combined with 
a DNA probe immobilized on its surface. As a result of the recognition 
of DNA-binding molecules (analytes) there is a signal transduction. 
Research in the field of oligonucleotide-based biosensors has become 
very prevalent in the last few decades. In fact, electrochemical 
biosensors based on oligonucleotides have attracted remarkable 
attention with respect to the tasks of monitoring and controlling specific 
DNA sequences related to microorganisms, viruses and inherited 
diseases and, also, of detecting the presence of infectious agents in 
various environmental matrices [63]. In literature two important types of 
electrochemical biosensors have been reported, G4 electrochemical 
aptasensors and hemin/G4 DNAzyme electrochemical biosensors.  
 

The first type uses a MB-labelled TBA sequence, hybridised on gold 
electrodes, necessary for the electrochemical transduction. In the 
absence of any target, the immobilized TBA remains in part unfolded, 
allowing the electron transfer on the surface (Figure 11A). After the 
binding with thrombin, the formation of a TBA-quadruplex inhibits the 
electron transfer (Figure 11B). In this case, the biosensor proves very 
selective, being in fact able to identify thrombin directly in blood serum.  
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Figure 11. A structure-switching G-quadruplex electrochemical aptasensor for 
thrombin. A) signal off: thrombin binding reduces the current from the MB redox tag; 
and B) signal on: thrombin binding increases the current from the MB redox tag. 

 
The second type of biosensor has proved to be the most popular 

and is characterized by an artificial DNA molecule (DNAzyme) 
composed of a harpin G-quadruplex DNA with intercalated hemin 
molecules. Hemin is a porphyrin containing iron, whose peroxidase 
activity increases in the presence of DNA. The strategy consists in the 
modification of the electrode by a harpin oligonucleotide that contains 
three segments.  

 
 

Figure 12. A hemin/G-quadruplex peroxidase-DNAzyme electrochemical biosensor. 
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Segment A is able to form a G-quadruplex structure that receives the 
hemin, used as an amplifier. Segment B is complementary to the target 
DNA, while segment C is complementary to the 5ô-end of segment A. 
In the absence of any target, segment A remains hybridized with 
segment C, while, during the hybridization with the target, the harpin 
opens and releases segment A. This action produces with hemin the 
G-quadruplex-based DNAzyne that induces the oxidation and provides 
a quantitative measure for the detection of the target DNA [64][65] 
(Figure 12). 
 
 
2.3 The aim of the work 
 
G-Quadruplexes, characterized by a great structural polymorphism, 
can be recognized as critical in several fundamental regulatory regions 
for many biological processes, including DNA replication, transcription 
and translation. In fact, bioinformatics analysis of the human genome 
has confirmed their presence in telomeric regions, regulatory regions of 
viral genomes, immunoglobulin switch regions and promoter regions of 
different genes and oncogenes, such as c-MYC, VEGF, KRAS, c-kit, 
PDGF-A and c-Myb [29][13][66]. In this context, the use of G-
Quadruplex-based aptamers represents a valid chemical structural 
alternative for the development of new biosensors or drugs which are 
able to control gene expression and genome stability. In particular, my 
research activity has been focused on: i) the synthesis and 
characterization of a new modified ODN called a ñdouble-end-linkerò 
(DEL-ODNs, 1, Scheme 1) capable of forming a stable monomolecular 
G-quadruplex in comparison with its tetramolecular counterpart; ii) the 
synthesis and characterization of a new modified ODN called a ñtetra-
end-linkerò (TEL-ODNs, 1, Scheme 2) useful for the development of 
anti-HIV aptamers; iii) the study of an analogue of the Poly(Ů-Lysine) 
peptide as a ligand of G-quadruplexes; and iv) the synthesis and 
characterization of a new supramolecular structure characterized by 
self-assemblies of G-rich sequences.  
 
Objective 1. Study of the topology, stability and molecularity of a 
G-quadruplex linked to a ñdouble-end-linkerò 

As is well known, G-quadruplexes can be versatile scaffolds for the 
construction of supramolecular structures and new biomaterials. 
Unfortunately, the formation of G-quadruplex scaffolds and their 
structuring in a linear or reticular topology is a complicated process to 
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control [66]. For these reasons, much effort has been devoted to the 
design of structural modifications in order to obtain polymeric or 
multimeric structures [67]. Several studies have shown that the 
presence of a tetra-branched-linker (TEL) can positively influence the 
stability of a G-quadruplex structure. In a previous work, the research 
group formed by Piccialli, Borbone and Oliviero has proposed the 
synthesis of a new class of monomolecular quadruplexes in which four 
d(TG4T) strands are linked by the 3ô-and 5ô-ends of a ñtetra-end-linkerò 
(TEL-ODN) (Figure 13). Moreover, in a later paper, the influence of the 
linker size at the 3ô- and 5ô-ends has been studied (Figure 14) 
[68][69][70][43].  

 

Figure 13. Schematic representations of four d(TG4T) strands attached to a tetra-

branched-linker at the 3ô-ends. 

 

Figure 14. Schematic representations of four d(TG4T) strands attached to a tetra-

branched-linker with different sizes at the 3ô and 5ô-ends. 
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In this context my PhD research has been focused on the synthesis of 
a new analogue of TEL-(TG4T)4, here named a ñdouble-end-linkerò 
(DEL-ODN) characterised by the presence of two G-rich strands 
attached to symmetric bifunctional linkers of two different lengths by 
their 3ô- and 5ô-ends. Modulating the lengths of the linker has been 
performed for two reasons: i) to generate quadruplexes with a higher 
thermal and kinetic stability, and ii) to hinder the folding of the linker 
around the G-quadruplex structure, thus forcing the G-quadruplex 
strand polarity. 

Synthesis and Purification of DEL-ONs. The syntheses of DEL-
(TG4T)2 were performed on an automated synthesizer through standard 
solid-phase phoshoramidite chemistry. 50 mg of Controlled Pore Glass 
(CPG)-sulphone-resin support 1 (0.18 mmol/g) were used for each 
synthesis in the automated DNA synthesizer following standard 
phosphoramidite chemistry. 45 mg/mL solutions of phosphoramidites 4 
and 5 (both in anhydrous CH3CN) were used for the synthesis of 2L 
and 2S, respectively. This step was followed by reactions with 3'-
phosphoramidite (for D1L and D1S) or 5'-phosphoramidite (for D2L and 
D2S) nucleotide building blocks (six cycles, 45 mg/mL in anhydrous 
CH3CN). The coupling yields were consistently higher than 98% (by 
DMT spectrophotometric measurements). The solid support was then 
treated with concentrated aqueous ammonia solution for 7 h at 55 °C. 
The filtered solution and washings were concentrated under reduced 
pressure and purified by HPLC with an anion exchange column 
(MachereyïNagel, 1000-8/46, 4.4 × 295 50 mm, 5 ɛm) eluted with a 
linear gradient from 0 to 100% B in 30 min; buffer A: 20 mM NaH2PO4, 
pH 7.0 containing 20% CH3CN; buffer B: 1M NaCl, 20 mM NaH2PO4, 
pH 7.0, containing 20% CH3CN; flow rate 1 mL/min. The collected 
products were desalted by gel filtration on a BioGel P2 column eluted 
with H2O/ethanol (9:1, v/v) to obtain, after lyophilisation, pure D1L,S 
and D2L,S (92, 85 and 80, 88 OD260 units, respectively).The ON 
concentrations were determined spectrophotometrically in water at ɚ = 
260 nm and 90 ÁC, using the molar extinction coefficient Ů = 28,900 cm-

1 M-1calculated for the unstacked oligonucleotide by the nearest-
neighbour method. 
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Scheme 1. i, coupling with the phosphoramidite linker 4 or 5; ii, two sequential 

couplings with the phosphoramidite linker 4 or 5; iii, solid-phase DNA synthesis by 

phosphoramidite chemistry; iv, annealing procedure in Na+ or K+ buffers. 

CD and CD Thermal Analyses. As reported in the literature, the CD 

spectrum of a parallel G-quadruplex is characterized by a positive band 

at 264 nm and a negative band at 240 nm, whereas the CD spectrum 

of an antiparallel G-quadruplex shows a positive maximum at 295 nm 

and a negative minimum at 265 nm [71][72]. In order to demonstrate 

that D1L,S and D2L,S can adopt stable G-Quadruplex structures, 

circular dichroism (CD) studies and CD thermal denaturation 

experiments were performed, in comparison with the tetramolecular G-

quadruplex (TG4T)4 and TEL-(TG4T)4. CD spectra were recorded at 5 

°C at a 20 µM ON concentration in 100 mM K+ and Na+ buffers. We 

observed that D1L,S and D2L,S showed, in the K+ buffer, CD profiles 

characterized by a positive and a negative Cotton effect at 264 and 249 

nm, respectively, diagnostic of parallel-oriented G-quadruplex 

structures, independently of the orientation of the ON strands and the 

length of the linker (Figure 15). This behaviour had already been 

observed for TEL-(TG4T)4 G-quadruplexes which showed CD profiles 
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almost superimposable with those reported in Figure 15 [73][43].The 

CD spectra of D1L,S and D2L,S, recorded at 5 °C in 100 mM Na+ buffer 

(Figure 15), essentially matched those obtained in the K+ buffer. 

 

Figure 15. CD proýles of DELs formed by DEL-(TG4T)2: D1L,S; D2L,S in 100 mM K+ 

and Na+ buffer at 5 °C. 

CD thermal denaturation experiments were performed monitoring the 

CD value (mdeg) at 263 nm within the range 5-80 °C with a 0.5 °C min-

1 heating rate. In 100 mM K+ buffer, all DEL-(TG4T)2 structures proved 

to be stable up to 80 °C, as indicated by the insignificant variation of the 

CD values up to this temperature. On the contrary, in the presence of 

100 mM Na+ buffer, the increase in temperature led to a significant 

reduction of the CD value and reliable half-transition temperature T½ 
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(Table 2) were calculated from the resulting sigmoidal melting curves. 

These data indicated that DEL-(TG4T)2 structures formed by D1L and 

D1S have almost the same T½ values (55 and 54 °C, respectively) as 

the tetramolecular counterpart (TG4T)4 (58 °C) recorded in the same 

conditions. However, the T½ values of DEL-(TG4T)2 formed by D2L and 

D2S (64 °C for both) proved to be about 10 °C higher than those of D1L 

and D1S, indicating that the attachment of the DEL moiety at the 5' end 

of the TG4T strand results in a DEL-(TG4T)2 structure provided with a 

higher thermal stability. Furthermore, the invariance of the T½ values 

between DEL-(TG4T)2 structures ncorporating either the long or short 

DEL reveals that the length of the DEL arms does not affect the thermal 

stability of the resulting DEL-(TG4T)2. 

 

Table 2. Melting temperatures (T½ values in °C) of D1L,S; D2L,S and (TG4T)4 

annealed in 100 mM K+ and Na+ containing buffer (ẹ = 263 nm, 0.5 ÁC min-1 heating 

rate). 

1H-NMR Studies. The formation of a G-quadruplex structure is usually 

confirmed by the observation in the region (10ï13 ppm) of N-1 imino 

protons of guanosines involved in the formation of G-tetrads. When 

guanosines are involved in the formation of a G-tetrad, their N-1 imino 

proton is engaged in the formation of a Hoogsteen-type hydrogen bond 

with the O-6 oxygen atom of the flanking guanosine and does not 

exchange with the protons of  bulk water [74][75][76][77][78] (Figure 

16a). 1H NMR spectra (500 MHz) on DEL-(TG4T)2 were recorded in 100 

mM K+ buffer at 25,45 and 85 °C (Figure 17). The presence of strong 

imino proton signals (10.7ï11.8 ppm) in all the recorded spectra 

confirmed that the four new DEL-(TG4T)2 structures fold into G-

quadruplexes when annealed in K+ buffer. Their NMR spectra were very 

similar to that of the tetramolecular parallel (TG4T)4 (Figure 16b) and 

that of the corresponding TEL(TG4T)4 [43]. In particular, imino proton 

signals were detectable up to 85 °C, in agreement with the CD thermal 

denaturation results reported in Table 2. Only in the case of D1L at 25 
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and 45 °C did we not observe any well-resolved imino proton signals, 

but only very broad signals resonating at the expected frequencies. 

 

Figure 16. 1H-NMR (500 MHz) spectrum of (TG4T)4 in K+ buffer recorded at 25, 45 

and 85 °C in H2O/D2O (9:1, v/v). Image taken from ref. 83 in the main text. 

 

Figure 17. NMR spectra of D1L,S; D2L,S annealed  in 100 mM K+ buffer and recorded 

at 25, 45 and 85 °C. 
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Electrophoretic gel mobility studies. In order to obtain information 

about the propentisty of DEL-ODNs to fold into G-quadruplex structures 

and their molecularity, we performed a non-denaturing polyacrylamide 

gel Electrophoresis (PAGE) analysis. The final ON concentration of the 

samples was of 100 µM, and the electrophoretic analysis was carried 

out using a 12% polyacrylamide gel in 1x TBE buffer at pH 7.0.The 

PAGE bands of D1L, D1S, D2L, D1S migrated a little more slowly than 

those of the tetramolecular quadruplex (TG4T)4 (Figure 18a).This 

behaviour suggests that all DEL-ODNs principally form the bimolecular 

G-quadruplex complexes depicted in Scheme 1 but that the presence 

of traces of higher MW complexes cannot be ruled out.  

 

Figure 18. PAGE analysis of the complexes formed by the DEL-(TG4T)2 ODNs in 

comparison with (TG4T)4 and with the complexes formed by TEL-(TG4T)4 ODNs. All 

samples were annealed in 100 mM K+ buffer. 

In particular, for D1L and D2L (the long linkers), we observed a 

significant smearing, which suggests the presence of G-quadruplex 

aggregates or polymeric species, whereas for D1S and D2S (the short 

linkers), we observed a reduced smearing and better-defined bands 

(Figure 18b). 

Size exclusion chromatography studies. All DEL-ODNs were 

analyzed by Size Exclusion Chromatography (SEC-2000 Column) at 

room temperature (Figure 19) with the aim of further investigating the 

molecularity of the resulting complexes. For this purpose, the 

tetramolecular G-quadruplex formed by (TG4T)4 and the G-quadruplex 
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multimers formed by the (5'-CGG3'-3'TGGC-5')2-n 
 sequence [79], were 

used as size markers for the monomeric (Q1) and multimeric G-

quadruplex building blocks (Q2ïn), respectively. (Figure 19). All species 

formed by DEL-ONs showed a similar retention time (tR) of around 14 

min. whereas, compared to the tetramolecular quadruplex (TG4T)4, the 

tR is slightly lower.  

 

Figure 19. HPLC-SEC profiles of the complexes DEL-(TG4T)2 and TEL-(TG4T)4 in 

comparison with those of (TG4T)4 (Q1) and Q2-n G-wires. 

In particular, D1L and D2L show small numbers of complexes having a 

higher molecular weight (Figure 19, right column). For the species 

corresponding to the TEL-ODNs, the tR were almost superimposable 

with those of the corresponding peaks obtained from the DEL-ODNs. 

These results suggest that the size of the linkers and the polarity of the 

linkages have a negligible effect on the tR for both complexes, thus 

implying a similar 3D conformation. However, the comparison of the 

HPLC-SEC profiles indicate a higher propensiity of all TEL-ODNs to 

form higher molecular weight complexes, in particular for TEL1L and 

TEL2L. 

 



 

 
34 

Isolation and analysis of higher molecular weight species 

produced by D2L. To obtain further structural information on the higher 

molecular weight complexes, we decided to isolate in a single fraction 

the peaks at a higher tR of the HPLC-SEC fractionation of D2L (Figure 

20a) and reinject them on the same column 24 hours after storage at 4 

°C. The resulting HPLC profile (Figure 20b) presented four partially 

resolved peaks, which we attributed to the bimolecular DEL-ODNs (Q1, 

tR = 13.7 min) and to the DEL-G-quadruplex multimers incorporating 

two (Q2, tR = 12.9 min), three (Q3, tR = 12.1 min) and four (Q4, tR = 11.4 

min) G-quadruplex scaffolds, respectively. (Figure 20b). 

 

Figure 20. HPLC-SEC profiles of: (a) the complexes formed by D2L; (b) after 

reinjection of the higher molecular weight species formed by D2L collected as shown 

in panel (a); and (c) after reinjection of the purified DEL-Q1 complex formed by D2L 

collected as shown in panel (a). 

To establish the conformation of the higher molecular weight complex 
CD analysis was performed. The CD spectrum obtained, was almost 
superimposable on that of the isolated Q1 species (Figure 21). We 
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attributed the small amount of Q1 detected in Figure 20b to the partial 
recovery of this species during the first HPLC-SEC fractionation and not 
to the dissociation of the higher molecular weight DEL-G-quadruplex 
multimers. This hypothesis was corroborated by the HPLC-SEC profile 
shown in Figure 20c (obtained by injecting the Q1 peak isolated from 
the first HPLC fractionation of D2L), which did not show any trace of the 
higher molecular weight complexes. These data confirmed the stability 
of Q1 and the multimeric species isolated by D2L.  

 

Figure 21. CD profiles of DEL-Q1 and the higher molecular weight species obtained 
by HPLC-SEC fractionation of D2L (100 mM K+ containing buffer, 5 °C). 

 

The results described in this paper confirm the potential of a new 
kind of G-quadruplex, named DEL-ODN to fold into a stable 
intramolecular G-quadruplex (T½ > 80 °C in 100 mM K+ buffer, pH 7.0) 
independently of the linker size and the polarity of the strands that 
compose it. In particular, for D2L, which was obtained by linking the 5ô-
end of two d(TG4T) strands to the long linker, we have demonstrated 
the formation of G-quadruplex multimers based on reticulated G-
quadruplex building blocks (like those shown in Figure 22), rather than 
end-to-end stacked G-quadruplex building blocks (like the Qn species 
reported in Figure 19). 
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Figure 22. Schematic representation of the parallel G-quadruplex obtainable from the 
self-assembly of DEL-ODNs. The first three complexes having the lowest molecular 
weight are shown on the left. The hypothetical topology of the G-quadruplex 
supramolecular nanostructure based on the reticulated parallel DEL-G-quadruplex is 
shown on the right. 
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EXPERIMENTAL SECTION 
 
Reagents and equipment 
The chemicals and solvents were purchased from Sigma-Aldrich (Milan, Italy). 
The reagents and phosphoramidites for the DNA syntheses were purchased 
from Glen Research (Sterling, VA, USA). The DEL linker 2, the TEL linker 3 
and all the ODNs were assembled on a PerSeptive Biosystems (Framingham, 
MA, USA) Expedite DNA synthesizer using standard phosphoramidite 
chemistry. The HPLC analyses and purifications were performed with a Jasco 
(Jasco Europe Srl, Cremella, LC, Italy) The PU2089 pump system equipped 
with an UV detector model 2075 Plus. CPG-resin 1 and the linkers 4 and 5 
were purchased from Glen Research. The UV spectra were recorded using a 
Jasco V-530 spectrophotometer. The thermal denaturation experiments were 
performed and the CD spectra obtained with a Jasco715 CD 
spectrophotometer equipped with a Jasco PTC-348-WI temperature controller 
unit. The NMR spectra were recorded either on a Varian (Palo Alto, CA, USA) 
Unity Inova 500 MHz spectrometer equipped with a broadband inverse probe 
with a z-field gradient or on a Varian Unity INOVA 700 MHz spectrometer 
equipped with a triple resonance cryoprobe and processed using the 
VarianVNMR and iNMR (http://www.inmr.net) software packages. The PAGE 
bands were visualised on a Bio-Rad Laboratories (Segrate, MI, Italy) Gel 
DocTM XR+ image system. 
Syntheses and purifications of DEL-ODNs (D1L,S and D2L,S)  
50 mg of Controlled Pore Glass (CPG) support 1 (0.18 mmol/g) were used for 
each synthesis in the automated DNA synthesizer following standard 
phosphoramidite chemistry. 45 mg/mL solutions of phosphoramidite 4 or 5 
(both in anhydrous CH3CN) were used for the synthesis of 2L or 2S, 
respectively. This step was followed by reactions with 3'-phosphoramidite (for 
D1L and D1S) or 5'-phosphoramidite (for D2L and D2S) nucleotide building 
blocks (six cycles, 45 mg/mL in anhydrous CH3CN). The coupling yields were 
consistently higher than 98% (by DMT spectrophotometric measurements). 
The solid support was then treated with conc. aq. ammonia solution for 7 h at 
55 °C. The filtered solution and washings were concentrated under reduced 
pressure and purified by HPLC with an anion exchange column (Machereyï
Nagel, 1000-8/46, 4.4 × 50 mm, 5 ɛm) eluted with a linear gradient from 0 to 
100% B in 30 min; buffer A: 20 mM NaH2PO4, pH 7.0 containing 20% CH3CN; 
buffer B: 1M NaCl, 20 mM NaH2PO4, pH 7.0, containing 20% CH3CN; flow 
rate 1 mL/min. The collected products were desalted by gel filtration on a 
BioGel P2 column eluted with H2O/ethanol (9:1, v/v) to obtain, after 
lyophilisation, pure D1L,S and D2L,S (92, 85 and 80, 88 OD260 units, 
respectively). The ON concentrations were determined 
spectrophotometrically in water at ɚ = 260 nm and 90 °C, using the molar 
extinction coefficient Ů = 28,900 cm-1 M-1 for DEL-(TG4T)2 and Ů = 57,800 cm-

1 M-1 for TEL-(TG4T)4 calculated for the unstacked ODNs by the nearest-
neighbour method. 
Preparation of the G-quadruplexes (annealing) 
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All the G-quadruplexes were formed by dissolving the DEL-ODNs, TEL-ODNs 
or TG4T in the K+ buffer 90 mM KCl, 10 mM KH2PO4, pH 7.0) or Na+ buffer (90 
mM NaCl, 10 mM NaH2PO4, pH 7.0) and heating to 95 °C for 5 min and then 
cooling at 4 °C rapidly (annealing). All samples were stored at 4 °C for 24 
hours before the analyses. The solutions were equilibrated at 25 °C for 2 hours 
before the experiments were performed. 
PAGE experiments  
The native gel electrophoresis experiments were performed on 12% 
polyacrylamide gels containing 1× TBE buffer, pH 7.0 with 30 mM KCl, at 4 
°C, 120 V for 2 hours. The samples were loaded at a final ON concentration 
of 100 ɛM; glycerol was added (10% final) to facilitate sample loading in the 
wells. The bands were finally visualized by UV-shadowing or by SYBR Green 
staining. 
CD experiments  
The CD spectra and CD thermal profiles were recorded in 0.1 cm optical path 
quartz cuvettes (100 nm/min scanning speed, 1s response time). The spectra 
were recorded in triplicate at 5 °C from 200 to 320 nm. The CD samples were 
prepared in the above reported 0.1 M K+ or Na+ buffer at the final single strand 
concentration of 20 ɛM. The buffer baseline was subtracted from each 
spectrum. The CD thermal experiments were performed monitoring the CD 
value (mdeg) at 263 nm in the temperature range 5ï95 °C at 0.5 °C minï1 
heating rate. 
HPLC-SEC analyses  
The HPLC-SEC analyses and purifications were performed using a 
Phenomenex (Bologna, Italy) Yarra SEC-2000 column (300 Ĭ 7.8 mm, 3 ɛm) 
eluted with 90 mM KCl and 10 mM KH2PO4/CH3CN (80:20, v/v), flow rate 0.6 
mL/min, UV-detector at 260 nm. The analyses were performed at room 
temperature. 
NMR experiments 
The NMR samples were prepared at a 1.8 mM single strand concentration in 
200 mL of 100 mM K+ solution (90 mM KCl, 10 mM KH2PO4, pH 7.0, 9:1 
H2O/D2O). The water suppression was achieved by including a double pulsed-
field gradient spin-echo (DPFGSE) module in the pulse sequence prior to 
acquisition. The NMR spectra were acquired as 16 data points with a recycle 
delay of 1.0 s at 25, 45, and 85 °C and the spectra were apodized with a 
shifted sine bell squared window function. 
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Objective 2. Anti-HIV aptamer based on a G-quadruplex linked to 
a tetra-end-linker 

The human immunodeficiency virus (HIV) is an RNA lentivirus, a 
subgroup of retroviruses, able to attack the immune system, 
progressively destroy certain white blood cells and thereby cause the 
acquired immunodeficiency syndrome (AIDS).The outer shell of the 
virus is called an ñenvelopeò and this is covered by ñglycoproteinsò 
gp120 and gp41, which allow HIV to lock onto the CD4 receptor of the 
CD4 T cells (monocytes, macrophages, T-lymphocytes and dendritic 
cells) and enter into the cell. The process of producing new viruses 
happens in two stages, attachment and fusion (Figure 23). When HIV 
makes contact with a CD4 cell, the gp120 locks onto the CD4 receptor 
and another co-receptor, CCR5 or CXCR4, and the gp41 protein fuses 
the HIV envelope with the cell wall.  

 

Figure 23. The life-cycle of HIV replication. 

This process of fusion allows the HIV capsid (a cone-shaped structure 
that contains the nucleus) to enter the CD4 cell. After fusion, the virus 
releases RNA, its genetic material, into the host cell and an HIV enzyme 
called a reverse transcriptase converts the single-stranded HIV RNA 
into double-stranded HIV DNA. The newly formed HIV DNA enters the 
host cell nucleus, where an HIV enzyme called an integrase "hides" the 
HIV DNA within the host cell's own DNA. The integrated HIV DNA is 
called a provirus and this provirus may remain inactive for several 
years, producing few or no new copies of HIV. When the host cell 
receives a signal to activate, the provirus uses a host enzyme called 
the RNA polymerase to create copies of the HIV genomic material, ie 
shorter strands of RNA called messenger RNA (mRNA) used as a 
template to make long chains of HIV proteins. Subsequently an HIV 
enzyme called a protease cuts the long chains of the HIV proteins into 
smaller individual proteins that will come together with copies of the 
HIV's RNA genetic material forming new assemblies. The assembled 
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virus pushes out from the host cells and the new copies of HIV can now 
move on to infect other cells. 
In the last two decades, many drugs based on G-rich aptamers have 
been identified as promising antiviral agents, because they are able to 
block: i) the binding of the virus and its entry into the target cell; ii) the 
activity of the HIV reverse transcriptase; and iii) the integration of virus. 
In 1994 Hotoda [80] reported the first anti-HIV aptamers against the V3 
loop of gp120. The sequence 5ô-TGGGAG-3ô ODN (known as óóHotodaôs 
sequenceôô) was chemically modified to improve its resistance against 
nucleases by capping the 5ô-end with dimethoxytrityl (DMT) or 3,4-
dibenzyloxybenzyl groups, and the 3ô-end with a 2-hydroxy-ethyl-
phosphate group [81]. Biophysical studies have established that the 
presence of aromatic groups at the 5ô-end and/or the 3ô-end of the 
Hotodaôs sequence dramatically enhances the rate of formation of the 
G-quadruplex complexes. In 2010, with the aim of overcoming the 
unfavourable entropic factor and of stabilizing Hotodaôs analogues, 
Oliviero et al. proposed the ñtetra-end-linkerò (TEL) strategy [44]. 
Compared to the Hotodaôs sequence, the new modified aptamers 
showed an improvement in their thermodynamic parameters and 
biological activity, especially when the 5ô-end of the TEL-ODN was 
conjugated with a lipophilic group (TBDPS) (Figure 24A, EC50 = 82 nM). 
In 2012 DôAtri et al. reported the chemico-physical and biological 
characterization of a mini-library of Hotoda analogues based on the TEL 
G-quadruplex structure [82]. The study confirmed that all new TEL-
(TGGGXG)4 (with X = A, G, T or C) aptamers retained a potent anti-
HIV-1 activity in the nanomolar range. In particular, the replacement of 
adenosine by cytosine results in an improvement of the anti-HIV activity 
(Figure 24B, EC50 = 39 nM). Considering these result and literature 
reports about bioactive higher order aptamers [83], we decided to 
synthesize three new TEL-ODNs (1-3) based on the ODN sequence 5ô-

CGGAGG-3ô (Figure 25, above). This sequence was chosen with the 
aim of studying the effect of dimerization on the anti-HIV activity. In fact, 
the 6-mer sequence is endowed with the following properties i) it 
contains two GG repeats required for the formation of stable G-
quadruplex species and ii) it includes the 5ô-CGGA-3ôsequence allowing 
for 5ô-5ô end-stacking dimerization [84]. In 1-3 each arm of the TEL 
moiety was linked to the 3ô-end on the ODN sequence, whereas the 5ô-
end maintained the hydroxyl group unprotected (1) or received a 
capping with a dimethoxy-trityl (DMT) group (2) or a glucosyl-4-
phosphate group (pGlc) (3) (Figure 25, below). 
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Figure 24. (A) Schematic representation of the investigated TEL-ODNs; (B) Mini-
library of TEL-Hotoda analogues. 

 

 

Figure 25. Schematic representation of the TEL-G-quadruplex monomers (1ï3) and 
dimers (D1ïD3). 
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Synthesis and Purification of the DEL-ONs.The syntheses of the 
TEL-ODNs 1-3 were performed on an automated synthesizer through 
standard solid-phase phoshoramidite chemistry. To obtain the final 
product TEL-ODN 2, the final DMT deblocking step was excluded from 
the synthesis protocol. However, in the case of TEL-ODN 3, an 
additional coupling step was inserted at the completion of the synthesis, 
using an obtained DMT-protected glucose phosphoramidite derivative. 
After the automated synthesis, the ODNs were detached from the 
support and deprotected by treatment with concentrated aqueous 
ammonia solution for 7 h at 55 °C. The filtered solution and washings 
were concentrated under reduced pressure and purified by HPLC with 
an anion exchange column (MachereyïNagel, 1000-8/46, 4.4 × 295 50 
mm, 5 ɛm) eluted with a linear gradient from 0 to 100% B in 30 min; 
buffer A: 20 mM NaH2PO4, pH 7.0 containing 20% CH3CN; buffer B: 1M 
NaCl, 20 mM NaH2PO4, pH 7.0, containing 20% CH3CN; flow rate 0.3 
mL/min. The collected products were desalted by gel filtration on a 
BioGel P2 column eluted with H2O/ethanol (9:1, v/v) to obtain, after 
lyophilisation, pure TEL-ODNs 1-3. The ON concentrations were 
quantified spectrophotometrically in water at ɚ = 260 nm and 90 °C, 
using the molar extinction coefficient of 5ô-CGGAGGG-3ô (Ů = 61,500 cm-

1 M-1) as calculated with the nearest-neighbour model multiplied by 4 
(the number of strands in each TEL-ODN complex, Ů = 246,000 cm-1 M-

1) . 

CD and CD Thermal Analyses. The different interactions between 

guanosines within parallel or antiparallel G-quadruplex conformations 

and the circularly polarized light generated by different CD profiles 

create distinctive signatures of the different G-quadruplex topologies. In 

order to demonstrate that TEL-ODNs 1-3 can adopt a stable G-

quadruplex structure, circular dichroism (CD) studies and CD thermal 

denaturation experiments were performed. The CD spectra of all the 

TEL-ODNs recorded at 5 °C at a 10 µM ON concentration in 1.0 M K+ 

buffer showed a large positive band at 264 nm and a small negative 

band al 220 nm, indicative of the presence of head-to-tail stacked G-

tetrads, as found in parallel G-quadruplex structures (Figure 26A). To 

evaluate the thermal stability of the complexes, CD thermal 

denaturation-renaturation experiments were performed, monitoring the 

CD value (mdeg) at 264 nm in the range 5-90 °C with a 0.5 °C min-1 

heating rate. As reported in Figure 26B, due to the incomplete unfolding 

at 90 °C, the resulting melting curves did not allow the determination of 

the melting temperature but only the T½, which was 65 °C for all three 
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TEL-ODNs. The presence of a small hysteresis, in all studied systems, 

suggests the presence of an aggregation process, attributable to the 

formation of higher order G-quadruplex structures. It is probable that 

the TEL prevents the four strands from dissociating completely and 

speeds up the reannealing process. 

 

Figure 26. (A) CD spectra and (B) CD melting (black) and annealing (red) curves of 

1ï3 recorded in 1 M K+ buffer. 

NMR Analysis. The formation of G-quadruplex assemblies for TEL-
ODNs 1-3 in K+ buffer was confirmed by water-suppressed 1H-NMR 
spectroscopy. As reported in the literature, we could observe, in the 
10.5-11.5 ppm NMR region, the presence of one exchange-protected 
H1 imino proton signal for each G2, G3 and G5 tetrad and two signals 
for the G6 tetrad because of the partial loss of symmetry induced by the 
binding to the TEL arms. (Figure 27). In addition, in the 9.2 ppm region, 
we could observe the presence of an exchange-protected amino proton 
signal attributed to the presence of a stable A-tetrad in all the three TEL-
ODNs. From the NMR data, it appears that the insertion of a glucose-
phosphate group did not significantly alter the size and symmetry of the 
resulting G-quadruplex structure, whereas the capping with the DMT 
group promoted a loss of symmetry in the G-quadruplex structure. 
Unfortunately, due to the almost perfect symmetry of the dimeric 
complex TEL-ODNs D1-D3 and to the insufficient signal resolution, it 
was not possible to obtain information on the relative amounts of the 
dimeric G4 complexes D1ïD3 relative to the corresponding monomeric 
G-quadruplexes 1ï3. 
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Figure 27. Imino and amino proton regions of the 1H NMR spectra of 1ï3 recorded in 

1M K+ buffer. 

HPLC-Size exclusion chromatography (HPLC-SEC). To corroborate 
the PAGE results and to estimate the number of dimeric TEL-ODNs, 
we performed HPLC Size Exclusion Chromatography (HPLC-SEC). For 
this purpose, the monomeric G-quadruplexes formed by (5ô-TG4T-3ô)4 

and the dimeric G-quadruplex (5ô-CGGAGGT-3ô)8 were used as size 
markers. The HPLC-SEC profiles confirmed the formation of two 
distinct main assemblies for all three TEL-ODNs corresponding to the 
dimeric TEL-ODNs D1-D3 with a retention time (tR) of around 19 min 
and the monomeric TEL-ODNS 1-3 with a retention time (tR) of around 
20 min. The relative number of dimeric TEL-ODNs D1-D3 vs. the 
corresponding number of monomeric assembly TEL-ODNS 1-3 was 
assessed by means of a comparison of the area of the corresponding 
HPLC peaks (Figure 28). 
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Figure 28. HPLC-SEC profiles of the TEL-ODNs 1ï3 and monomeric (5ô-TG4T-3ô)4 and 
dimeric (5ô-CGGAGGT-3ô)8 size markers annealed in 1.0 M K+ buffer and the relative 
areas. 

Electrophoretic gel mobility studies. To obtain information on the 
molecular size of the TEL-ODN 1-3 complexes, we performed a non-
denaturing polyacrylamide gel electrophoresis (PAGE) analysis. For 
this purpose, we compared the electrophoretic mobility of: i) TEL-(3ô-

GGAGGC-ó5)4 (1, lane 4); ii) TEL-(3ô-GGAGGC-ó5-DMT)4 (3, lane 5) and iii) 
TEL-(3ô-GGAGGC-ó5-pGlc)4 (2, lane 6) with that of iv) (5ô-TG4T-3ô)4 (lane 2) 
and v) (5ô-CGGAGGT-3ô)8 (lane 3), used as size markers for the 
monomeric and dimeric G-quadruplexes (Figure 29). The migration of 
TEL-ODNs 1 and 2 (lanes 4 and 5 respectively), like that of (5ô-

CGGAGGT-3ô)8 (lane 3), suggest that these sequences can form higher 
order assemblies On the other hand, the migration profile of TEL-ODN 
3 (lane 6) showed the presence in solution of both species, the dimer 
TEL-ODN D3 (major band migrating like a dimeric G-quadruplex) and 
the monomeric TEL-ODN 3 (less sharply defined band, having a 
mobility similar to the monomeric G-quadruplex). Either of the three 
modifications at the 5ô-end is able to affect the migration properties in 
the polyacrylamide gel. 
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Figure 29. Non-denaturing PAGE analysis for the sequences (5ô-TG4T-3ô)4 (lane 2); (5ô-

CGGAGGT-3ô)8 (lane 3); TEL-(3ô-GGAGGC-ó5)4 (1, lane 4);TEL-(3ô-GGAGGC-ó5-DMT)4 (3, 

lane 5); and TEL-(3ô-GGAGGC-ó5-pGlc)4 (2, lane 6) annealed in 1 M K+ containing buffer. 

Dye (lane 1). 

Anti-HIV activity. To assess the effect of dimerization and 5ô-capping 
with each lipophilic or hydrophilic moiety on the anti-HIV activity, we 
tested the inhibitory effect of 1-3 on the HIV-1-induced cytopathicity in 
MT-4 cells. As reported in Table 3, the 5ô-DMT capped TEL-ODN 2 was 
the only compound which is able to block the HIV-induced 
cytopathogenic effect with EC50 of 0.54 µM and CC50 of 3.3 µM with a 

maximum protection between 70 and 76%. Different situations apply for 
TEL-ODN compounds 1 and 3, which reached maximum protections of 
24% and 33%, respectively, at the highest tested concentration of 5 ɛM. 

 

aEC50: compound concentration required to achieve 50% protection of MT-4 cells 
against HIV-1(IIIB)-induced cytopathicity. bCC50: compound concentration required to 
reduce the viability of mock-infected cells by 50%. cAll data represent mean values 
(standard deviations for at least two separate experiments). 

Table 3. Anti-HIV and cytotoxicity studies on TEL-aptamers 1-3. 

 



 

 
47 

Binding affinity study using SPR. As extensively described in the 
introductory section, the HIV-infection begins with the attachment of the 
virus on the glycoprotein gp120 of the host cell. To mimic the viral 
attachment, a Surface Plasmon Resonance (SPR) based approach 
was used to measure the binding between the gp120 and 
glycosaminoglycans immobilized on the chip surface. As a positive 
control of the interaction and consequently of the "infection", the heparin 
molecules were biotinylated and captured on a streptavidin sensor chip 
to mimic the host cell membrane. As described in Figure 30, curve a, 
the gp120 at 2 µg/mL showed a specific binding on heparin. 

Subsequently, gp120 was pre-incubated with different G-quadruplex 
aptamers and injected over the chip. The result indicated that all TEL-
ODNs are able to block the gp120-heparin interaction. In particular, 
TEL-ODN 2 characterized by the hydrophobic DMT moiety showed the 
highest inhibitory activity (Figure 30, curve d). In fact, already at the 50 
µM concentration this compound achieved a 50% binding inhibition 

while at 2 µM the gp120-heparin bond was completely blocked (Figure 

31). For TEL-ODN 1 and TEL-ODN 3 a 2-fold and 10-fold reduction of 
inhibition, respectively, was observed. 
 

 

Figure 30. The SPR Sensorgram shows the response (RU) during association (0ï
120 sec) and dissociation (2 min) of gp120 with TEL-ODNs 1-3. 

 

Figure 31. A dose-dependent inhibition of gp120-heparin binding measured by SPR. 
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In this work we observed that all these new TEL-ODNs are able 
to fold into dimeric G-quadruplex complexes and only TEL-ODN 2, 
conjugated with the lipophilic aromatic DMT groups, showed significant 
anti-HIV activity at sub-micromolar concentrations. 
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EXPERIMENTAL SECTION 
 
Reagents and equipment 
The chemicals and solvents were purchased from Sigma-Aldrich (Milan, Italy). 
The reagents, phosphoramidites, linkers and CPG support used for the DNA 
syntheses were purchased from Glen Research (Sterling, VA, USA). The 
HPLC analyses and purifications were performed with a Jasco (Jasco Europe 
Srl, Cremella, LC, Italy) PU2089 pump system equipped with an UV detector 
model 2075 Plus, using an anion-exchange Macherey-Nagel column. The 
ODNs were assembled with a PerSeptive Biosystems Expedite DNA 
synthesizer using standard phosphoramidite chemistry. The UV spectra were 
recorded using a Jasco V-530 spectrophotometer. The thermal denaturation 
experiments were performed and CD spectra obtained with a Jasco715 CD 
spectropolarimeter equipped with a Jasco 505T temperature controller unit. 
The NMR spectra were recorded either on a Varian Unity Inova 500 MHz 
spectrometer equipped with a broadband inverse probe with z-field gradient 
or on a Varian Unity INOVA 700 MHz spectrometer  equipped with a triple 
resonance cryoprobe and processed using the Varian VNMR and iNMR 
(http://www.inmr.net) software packages. 
Syntheses and purifications of TEL-ODNs 1-3 
The syntheses of TEL-ODNs 1ï3 were performed using a solid-phase 
automated DNA synthesizer according to the previously described 
procedure.To obtain the final products 2 and 3, a DMT-on protocol, not 
including the final DMT deblocking step, was adopted. In the case of TEL-
ODN 3, the DMT-protected glucose phosphoramidite derivative, obtained 
through the previously reported protocol, was used at a concentration of 50 
mg/mL in an anhydrous acetonitrile solution in the last coupling step. After the 
automated synthesis, the DMT-ODNs were detached from the support and 
deprotected by treatment with concentrated aqueous ammonia at 55 °C for 17 
h. The combined filtrates and washings were dried, redissolved in water, 
analyzed and purified by HPLC on an anion exchange column (Macherey-
Nagel, 1000-8/46, 4.4×50mm, 5 ɛm) using a linear gradient from 0 to 100% B 
in 30 min, flow rate = 0.3 mL/min and detection at 260 nm (buffer A: 20 mM 
NaH2PO4 aq. solution pH 7.0, containing 20% (v/v) CH3CN; buffer B: 20 mM 
NaH2PO4 aq. solution pH 7.0, containing 1 M NaCl and 20% (v/v) CH3CN). 
After HPLC purification, the ODN samples were desalted on a Biogel column 
(BIORAD) eluted withH2O/CH3CH2OH (9:1, v/v). After drying, the desalted 2 
and the DMT-protected precursor of 3 (DMT-3) were further purified by HPLC 
on a RP-18 column (Purosphere STAR, 5 ɛm, 250 x 10mm, Merck) eluted 
with a linear gradient from 0 to 100% B 30 min, flow rate 0.7 mL/min and 
detection at 260 nm (eluent A: triethyl ammonium bicarbonate buffer (TEAB) 
0.1 ɛM; eluent B:CH3CN).The retention time of 2 (23.1 min) and DMT-3 (23.4 
min) corresponded to that of the most highly retained peak in each HPLC 
profile due to the presence of the terminal DMT lipophilic groups. The 
collected peaks were dried under reduced pressure and lyophilised twice after 
solubilization in water. The purified 2 and DMT-3 were quantified by UV 
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spectroscopic analyses in pure water by measuring the absorbance at 260 nm 
at 90 °C using the molar extinction coefficient of 5'-CGGAGG-3' as calculated 
by the nearest-neighbour model4 multiplied by 4 (the number of strands in 
each TEL-ODN complex).The calculated Ů = 246,000 cmï1 Mï1 was 
augmented by 1% due to the contribution of the DMT groups. The DMT 
deprotected 1 and 3 were obtained by treating the corresponding precursors 
with a mixture of acetic acid and water (8:2, v/v, 3 mL) for 40 min at room 
temperature. After the addition of water (5 mL) the solutions were extracted 
with diethyl ether (4 x 10 mL) in a separating funnel. The acqueous layer was 
dried under reduced pressure (max 40 °C) and co-evaporated with water three 
times to remove the residual acetic acid. Finally, the fully deprotected TEL-
ODNs 1 and 3 were dissolved in water, lyophilised and quantified by UV. 
Characterization of TEL-ODNs 1ï3 by quantification of the DMT cations 
released from 2 and DMT-3 
0.1 ɛmol of 2 or DMT-3 was treated with a solution of 70% HClO4/Ethanol (3:2, 
v/v) and the red solution was analysed by spectroscopic measurements at 498 
nm (Ů = 71,700 cmï1 Mï1). 0.1 ɛmol of 2 and DMT-3 furnished 0.39 and 0.42 
ɛmol of DMT, respectively, thus confirming the assigned structures and the 
purity of both products. 
Preparation of G-quadruplexes (annealing) 
The G-quadruplexes were formed by dissolving the TEL-ODNs 1ï3 in 1 M K+ 

containing aqueous buffer (900 mM KCl, 100 mM KH2PO4, pH 7) and 
annealed by heating at 90 °C for 5 min followed by quick cooling at 4 °C 
(kinetic annealing procedure). Stock solutions of 6 mM strand concentrations 
of 1 and 2 and 3 mM of 3 were prepared. The samples were stored at 4 °C for 
24 h before the measurements. 
Native gel electrophoreses. Native gel electrophoresis experiments were 

run on 20% non-denaturing polyacrylamide gels in 1x TBE buffer, pH × 7.0, 

supplemented with 30 mM NaCl. 600 ɛM single strand ODN samples, 

obtained by diluting the annealed stock solutions just before the experiment, 

were loaded on the gel and 10% glycerol was added to each sample just 

before loading. The gels were run at room temperature at a constant voltage 

(120 V) for 1 h. The bands were visualized by UV shadowing. 

CD experiments. The CD spectra of the annealed 1ï3 were recorded in a 0.1 

cm path length cuvette at 5 ÁC at a 10 ɛM G4 concentration. The spectra were 

recorded in the 360ï200 nm wavelength range as an average of 3 scans (100 

nm/min, 1 s response time, 1 nm bandwidth) and normalized by subtraction 

of the background scan containing only the buffer. CD melting experiments 

were performed, monitoring the CD value (mdeg) at 264 nm in the 

temperature range 5ï90 °C with 0.5 °C min-1 heating rate. 

HPLC-SEC experiments. The HPLC-SEC analyses were performed on a 

Yarra 2000 SEC Column (Phenomenex, 300 x 7.8 mm, 3 um) equipped with 

a Phenomenex Security Guard pre-column eluted with 90 mM KCl and 10 mM 
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KH2PO4/CH3CN (80/20, v/v), flow rate 0.6 mL/min, detector at 260nm. The 

analyses were performed at room temperature. 

NMR experiments. The NMR samples were prepared at a 1.6 mM 

concentration by dissolving 1ï3 in 250 ɛL of 1 M K+ containing annealing 

buffer (900 mM KCl, 100 mM KH2PO4, pH = 7 in H2O/D2O 9:1v/v). One-

dimensional NMR spectra were acquired as 16,384 data points with a recycle 

delay of 1.0s at 25 °C. The data sets were zero-filled to 32,768 points prior to 

Fourier transformation and apodized with a shifted sine bell squared window 

function. Water suppression was achieved by including a double pulsed-field 

gradient spin-echo (DPFGSE) module in the pulse sequence prior to 

acquisition. 

Anti-HIV activity assay. The anti-HIV activity and cytotoxicity of the ODNs 

were evaluated against wild-type (WT) HIV-1 strain IIIB in MT-4 cell cultures 

using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

method. Briefly, stock solutions (10 × final concentration) of the tested 

compounds were added in 25 ɛL volumes to two series of triplicate wells so 

as to allow a simultaneous evaluation of their effects on mock-and HIV-

infected cells at the beginning of each experiment. Serial 5-fold dilutions of the 

test compounds were made directly in flat-bottomed 96-well microtiter trays 

using a Biomek 3000 robot (Beckman instruments, Fullerton, CA). Untreated 

control HIV-and mock-infected cell samples were included for each sample. 

Virus stock (50 ɛL) at 100-300 CCID50 (50% cell culture infectious dose) or 

culture medium was added to either the virus-infected or mock-infected wells 

of the microtiter tray. Mock-infected cells were used to evaluate the effect of 

the test compounds on the uninfected cells in order to assess the cytotoxicity 

of the tested compounds. Exponentially growing MT-4 cells were centrifuged 

for 5 min at 220 g and the supernatant was discarded. The MT-4 cells were 

resuspended at 6 x 105 cells/mL and 50ɛL volumes were transferred to the 

microtiter tray wells. Five days after the infection, the viability of the mock- and 

HIV-infected cells was examined spectrophotometrically by MTT assay. The 

MTT assay is based on the reduction of yellow coloured 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Acros Organics) 

by mitochondrial dehydrogenase activity in metabolically active cells to a blue-

purple formazan that can be spectrophotometrically measured. The 

absorbances were read in an eight-channel computer-controlled photometer 

(Infinite M1000, Tecan), at two wavelengths (540 and 690 nm). All data were 

calculated using the median absorbance value of three wells. The 50% 

cytotoxic concentration (CC50) was defined as the concentration of the tested 

compound that reduced the absorbance (OD540) of the mock-infected control 

sample by 50%. The concentration achieving 50% protection against the 

cytopathic effect of the virus in infected cells was defined as the 50% inhibitory 

concentration (IC50). 
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Surface Plasmon Resonance (SPR) experiments. The binding of gp120 on 

immobilized heparin was measured using Surface Plasmon Resonance 

(SPR). The experiments were performed at 25 °C on a Biacore T200 (GE 

Healthcare, Uppsala, Sweden) in HBS-EP (10 mM HEPES, 150 mM NaCl,3 

mM EDTA and 0.05% (v/v) Tween20; pH 7.4). Heparin (Iduron) was minimally 

biotinylated at the reducing end using biotinamidohexanoic acid hydrazide 

(Sigma-Aldrich). Biotinylated-heparin was extensively dialyzed to remove 

unreacted biotin and 400 Resonance Units (RU) were captured on a 

Streptavidin Sensor Chip. Recombinant gp120 HIV-1 (IIIB) 

(ImmunoDiagnostics Inc., Woburn, MA), alone (2 ɛg/ml) or premixed with a 

concentration range of the G-quadruplex aptamers, was injected for 2 minutes 

at a flow rate of 30 ɛl min-1, followed by a dissociation phase of 2 minutes. The 

Sensorchip was regenerated by treatment with 1M NaCl in 10 mM NaOH. A 

reference flow was used as a control for non-specific binding. Several buffer 

blanks were used for double referencing. 
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Objective 3. Study and evaluation of an analogue Ů-Poly(L-Lysine) 
peptide as ligand of G-quadruplexes 

Ů-Poly(L-Lysine) or Ů-PLL peptide is a cationic biopolymer isolated from 
the marine bacterium Bacillus subtilis with antibacterial and anticancer 
activity [85]. The same peptide and his analogues, can be also used in 
many biomedical applications, including the enhancement of some 
anticancer agents [86], the suppression of the production of the prion 
protein in neurodegenerative disorders [87], the use in contrast agent 
probes for Magnetic Resonance Imaging [88] and the enhancement of 
gene delivery efficiency [89]. In particular, Ŭ- and Ů-PLL peptides are 
well soluble in aqueous media, biodegradable and environmental-
friendly [90], and both are good candidates as drug delivery agents due 
to their polycationic nature [90][91]. The interest in poly-L-lysine 
structures containing both Ŭ- and Ů- peptide bonds is justified: i) by their 
superior gene delivery properties [92]; ii) by their resistant to proteolytic 
action [93]; iii) by their ability to bind structural specific nucleic acids and 
iv) by their capacity to resist degradation after 24 h of incubation in 
human serum at 37 °C [94]. In this work, we reported a synthetic 
approach for linear PLLs characterized by sequential Ŭ and Ů peptides 
bonds (Ŭ, Ů-PLL, Figure 32) and we described the effect of Ŭ, Ů-PLL to 
bind different G-quadruplex structures.  

 

Figure 32. Schematic representation of the natural Ů-peptide (Ů-PLL) and of our 
synthetic analogue studied in G-quadruplex-DNA binding. 
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Specifically, we have chosen the Tel22 telomeric sequence 
d(AGGGTTAGGGTTAGGGTTAGGG) and the Pu22 sequence 
d(TGAGGGTGGGTAGGGTGGGTAA) able to form a hybrid-type and a 
parallel G-quadruplex respectively. 
 
Results and Discussions. The CD spectra of Tel22, showed the 

characteristic CD bands (~290 nm maximum, ~250ï260 nm shoulder, 

~240 nm minimum) previously attributed to an equimolar mixture of the 

hybrid 1 and hybrid 2 G-quadruplexes [95][96][97][98]. After the addition 

of Ŭ, Ů-PLL we observed no change in the CD spectrum, reaching the 

conclusion that Ŭ, Ů-PLL did not induce any significant structural change 

on the G-quadruplex secondary structure of Tel22 (Figure 33, left). The 

same study was repeated using Pu22 DNA sequence that showed a 

negative signal at 240 nm and a positive signal at 265 nm (Figure 33, 

right) typically to a parallel G-quadruplexes [99][100]. Immediately after 

the addition of Ŭ, Ů-PLL, we observed a we observed a substantial 

enhancement and broadening of the positive CD band at 260 nm, which 

indicated that the interaction of Ŭ, Ů-PLL with Pu22 induced significant 

changes into the parallel G4 secondary structure. 

 

Figure 33. CD spectra of 2.5 µM G-quadruplex DNA (Tel22, left; Pu22 right) + 1.7 µM 

Ŭ, Ů-PLL in 10 mM TRIS HCl buffer, 100 mM KCl, pH 7.4 at 15 °C. Arithmetic sum (-); 

Ŭ, Ů-PLL/G-quadruplex complex (-). 

By repeating the acquisition of CD (Figure 34) and UV (Figure 35) 
spectra at different time points from the addition of Ŭ, Ů-PLL to the 
preformed Pu22 G-quadruplex, we observed a continuous variation of 
the signals (Figure 34a and 35a) which was particularly evident by 
plotting the CD value recorded at 261 nm or 281 nm (Figure 34b), as 
well as the UV value at 261 nm Figure 35b) vs. time. 
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Figure 34. (a) CD spectra of Pu22 (2.5 µM) recorded before (-) and 0 (-), 24 (-), 48 (-

), 72 (-), 96 (-) and 120 (-) h after mixing with Ŭ, Ů-PLL (1.7 µM) in 10 mM TRIS HCl 

buffer, 100 mM KCl, pH 7.4 at 15 °C.(b) Plots of CD values vs. time at 261 nm and 

281 nm.  

 

Figure 35. (a) UV spectra relative to Pu22 (2.5 µM) in 10 mM TRIS HCl buffer, 100 

mM Cl, pH 7.4, b = 0.4375 cm, at 15 °C recorded before (-) and 0 (-), 24 (-), 48 (-), 72 

(-), 96 (-) and 120 (-) h after mixing with Ŭ, Ů-PLL (1.7 µM) in 10 mM TRIS HCl buffer, 

100 mM KCl, pH 7.4 at 15 °C.(b) Plots of CD values vs. time at 261 nm and 281 nm.  

From this kinetic study, we concluded that the interaction of Ŭ, Ů-PLL 

with the Pu22 G-quadruplex leads to the formation of complexes that 

evolve during the first 96 h after mixing and eventually reach the most 

stable one when the stabilization of CD signal was achieved (Figure 

34). Similarly, to CD, also the fluorescence spectra confirmed a higher 

structural perturbation for Pu22 G-quadruplex DNA with respect to the 

telomeric one after binding with Ŭ, Ů-PLL. We observed a slight blue-

shift effect associated with increased fluorescence emission in the 

former case, whereas we did not see any significant effect in the latter 
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case (Figure 36). We also investigated the effects induced by Ŭ, Ů-PLL 

on the apparent melting temperature of the two G-quadruplex models. 

 

Figure 36. Fluorescence emission spectra of Pu22 (-), Tel22 (-), Pu22 + Ŭ, Ů-PLL (-) 

and Tel22 + Ŭ, Ů-PLL (-): 2.5 ÕM DNA, Ŭ, Ů-PLL (1.7 µM) in 10 mM TRIS TRIS HCl 

buffer, 100 mM KCl, pH 7.4 at 15 °C. 

The CD melting curves of the Ŭ, Ů-PLL/G-quadruplex complexes (Figure 
37) disclosed a slight thermal stabilization (ȹTm ╔ 2 °C) in the case of 
Pu22, whereas no significant difference was found between the Tm of 
Tel22 and that of its complex with Ŭ, Ů-PLL. 

 

Figure 37. CD melting curves relative to G4 DNA (Tel22, top left; Pu22, top right; 
2.5 µM) and their complexes with 1.7µ_M Ŭ, Ů-PLL (Tel22 + Ŭ, Ů-PLL, bottom left; 
Pu22 + Ŭ, Ů-PLL, bottom right) in 10 mM TRIS HCl buffer, 100 mM KCl, pH 7.4. 
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To quantitatively evaluate the binding affinity of Ŭ, Ů-PLL for both the 
studied G-quadruplex topologies, we used the surface plasmon 
resonance (SPR) technique. SPR binding profiles (Figure 38) 
confirmed that Ŭ, Ů-PLL was actually capable of binding, in a 
concentration-depending manner, to both G-quadruplex models, and 
the fitting of the binding isotherms allowed us to estimate the 
dissociation constants for the two complexes, even though a higher 
affinity for Pu22 was observed, in interval time of analysis. Strikingly, 
the affinity of Ŭ, Ů-PLL for Pu22 and Tel22 G-quadruplexes is similar or 
higher than that found for other previously reported basic peptides 
acting as G-quadruplex DNA ligands (KD 1ï8 µM) [101]. 

 

Figure 38. Overlay of surface plasmon resonance (SPR) sensorgrams for the binding 

of Ŭ, Ů-PLL to immobilized (A) Biot-Pu22 or (B) Biot-Tel22. (C) Overlay of the 

corresponding binding isotherms of RUmax values vs. Ŭ, Ů-PLL concentration (0ï10µM 

concentration range). 

Aiming at further confirming the binding of Ŭ, Ů-PLL with the two G-
quadruplex models and also at investigating the effect of the addition of 
Ŭ, Ů-PLL on the molecularity of Tel22 and Pu22 G-quadruplexes, we 
used the HPLC Size Exclusion Chromatography (HPLC-SEC) 
technique. The analysis of Tel22 and P22 was performed before and 
96 h after their incubation with Ŭ, Ů-PLL (Figure 39). As expected, the 
HPLC-SEC profile of Tel22 alone was populated by a single peak 
attributable to the mixture of monomeric hybrid 1 and hybrid 2 G-
quadruplexes, which was eluted at min 14.733. After incubation with Ŭ, 
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Ů-PLL, the appearance of a new less-retained peak eluted at min 13.767 
suggested the formation of a higher molecular weight complex in 
agreement with the SPR data which indicated a concentration-
dependent binding between Ŭ, Ů-PLL and Tel22. Differently from what 
was observed for Tel22, the HPLC-SEC profile obtained by injecting of 
Pu22 alone was populated by two main peaks, that we assigned to the 
monomeric parallel G-quadruplex (tR= 14.525 min) and its dimer (tR= 
13.950 min) based on literature reports [102]. On the other hand, the 
HPLC-SEC profile of Pu22 did not change significantly after the addition 
of Ŭ, Ů-PLL, suggesting that the Ŭ, Ů-PLL/Pu22 binding confirmed by 
CD, fluorescence and SPR data, did not affect the relative abundance 
of the monomeric and dimeric G-quadruplex forms. 

 

Figure 39. HPLC-size exclusion chromatography (SEC) profiles of Tel22 and Pu22 

G4s before and after the addition of Ŭ, Ů-PLL. 
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The results reported, showed that Ŭ, Ů-PLL binds the two herein 
investigated DNA G-quadruplexes with good affinity (as demonstrated 
by SPR), though clues of changes of the secondary structure and slight 
thermal stabilization were seen only for the interaction with the Pu22 
parallel G-quadruplex. The study reported here provides an interesting 
insight into G-quadruplex binding of Ŭ, Ů-PLL, a serum stable [14], 
marine-inspired peptide that, in spite of its cationic nature, recognizes 
the structural properties of its targets and uses different binding modes 
according to their topology. 
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EXPERIMENTAL SECTION 
 
Sinthesis of Ŭ, Ů-PLL and DNA. 
The hexadecapeptide Ŭ,Ů-PLL (Figure 1) was prepared accordingly to the  
procedure previously reported by Moccia et al. Pu22 
d(TGAGGGTGGGTAGGGTGGGTAA) and Tel22 
d(AGGGTTAGGGTTAGGGTTAGGG) G4-forming DNAs  werepurchased 
from Eurofins Genomics. 
CD and UV Experiments 
We obtained the CD spectra in a 210ï320 nm wavelength range, on a Jasco 
J-810 spectropolarimeter equipped with a Jasco PTC-423S/15 Peltier 
temperature controller (Jasco Europe Srl, Cremella, Italy) in a dual-chamber 
quartz cell (b = 2 × 0.4375, Hellma 238-QS, Hellma® Analytics, Hellma GmbH 
& Co. KG, Müllheim, Germany). UV spectra were recorded on a Jasco V-550 
spectrophotometer equipped with a Jasco ETC-505T Peltier temperature 
controller. All spectroscopic experiments were run in duplicate and were 
repeated three times. Standard deviation values for CD and UV Abs were Ò 
2%. CD meltings of telomeric and Pu22 G4 DNAs were obtained by recording 
CD values at 295 and 263 nm, respectively, as function of temperature. All 
nucleic acids were annealed by heating the solutions at 95 °C for 5 min and 
letting them cool overnight at room temperature. Melting temperature values 
were determined as the temperatures relative to minima of the 1st derivative 
plots of denaturation curves. 
Fluorescence Studies 
The experiments were performed at 15 °C using the intrinsic fluorescence of 
G4 DNAs, using an excitation wavelength of 270 nm and a fluorescence 
emission wavelength ranging from 330 to 500 nm on a Jasco FP 8300 
spectrofluorometer using a 10 mm path-length quartz cuvette. The acquisition 
parameters were set as follows: excitation and emission slits at 5 nm; 200 
nm/min scan rate; 0.5 nm data interval averaging time at 0.050 s, PMT voltage 
at ñmediumò. 
Surface Plasmon Resonance (SPR) Experiments 
SPR assays were performed at 25 °C on a Biacore 3000 instrument (GE 
Healthcare, Chicago, IL, US). For immobilization, 5ô-biotinylated Tel22 and 
Pu22 ODNs were injected for 7 min (at 20 µM)  on a SA-chip until an 
immobilization of ~700 RU was achieved, as previously reported [47,48]. The 
Ŭ,Ů-PLL analyte was serially diluted in the 10 µM TRIS HCl buffer 
supplemented with 100 µM KCl (pH 7.4) running buffer, covering a 
concentration range between 50 and 1000 nM. 90 µL analyte samples were 
injected at a flow rate of 20 µL min-1 and the dissociation was followed for 300 
s. The reference chip sensorgrams were properly subtracted to sample 
sensorgrams. After each cycle, the sensor chip surface was regenerated with 
a 1.0 M NaCl solution for 30 s followed by multiple buffer injections to yield a 
stable baseline for the following cycles. Experiments were carried out in 
duplicates. Kinetic parameters were estimated assuming a 1:1 binding model 
and using version 4.1 Evaluation Software (GE Healthcare). 
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HPLC-Size Exclusion Chromatography (SEC) Analyses 
HPLC-SEC was performed using a Phenomenex (Bologna, Italy) Yarra SEC-
2000 column (300 × 7.8 mm, 3 µm) eluted with 90 mM KCl and 10 mM 
KH2PO4/CH3CN (80:20, v/v), flow rate 0.6 mL/min, UV-detector at 260 nm. 
The analyses were performed at room temperature. 
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Objective 4. A new supramolecular structure formed by G-rich 
oligonucleotide sequences 

The construction of switchable and controllable molecular devices plays 
an important role in the development of new nanomaterials and 
nanomachines. DNA molecules and their secondary structures, in 
particular G-wires, represent a valid alternative for the design of 
nanodevices because, in addition to having unique optical and 
electrochemical characteristics [103][104][105], they can be easily 
designed, basing on their complementary bindings. G-wires, 
nanostructures based on a four-stranded DNA helix called a G-
quadruplex, have recently been used to generate nanocircuits, DNA 
computers and nanotechnological materials [106][107][108].  

 

Figure 40. Schematic representation of two types of multimeric G-wires: (A) 
interlocked and (B) stacked. 

These supramolecular structures can be obtained by the 
multimerization of the G-rich strands in a self-assembling process that 
combines two different modes: i) interlocked G-wires, characterized by 
the cooperative assembly of interlocked slipped strands (Figure 40A) 
and ii) stacked G-wires, in which the G-quadruplex building blocks are 
piled one upon the other by end-to-end stacking (Figure 40B).The 
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factors that influence this multimerization process are: i) the 
molecularity of the G-quadruplex, ii) the base composition of the loops, 
iii) the presence of overhanging nucleotides at the 5ô or 3ô end of the G-
rich strand, iv) the number of G-tetrads in the G-quadruplex monomer 
and v) the kind of ˊ-ˊ stacking among the monomeric building blocks. 
Starting from these data, in a previous paper published in NAR in 2011, 
the research group formed by Piccialli, Borbone and Oliviero identified 
a novel dimerization pathway. In particular they observed that the 
sequence 5ô-CGGTGGT-3ô (1, Figure 41) is able to fold in a dimeric 
structure (2Q) (2, Figure 41), via 5ô-5ô ˊ-ˊ stacking of two unusual 
G(:C): G(:C): G(:C): G(:C) planar octads belonging to two identical 
tetramolecular parallel G-Quadruplexes [109] (Figure 41).  
 

 

Figure 41. Schematic representations of single stranded ODN (1) and its dimeric 

tetramolecular quadruplex assembly (2). Structural model for the d(CGGTGGT)8 

octamer (A). Proposed structure of the G2(:C1):G2(:C1):G2(:C1):G2(:C1) octad (B). 

In 2014, DôAtri et al., reported a small library of G-rich oligonucleotide 

strands having the sequence 5ô-XGGYGGT-3ô (where X and Y stand for 

A, C, G, or T) (Figure 42). They demonstrated that the dimerization 

process was not peculiar to 5ô-CGGTGGT-3ô, but was possible for all the 

remaining 5ô-CGGYGGT-3ô sequences (with Y= A, C or G). Furthermore, 

they found that the 5ô-TGGAGGT-3ô sequence, despite the absence of 

the 5ô-ending C, was capable of forming a 2Q-like higher order 

quadruplex by using a slightly different dimerization interface [84].  



 

 
64 

 

Figure 42. Monomeric G-quadruplex building block containing in the sequence 5ô-

XGGYGGT-3ô a double substitution (where X and Y stand for A, C, G, or T). 

With the goal of obtaining polymers very similar to G-wires, we decided, 

considering the dimerization induced by the octad (2Q) (Figure 41), to 

introduce into the sequence 5ô-CGG-3ô-3ô-TGGC-5ô(called InvT) a 3ô-3ô 

inversion of polarity site, so as to obtain at the 5ô-ends cytosine-

guanine-guanine residues, which can act as hydrophobic glue between 

the monomeric units of the G-quadruplex [79] (Figure 43).  

 

 

Figure 43. Formation of the G-quadruplex building block Q1 and its multimerization 

into Qn G-wire polymers starting from ODN 1 5ô-CGG-3ô-3ô-TGGC-5ô. 

Through structural studies the disposition of the thymidine residue 

towards the outside for InvT emerged. Hence, the idea of synthesizing 

a sequence characterized by a greater symmetry obtained by the 
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absence of a thymidine residue in the middle of the base sequence 

(Figure 44).  

 

Figure 44. Formation of the G-quadruplex building block Q1 and its multimerization 

into Qn G-wire polymers starting from ODN 2 5ô-CGG-3ô-3ô-GGC-5. 

Synthesis and Purification of d(5ô-CGG-3ô-3ô-GGC-5ô).  
The synthesis of d(5ô-CGG-3ô-3ô-GGC-5ô) was performed on an automated 
synthesizer through standard solid-phase phoshoramidite chemistry. 
The 3ô-3ô phosphodiester bond was achieved by performing the first 
three coupling cycles using 5ô-phosphoramidites and the remaining 
three using standard 3ô-phosphoramidates. After the automated 
synthesis, the ODN 2 was detached from the support and deprotected 
by treatment with concentrated aqueous ammonia solution for 7 h at 55 
°C. The filtered solution and washings were concentrated under 
reduced pressure and purified by HPLC with an anion exchange column 
(MachereyïNagel, 1000-8/46, 4.4 Ĭ 295 50 mm, 5 ɛm) eluted with a 
linear gradient from 0 to 100% B in 30 min; buffer A: 20 mM NaH2PO4, 
pH 7.0 containing 20% CH3CN; buffer B: 1M NaCl, 20 mM NaH2PO4, 
pH 7.0, containing 20% CH3CN; flow rate 0.3 mL/min. The collected 
product was desalted by gel filtration on a BioGel P2 column eluted with 
H2O/ethanol (9:1, v/v) to obtain, after lyophilisation, pure ODN 2. The 
ON concentration was quantified spectrophotometrically in water at ɚ = 
260 nm and 90 °C, using the molar extinction coefficient of 5ô-CGG-3ô-3ô-

GGC-5ô (Ů = 54,400 cm-1 M-1) as calculated with the nearest-neighbour 
model. 
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Polyacrylamide Gel Electrophoresis (PAGE) studies. Non-
denaturing Polyacrylamide Gel Electrophoresis (PAGE) is a simple 
method to demostrate the formation of a G-quadruplex structure For 
this purpose, we compared  the electrophoretic mobility of (5ô-CGG-3ô-3ô-

GGC-5ô)2-n (lanes 3 and 4, Figure 45A) with that of the corresponding 
monomeric quadruplex (5ô-TGGGGT-3ô)4 (lane 1) and of the dimeric 
quadruplex (5ô-CGGTGGT-3ô)8 (lane 2) used as size markers for the G-
quadruplex monomeric building block Q1 and G-quadruplex dimeric 
building block Q2, respectively. The (5ô-CGG-3ô-3ô-GGC-5ô)2-n annealed at 
a 1.0 mM ODN concentration migrated as a well-defined band (lane 3, 
Figure 45A) in which the short bands Q1-4 of the Qn polymer could be 
identified. The faster band of (5ô-CGG-3ô-3ô-GGC-5ô)2-n (lane 3) migrated 
with almost the same mobility as the monomeric G-quadruplex (5ô-

TGGGGT-3ô)4 and for this reason, also considering the DNA ladder 
reference (lane 5, Figure 45A) it was attributed to the Q1 species. As 
expected, the Q2 species corresponded to about 48 nucleotides, 
migrating a little faster that the dimeric (5ô-CGGTGGT-3ô)8 (lane 2, Figure 
45A) corresponding to 58 nucleotides.  

 

Figure 45. Electrophoretic mobility of the ODNs annealed in 100 mM K+ buffer after 

24h at 4 °C.  

Furthermore, through the PAGE analysis, we observed that the 
progression of the polymerization process of (5ô-CGG-3ô-3ô-GGC-5ô)2-n 
depends on its concentration. In fact, when (5ô-CGG-3ô-3ô-GGC-5ô)2-n was 
annealed at a different ODN concentration (0.05 mM), in the 
distrubution of the multimers it was possible to identify only the first 
three bands Q1-3 (lane 4, Figure 45). The PAGE in Figure 45B, reports 
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the comparison between the electrophoretic mobility of (5ô-CGG-3ô-3ô-

GGC-5ô)2-n (lane2) and (5ô-CGG-3ô-3ô-TGGC-5ô)2-n (lane 4). The bands 
formed by (5ô-CGG-3ô-3ô-TGGC-5ô)2-n had a lower mobility compared to the 
corresponding bands formed by (5ô-CGG-3ô-3ô-GGC-5ô)2-n probably 
attributed to the presence of the thymidine residue. 

Size Exclusion Chromatography (HPLC-SEC) studies. The (5ô-CGG-

3ô-3ô-GGC-5ô)2-n annealed in 1.0 mM K+ buffer was analyzed by Size 

Exclusion Chromatography (HPLC-SEC). The HPLC-SEC profile 

reported in Figure 46 showed a distribution of peaks in which low 

molecular weight species had longer retention times. To obtain 

information about the molecular weight of the analyzed species, we 

used as size markers (5ô-T6
-3ô), (5ô-TGGGGT-3ô)4 and (5ô-CGGTGGT-3ô)8 

respectively for a single stranded (ODN 6-mer), a monomeric G-

quadruplex Q1 (ODN 24-mer) and a dimeric G-quadruplex Q2 (ODN 54-

mer) (Figure 46A, left panel). On the basis of the retention times (tR) 

and in agreement with the PAGE data, we could observe for (5ô-CGG-3ô-

3ô-GGC-5ô)2-n annealed at a 0.05 mM ODN concentration the presence of 

only three peaks (Q1-3) confirming that the polymerization process is 

slower at a lower ODN concentration (Figure 46C, left panel). Instead, 

when the ODN concentration was increased (3.6 mM) and the 

annealing time is extended (48h and 72h - data not shown) a 

distribution of multimers with a higher molecular weight (Qn, with n < 6 

for Figure 46D, left panel) were observed. Further to this information, 

SEC analysis revealed a strong dependence between the annealing 

times and the polymerization (Figure 46, right panel). Analyzing the (5ô-

CGG-3ô-3ô-GGC-5ô)2-n sample 30 min after heating and equilibration at 25, 

45, 65 and 85 °C (Figure 46, right panel), we can observed, unlike the 

previous work [79], where in the same condition the depolymerization 

process was much faster, the presence at 85 °C, of alone two species 

Q1 and Q2 (in the ratio 5:1) and the total absence of the single stranded. 

These data indicated that the G-quadruplex Q1 formed by ODN 2 

(Figure 44) is more stable of the Q1 formed by ODN 1 (Figure 43). 

Taking advantage of the good resolution of the peaks on the HPLC-

SEC column, the species attributed to Q1 was isolated, stored at 4 °C 

and re-injected 30 min after its isolation. The chromatographic analysis 

of the Q1 peak confirmed almost total purity with very low contamination 

from the peaks of the adjacent products (Figure 47).  
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Figure 46. HPLC-SEC profiles of (A) molecular weight markers; (B) ODN annealed 
at 1.0 mM conc.; (C) ODN annealed at 0.05 mM conc.; (D) ODN annealed at 3.6 mM 
conc.; (left panel). HPLC-SEC profiles of ODN 1.0 mM conc. injected 30 min after 
heating at 25 (A), 45 (B), 65 (C) and 85 °C (D) (right panel). 

 

 

Figure 47. HPLC-SEC profile of product peak Q1 isolated from profile C, Figure 46. 
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Circular Dichroism (CD). Circular dichroism (CD) is a widespread 

technique for studying the polymorphism of G-quadruplexes. Generally, 

the CD profile of a parallel G-quadruplex in solution is characterized by 

a positive signal at 265 nm and a negative signal at 240 nm; whereas 

an antiparallel G-quadruplex is characterized by a negative signal at 

260 nm and a positive signal at 295 nm [71]. The CD spectrum obtained 

for the ODN 2 is very similar to antiparallel G-quadruplex with aternating 

syn-anti glycosidic bonds along the stems. In fact, the dichroic profile is 

characterized by two positive signal at 250 nm and 300 nm and one 

negative signal at 276 nm (Figure 48). On the other hand, the CD 

spectra of Q1 isolated from ODN 2 showed a positive signal at 294 nm 

and a negative signal at 270 nm, probably attributed to the loss of 

symmetry (Figure 49). 

 

Figure 48. CD spectra of ODN 2 40 µM, recorded at 5 °C (red line), 20 °C (orange 

line), 80 °C (neon green line) and 90 °C (light blue line).  

 

Figure 49. CD spectra of Q1 (black line) isolated from ODN 2 (red line). 



 

 
70 

In order to estimate the thermal stability, ODN 2 was subjected to 

melting and annealing CD experiment. The CD spectra at different 

temperatures, recorded during the melting experiment indicated for the 

ODN 2 a lower thermal stability also confirmed by CD melting curve 

(Figure 50). 

 

Figure 50. CD melting curves of ODN 2. The melting experiment was performed with 

a temperature range of 5 ÁC to 90 ÁC at 0.5 ÁC min-1. The CD absorbance was 

measured at a single wavelength (240 nm). 

Atomic Force Microscope (AFM). The morphology of the ODN 2 has 
been investigated by AFM. The AFM images of the G-quadruplexes 
spontaneouly adsorbed from 3.6mM ODN freshly prepared solutions 
revealed more than 300 structure formations (Figure 51). It is very 
evident the repetition of a kind elementary units that arranges in 
formation of linear shape with several length, but about the same 
highness (1,8±0,2nm) and a mean wideness of (21±7nm). Statistical 
analysis has been illustrated and reported in Table 3, where the 
distribution of highness, wideness and length are plotted. 
 
 
 
 
 
 
 
Table 3. Statistical analysis where the distribution of highness, wideness and length 

are plotted. 

  Length (nm) Wideness (nm) Highness (nm) 

Mean  80 21 1.8 

Std.  60 7 0.2 
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Figure 51. AFM imaging: Non-contact mode (NCM) amplitude (left) and phase (right) 

of symmetric sample.  

 

 

The present study demonstrated the formation of a DNA based 
nanostructure consisting of a polymer of G-quadruplex. By means of 
PAGE, HPLC, CD, NMR and AFM analyses it is possible to 
demonstrate and characterize the formation of self-assembling into 
higher-order nanostructures, in the presence of K+ ion concertation 
and/or long incubation times. In summary, we believe that the discovery 
of new rules that address the process of multimerization of G-
quadruplexes may be a useful achievement to project and obtain DNA 
based superstructures. All of this could allow the construction of G-
quadruplex and their polymers with predictable dimension and shapes 
thus enlarging the field of their uses and, more generally, extending the 
DNA toolboxes for the construction of self-assembled supramolecular 
entities. 
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EXPERIMENTAL SECTION 

 
DNA sinthesis and purifications. 

DNA sequences d(TGGGGT) and d(CGGTGGT), were chemically 

synthesized on an Expedite 8909 DNA synthesizer (PerSeptive Biosystems, 

USA) using a universal CPG support purchased from Glen Research. The 

syntheses were performed adopting the standard ɓ-cyanoethyl 

phosphoramidite chemistry at 10-15 µM scale and the products were purified 

as previously described. The synthesis of d(5'-CGG-3'-3'-GGC-5ô) (ODN 2) was 

performed on the same DNA synthesizer. The inversion of polarity site within 

the sequence was achieved by initially assembling the 5'-CGG-3' tract using 5'-

phorphoramidites and then the 3'-GGC-5' tract using standard 3'-

phosphoramidites. After completion of the ODN sequence, the support was 

treated with concentrated aqueous ammonia at 55 °C for 15 hours. The 

combined filtrates and washings were concentrated under reduced pressure 

and purified through HPLC (JASCO PU2089 pumps equipped with the JASCO 

2075 UV detector) on an anion exchange column (Macherey-Nagel, 1000-

8/46, 4.4x50 mm, 5 µm) using a linear gradient from 0 to 100% B in 30 min, 

flow rate = 1 mL/min and detection at 260 nm (buffer A: 20 mM NaH2PO4 aq. 

solution pH 7.0, containing 20% (v/v) CH3CN; buffer B: 20 mM NaH2PO4 aq. 

solution pH 7.0, containing 1 M NaCl and 20% (v/v) CH3CN. 

Annealing procedue. 

The ODN concentration was determined spectrophotometrically at ɚ = 260 nm 

at 90 ÁC, using molar extinction coefficient Ů = 54400 Mï1 cmï1 for 5'-CGGGGC-

3', as determined using the Sigma-Aldrich OligoEvaluatorTM web tool 

(www.oligoevaluator.com). The 0.5-3.6 mM solutions of 2 were obtained by 

dissolving the lyophilized sample in 900 mM KCl and 100 mM KH2PO4. The 

samples were annealed by heating at 90 °C for 10 minutes and then quickly 

cooling at 4 °C. After the annealing procedure, the samples were stored at 4 

°C before measurements.  

(PAGE). Native gel electrophoresis experiments were performed on 15% 

polyacrylamide gels containing TBE 1 x (8.9 mM Tris, 8.9 mM Borate, 0.2 mM 

EDTA, from BIORAD) and 30 mM KCl, pH 7.0 at constant voltage of 130 V for 

2 h at a temperature close to 5 °C. The ODN samples, annealed at 3.6 and 

0.05 mM single strand concentration in 1.0 M K+ buffer, were diluted at 0.6 

mM loading concentration just before PAGE runs. Glycerol was added (10% 

final) to facilitate sample loading in the wells. The gels were finally visualized 

with SYBR Green (Sigma-Aldrich) and visualized using the Bio-Rad 

Laboratories Gel DocTM XR apparatus.  

HPLC (SEC) analyses. HPLC-SEC analyses and purifications were 

performed on a Phenomenex (Bologna, Italy) Yarra SEC-2000 column 

operating in the MW range of 1,000-300,000 Dalton (300 × 7.8 mm, 3 µm) 
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eluted with 90 mM KCl and 10 mM KH2PO4/CH3CN (80:20, v/v), flow rate 0.6 

mL min-1, detector at 260 nm. The analyses were performed at room 

temperature using a JASCO PU-2089 Plus quaternary gradient pump 

equipped with a Jasco UV-2075 Plus UV/vis detector. 

(CD). CD spectra and CD melting profiles were recorded on a Jasco 1500 

spectropolarimeter (Jasco, Tokyo, Japan) equipped with a Jasco PTC-348-WI 

temperature controller in the 200-320 nm range, using 0.1 cm path-length 

cuvette in potassium buffer (90 mM KCl and 10 mM KH2PO4/CH3CN) at 20 

µM final single strand concentration. The spectra were averaged over 3 scans 

at 5 °C, which recorded at 200 nm min-1 scanning speed, 4 s response time, 

2 nm bandwidth. CD samples were prepared in potassium buffer (90 mM KCl 

and 10 mM KH2PO4/CH3CN) at 20 µM final single strand concentration. The 

buffer baseline was subtracted from each spectrum and the spectra were 

normalized to have zero at 320 nm. CD melting curves were registered at 268 

nm, 0.5 °C minï1 heating rate, temperature range 5ï90 °C. 

Atomic Force Microscopy (AFM). A XEȤ100 Park Systems instrument was 

used for the AFM imaging of Qn GȤwires. Surface imaging was obtained in 

nonȤcontact mode by using 125 ɛm long silicon/aluminiumȤcoated cantilevers 

(PPPȤNCHR 10 m; Park Systems; tip radius lower than 10 nm), with a 

resonance frequency of 200 to 400 kHz and nominal force constant of 42 

N mī1. The scan frequency was typically 0.5 Hz per line. When necessary, the 

AFM images were processed by flattening to remove the background slope, 

and the contrast and brightness were adjusted. Muscovite mica of about 1 cm2 

surface was used as the substrate in the AFM study. Muscovite mica surfaces 

are typically used as AFM substrates owing to their perfect cleavage along a 

<001> plane, yielding large atomically flat areas. Mica consists of layers of an 

aluminium phyllosilicate lattice ionically bonded through interstitial K+ ions. 

Upon cleavage, the K+ ions are highly mobile and are readily exchanged with 

divalent cation species at the solidïliquid interface. This exchange results in 

a positive overcharging of the mica surface, which enables the deposition of 

molecules that hold a net negative charge, such as DNA. Moreover, the 

positive charge distribution after cleavage enables a superȤhydrophilic surface 

that guarantees a lower interaction between suspended biomolecules during 

the evaporation of aqueous solvent. Mica was freshly cleaved by using 

adhesive tape prior to each deposition to establish its cleanliness. Aliquots (2 

ɛL) of the DNA/imaging buffer were directly deposited by casting onto freshly 

cleaved muscovite mica. After 2 min, every sample was gently washed with 

deionized water and then dried by evaporation at room temperature under a 

ventilated fume hood. 
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CHAPTER 3 

Peptide nucleic acids (PNAs): an important tool for the modulating 
of gene expression 

 

3.1 Introduction 

Peptide Nucleic Acid (PNA) was discovered during the 1990s by groups 
of biochemist Peter Nielsen and organic chemist Ole Buchardt. PNA is 
a DNA/RNA mimic characterized by a backbone made from repeating 
N-(2-aminoethyl) glycine units linked by peptide bonds, with the 
standard nucleobases (purines and pyrimidines) attached to the 
backbone through methylene carbonyl linkages. Conventionally PNAs 
are represented as peptides, with the N-terminus at the first position 
and the C-terminus at the last position, corresponding to the 5ô-end and 
3ô-end of DNA (Figure 1). 

 

Figure 1. Comparison of the structure of Peptide Nucleic Acid (PNA) and DNA. The 
deoxyribose-phosphate backbone of DNA (blue) is replaced by N-2(-aminoethyl) 
glycine units in PNA (red). The nucleobases are shown in blue for DNA and red for 
PNA.  

Unlike DNA or DNA analogues, PNAs do not contain any pentose sugar 
moieties or phosphate groups. Its backbone is acyclic, achiral and 
neutral. These features, the neutral character and the low electrostatic 
repulsion, provide PNAs with several important characteristics, such as: 
i) the capacity to form very stable and specific complexes with DNA and 
RNA targets; ii) the thermal stability (Tm) of the PNA/DNA complex 
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largely independent of the salt concentration [1][2][3]; iii) an increased 
the rate of hybridization; and iv) resistance again nucleases and 
proteases. PNAs recognize and hybridize complementary strands in 
several modes, namely: parallel, antiparallel, triplex and strand invasion 
(Figure 2). In the parallel type, the N-terminus of the PNA binds the 3ô-
end of the DNA strand (Figure 2A) [4], whereas in the antiparallel type, 
the N-terminus of the PNA binds the 5ô-end of the DNA strand (Figure 
2B). In the PNA-DNA-PNA triplex we can observed a combination of an 
antiparallel Watson-Crick duplex with a parallel bound Hoogsteen 
strand (Figure 2C) [5]. In the triplex invasion is require an opening of 
the DNA double helix and the pairing of only one strand of DNA is 
required, while the other unbound DNA strand is moved to a D-loop 
structure (Figure 2D) [1][6][7][8]. 

 
 
Figure 2. Schematic representation of a: PNA-DNA duplex in the parallel mode (A), 
PNA-DNA duplex in the antiparallel mode (B), PNA-DNA-PNA triplex (C) and PNA-
DNA-PNA triplex-strand invasion (D). 

3.2 Synthesis of Peptide Nucleic Acid through the Fmoc strategy 

PNA can be synthesized using automated procedures (Mayfield and 
Corey, 1999) [169] or manual procedures (Norton et al., 1995). Usually, 
when large scale PNA synthesis is required (> 2 µmol), the best way is 

by using the Fmoc-solid phase protocol. The synthesis is accomplished 
using monomers protected by either t-Boc or Fmoc protecting groups. 
Generally, Boc monomers produce better yields than Fmoc monomers. 
The synthetic steps consist in: i) a swelling and functionalization of the 
solid support; ii) deblocking; iii) coupling; iv) capping and v) a 
detachment of the oligomer from the solid support. Prior to beginning a 
synthesis, the resin should be swelling in the synthesis solvent. Resins 
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are like a sponge. Swellings allow them to expand minimize the 
exposure of their functional groups to the incoming reactants. 
Deprotection is the first step in a synthesis cycle. It removes the Fmoc 
protecting group from the resin-linker (in the case of Rink amide resin) 
or attached amino acids (in the case of Wang resins, or an existing 
peptide chain). Fmoc groups are removed by basic treatment with 20% 
piperidine in DMF for 2 to 20 minutes. For difficult deprotections, a 
stronger base, 2% DBU in DMF may be used. In order for the carboxylic 
acid of an amino acid to attach or couple to the amino group of another 
amino acid, it must first be activated. In order to speed up the coupling 
reactions, an excess of reactants, such as HBTU, HCTU, Py BOP, 
HATU, HOBt/DIC or DCC, is added. The bases used during coupling 
are NMM or DIPEA. In general, the activator/base ratio should be 1:2 
to 1:4 and typical amino acid solution concentrations range from 0.1 to 
0.5 in DMF. The coupling efficiency determines the final purity of the 
peptide. For this reason, the reaction times can range from 5 minutes 
to 2 hours depending on the activator used, the amino acid being 
coupled and the sequence of the peptide. In fact, some peptide 
sequences tend to aggregate, or clump together, hiding the reactive 
sites at the end of the peptide chains. Various methods can be 
employed to reduce the effects of aggregation including the use of 
different solvents such as DMS, NMP or chaotropic salts. Between the 
deprotection and coupling steps it is very important to wash the resin 
with a primary solvent, e.g. DMF (2 to 6 times for 30 seconds), because, 
otherwise the residual piperidine could remove the Fmoc group from 
the amino acid being introduced. Capping is performed to permanently 
block any unreacted amino groups following a coupling reaction, or to 
acetylate the N-terminus of a completed peptide. It Is useful during the 
synthesis of long peptides to minimize any deletion products. Typical 
capping solution compositions include 1:1:3 acetic 
anhydride/base/DMF, where pyridine or DIPEA may be used as the 
base. After the synthesis is complete, the final Fmoc protecting group 
and side chain protecting groups need to be removed, and the peptide 
needs to be removed or cleaved from the resin. The final deprotection 
is performed with 20% piperidine in DMF to remove the final Fmoc 
group while the peptide is still attached to the resin. Cleavage of the 
peptide from the resin and the removal of the side chain protecting 
groups is accomplished with trifluoroacetic acid (TFA). It is common to 
add additional reagents to the TFA which are used as scavengers of 
the side chain protecting groups to prevent their reattachment to the 
peptide. Typical scavengers include EDT, water, thioanisole, TIS and 
phenol. After the cleavage reaction, the solution is filtered from the resin 
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and the peptide is obtained by precipitation with ice-cold ether. Peptides 
should be washed at least 3 times to remove as many of the scavengers 
as possible. If the peptide does not precipitate, there may be an excess 
of TFA. In this case, it is necessary to evaporate off the excess TFA 
and ether and repeat the process. Afterwards, the peptides may be left 
in a hood to air-dry overnight or may be lyophilized for storage. 
 
 
3.3 The aim of the work 
 
The favourable biophysical properties of PNAs, together with their high 
chemical and enzymatic stability and low toxicity, make them one of the 
most valuable tools for diagnostics [10], biomedical and therapeutics 
applications, such as anti-gene [11], anti-sense [12] and anti-miRNA 
strategies [13]. In diagnostics, biosensors represent an ideal platform 
for the construction of minimally invasive tools able to provide 
molecular-level information to be used for the implementation of 
personalised medicine approaches. They are analytical devices that 
incorporate a biological sensing element and are based on the 
conversion of molecular recognition events into a measurable signal 
generated by a transducer. For example, the use of chips properly 
functionalized with PNA probes makes it possible to detect cancer 
biomarkers [14] circulating in the blood through a hybridization with 
complementary ODN sequences in agreement with the Watson-Crick 
base paring rules. In molecular biology and therapeutics, PNA has 
enabled the design of new methods for gene regulation by acting on the 
transcription (anti-gene), splicing and translation (anti-sense) of 
microRNA (anti-miRNA). These strategies can be useful for the 
modulation of the expression of cancer-related genes in connection with 
certain diseases that currently do not have sufficient drug treatments or 
that use selective anticancer agents with cytotoxic effects. In 2014 
Professor Piccialli's research group reported the design of PNAs as 
inhibitors of a miRNA, miR-509-3p, discovered by Professor Castaldo's 
research group involved in the pathological progress of Cystic Fibrosis 
[4][15]. In vitro studies demonstrated that, with the anti-miRNA 
approach, the PNAs were able to recognize the target within the cells 
while at the same time producing pleiotropic effects.  With the aim of 
improving the specificity of binding, in accordance with the literature 
[16], we decided to synthesize two PNAs with different lengths (13 and 
7 bases) complementary to a sequence within the promoter of the 
CFTR gene in order to depress the CFTR expression [17]. Using 
another approach, we proposed a potential method to regulate the c-kit 
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protooncogene transcription by using short PNA sequences [12]. 
Supported by these experimental data we decided to exploit the 
characteristic properties and higher stability of PNA to downregulate, 
through the anti-gene approach, the expression of. the human B-cell 
lymphoma 2 (Bcl-2). The Bcl-2 gene product is a mitochondrial protein 
(26kDa), which has a key role in the dynamics of apoptosis. Its 
overexpression, found in a wide range of human malignancies, 
including breast, cervical, non-small cell lung and prostate cancers 
[18][19][20], correlates with a prolonged survival of cells, tumour 
development, a poor prognosis and resistance to anticancer therapies. 
Based on their structure and function, the Bcl-2 family of proteins is 
further divided into three groups. Among these, the most characterized 
proteins are: Bcl-2, Bcl-XL, Bcl-w, Mcl-1 and A1 (anti-apoptosis); BAK, 
BAX and BOX (pro-apoptosis) and BID, BIM and BAD (pro-apoptosis). 
Studies conducted on the Bcl-2 gene have identified two promoters, P1 
and P2, involved in controlling the start of transcription. The P1 
promoter is the largest and is located in the region of 1.3 to 1.5 kbp 
upstream of the transcription start site. This region lacks the TATA box 
but is rich in CG sequences, with numerous transcriptions start sites. 
P2 is located at 1.3 kbp downstream of P1. Recent studies have shown 
the existence of another promoter, called M, which seems to have a 
suppressive activity towards promoters P1 and P2. The promoters P2 
and M apparently modulate the activity of P1, while P1 seems to be the 
main regulator of the transcription of Bcl-2 (Figure 3). Researchers have 
focused their attention on the CG-rich sequence of the promoter P1. By 
using modified sequences [21], they have shown that the 39-bp long 
GC-rich region located from -58 to -19 bp upstream of the promoter P1 
has the ability to fold into three different G-quadruplex structures in vitro 
[22]. 

 

Figure 3. Schematic representations of the Bcl-2 promoter region, the bcl2midG4 
sequence and the main G4 formed by the bcl2midG4 DNA sequence. 

Among these, the G-quadruplex formed by the 23-mer sequence, called 
bcl2midG4, (Figure 3) is characterized by a peculiar monomolecular 
hybrid-type topology involving two lateral loops (three and seven bases 
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long) and one single base propeller loop [19]. Among molecular 
approaches designed to target Bcl-2, such as those using peptides, 
peptidomimetics, small-molecule inhibitors (SMIs), porphyrins and 
antisense ODNs, a valid alternative consists in the use of PNAs. In this 
work we have proposed, for the first time, a new anti-gene strategy 
which uses oncolytic adenoviruses (OAds) as a PNA drug delivery 
system. In particular, we have synthesized two PNAs, PNAK and 
PNA6K, whose seven bases long sequences are fully complementary 
to the longer lateral loop of the bcl2midG4 G-quadruplex (Table 1). To 
improve the electrostatic attraction with the negatively charged surface 
of the oncolytic adenoviruses (OAds), we prolonged the positively 
charged lysine (K) tail of PNAK (required for water solubility) from one 
to six lysines, thus obtaining PNA6K. 
 

 

Table 1. Sequences of DNAs and PNAs used in this study. 

PNA Synthesis and Purifications. PNAK and PNA6K (Table 1) were 
synthesized using the 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase 
strategy. Briefly, 50 mg of 4-methylbenzhydrylamine (MBHA) resin (0.5 
mmol g-1), after swelling in CH2Cl2 for 30 min and washings in 
dimethylformamide (DMF), was treated with a solution of 20% 
piperidine in DMF for 10 min. After washings in DMF (5×), one or six 
couplings with Fmoc-L-Lys(MMt)-OH (MMT=monomethoxytrityl) were 
performed for PNAK and PNA6K, respectively. At the end of the 
synthetic cycle, the PNAs were cleaved from the solid support by 
treatment with trifluoroacetic acid (TFA)/anisole/ethanedithiol (9:1:1; 
v/v/v) for 4 h and the products were precipitated with cold diethyl ether. 
The precipitates were recovered by centrifugation, washed twice with 
diethyl ether, dissolved in water and finally lyophilized. The crude 
samples were purified by semi-preparative HPLC analyses, the 
purifications being carried out on a Jasco (Easton, MD, USA) PU-2089 
Plus pump equipped with a Jasco UV-2075 Plus UV detector using a 
10 × 250 mm C-18 reverse-phase column (particle size 5 ɛm) eluted 
with a linear gradient of CH3CN containing 0.1% (v/v) trifluoroacetic acid 
(TFA) in H2O containing 0.1% (v/v) TFA (from 0 to 100% in 45 min, flow 
1.2 mL/min). The collected fractions were lyophilized. The amount of 
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each PNA sample dissolved in pure water was estimated by 
quantitative UV with a Jasco V-530 spectrophotometer (ɚ = 220ï310 
nm, 400 nm/min scanning speed, 2.0 nm bandwidth) using the molar 
molar extinction coefficients Ů = 52.8 cmï1 mMï1 for both PNAK and 
PNA6K. The final pure products were characterized by ESI-MS. 
 
DNA Synthesis and Purifications. The ON sequence bcl2midG4 and 

its complementary C-rich sequence (Table 1) were synthesized by solid 

phase ɓ-cyanoethyl phosphoramidite chemistry using a Perseptive 

Biosystem Expedite 8909 automated DNA synthesizer. The syntheses 

were performed on a CPG Universal Support (35 mg, 1.4 ɛmol) using 

the 1 ɛmol scale standard protocol, with the DMT-OFF option. After the 

syntheses, the oligomers were detached from the support and 

deprotected by treatment with concentrated aqueous ammonia at 55 °C 

for 12 h. The combined filtrates and washings were concentrated under 

reduced pressure, redissolved in H2O, analyzed and purified by HPLC 

on a Nucleogen anion exchange column (Macherey-Nagel, 1000-8/46) 

using: buffer A, 20 mM NaH2PO4 aqueous solution, pH 7.0, containing 

20% (v/v) CH3CN; buffer B, 1 M NaCl, 20 mM NaH2PO4 aqueous 

solution, pH 7.0, containing 20% (v/v) CH3CN. A linear gradient from 

0% to 100% B in 30 min and the flow rate of 1.2 mL min-1 were used. 

The ONs were collected and successively desalted by Sep-Pak 

cartridges (C18). The isolated ONs proved to be >99% pure (NMR). 

The ON concentration was determined spectrophotometrically at ɚ = 

260 nm and 90 ÁC, using the molar extinction coefficient Ů = 231.3 cmï

1 mMï1 for G-rich bcl2midG4 and Ů = 175.4 cmï1 mMï1 for C-rich 

bcl2midG4, as determined using the Sigma-Aldrich OligoEvaluatorTM 

web tool (www.oligoevaluator.com). 

 

Circular Dichroism (CD). As reported in the literature, the CD 
spectrum of G-rich bcl2midG4 annealed in K+ buffer is characterized 
by two positiwe CD bands at 263 nm and 293 nm and one negative 
band at 240 nm (Figure 4A, solid lane) diagnostic of 3+1 hybrid-type G-
quadruplexes. To confirm the interaction between PNAK (Figure 4A, 
dotted line) and bcl2midG4, we compared the CD profile of the 
bcl2midG4 G-quadruplex alone (solid line) with the one obtained after 
its incubation with PNAK (Figure 4A, dashed line). The CD spectrum of 
the bclmid2G4 G-quadruplex/PNAK mixture was clearly different from 
the arihtmetic sum of the two separate components, thus confirming 
that the interaction between the bclmid2G4 G-quadruplex and PNAK 

http://www.oligoevaluator.com/
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had occurred. In particular, the positive CD hump at 293 nm was shifted 
by about 2 nm. In parallel, we studied the interaction between PNAK 
and the bcl2midG4 duplex (Figure 4B). In this case, the spectrum of 
bclmid2G4 duplex/PNAK (Figure 4B, dashed line) overlapped almost 
perfectly with the arithmetic sum of the individual components (Figure 
4B, dot-dashed line), thus indicating that no hybridization had occurred 
in this condition. 

 

Figure 4. (A) CD spectra of the bcl2midG4 G-quadruplex (solid line) and the 
bcl2midG4 G-quadruplex incubated with PNAK (dashed line); (B) CD spectra of 
bcl2midG4-duplex (black solid line) and the bcl2midG4 duplex incubated with 
PNAK (dashed line).  

To obtain further information about the interaction between the 

bclmid2G4 G-quadruplex or bcl2midG4 duplex and PNAK, we 

recorded the CD spectra at different temperatures during the melting 

and annealing procedures (Figure 5). For the CD melting profiles of the 

bcl2midG4 duplex before and after incubation with 5 eq. of PNAK 

(Figure 5C and D) we did not observe any significant spectra. These 

data confirmed that  PNAK does not bind to the bcl2midG4 duplex. 

Conversely, two significant differences were observed for the 

bcl2midG4 G-quadruplex. First, the CD spectrum of bcl2midG4 G-

quadruplex/PNAK recorded at 50 °C during the cooling run (Figure 5B, 

orange dotted line) was almost superimposable with that of the 

bcl2midG4 G-quadruplex alone recorded at the same temperature 

(Figure 5A), being characterized by a minimum at 240 nm and  two 

maxima at 263 nm and 293 nm. In contrast, in all other spectra of the 
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bcl2midG4 G- quadruplex/PNAK acquired at temperatures Ò 40 ÁC 

the hump at 293 nm was not present (Figure 5B). Secondly, the 

comparison of the CD spectra recorded at 5 °C before the melting and 

after the cooling procedure (Figure 5B, green solid and dotted lines, 

respectively) and the comparison of the heating and cooling CD melting 

curves of the bcl2midG4 G-quadruplex/PNAK mixture (Figure 5B) 

indicated a positive dichroic signal, 265 nm. Taken together, the CD 

results indicate that PNAK is able to form more than one complex with 

the bcl2midG4 G-quadruplex at temperatures lower than 50 °C. 

 

Figure 5. CD profiles of the bcl2midG4 G-quadruplex (A), bcl2midG4 G-

quadruplex/PNAK (B), bcl2midG4 duplex (C) and bcl2midG4 duplex/PNAK (D) 

recorded at 5 °C (green), 50 °C (yellow) and 90 °C. Heating: solid line; cooling: dashed 

line. 

Polyacrylamide gel electrophoresis (PAGE). The molecular size of 

the complexes formed in the different conditions was examined by non-

denaturing polyacrylamide gel electrophoresis (PAGE). In the case of 

the G-rich bcl2mid G-quadruplex strand alone annealed in 60 mM K+ 

buffer, we observed two main bands corresponding to the monomeric 

and dimeric G-quadruplexes (Figure 6, lane 3) in agreement with the 

data reported by Lin et al. [23] The fastest band migrating like the 10 bp 

reference of the DNA ladder (Figure 6, lane 7) was assigned to the 3+1 

monomeric bcl2midG4 G-quadruplex, whereas the slowest band, 

migrating like the (CGGAGGT)8 dimeric G-quadruplex size marker 
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(Figure 6, lane 2) [24], was assigned to a dimeric G4. The PAGE 

mobility of the sample obtained by incubating the bcl2midG4 G-

quadruplex with 5 eq. PNAK is shown in Figure 6, lane 4. We observed 

a reduction of the intensity of the monomeric bcl2midG4 G-

quadruplex band and the appearance of a new intense band 

attributable to a DNA/PNAK complex having a mobility intermediate 

between 30 and 40 base pairs. We also observed the band attributable 

to the dimeric G-quadruplex alone and an intense smearing attributable 

to even higher molecular weight complexes. The comparison of the 

PAGE mobility of the bcl2midG4 duplex before and after its incubation 

with PNAK (shown in Figure 6, lanes 5 and 6, respectively) confirmed 

the CD data, suggesting the absence of any interaction between PNAK 

and the double stranded bcl2midG4 sequence. Taken together, the 

PAGE study confirmed the ability of PNAK to bind selectively the 

bcl2midG4 G-quadruplex over the bcl2midG4 duplex, and also 

evidenced that the incubation with PNAK triggers the formation of 

higher order complexes, attributable to multimeric bcl2midG4 G-

quadruplexes complexed with the short complementary PNA strand. 

 

 

Figure 6. PAGE of the bcl2midG4 G-quadruplex and duplex incubated with PNAK in 

potassium solution. Lane 1: the (TGGGGT)4 G4 marker; lane 2: the (CGGAGGT)8 

dimeric G-quadruplex marker; lane 3: the bcl2midG4 G-quadruplex annealed in K+; 

lane 4: the bcl2midG4-G-quadruplex incubated with PNAK; lane 5: the bcl2midG4 

duplex; lane 6: the bcl2midG4 duplex incubated with PNAK; lane 7: the DNA duplex 

ladder (10-100 bp). 
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Size-exclusion chromatography (SEC). In consideration of the 

indications obtained by the PAGE studies and in order to shed light on 

the molecular weight distribution of the complexes formed after the 

incubation with PNAK, we performed an HPLC Size Exclusion 

Chromatography study (SEC). Generally, HPLC-SEC profiles show a 

distribution of peaks in which lower MW species have higher retention 

times. In Figure 7 the HPLC-SEC profiles obtained at room temperature 

on a ReproSil 2000 SEC column are reported i) the pre-annealed 

bcl2midG4 G-quadruplex (A), and ii) the bcl2midG4 G-quadruplex 

incubated with 5 eq. of PNAK (B) and PNAK alone (C).Based on SEC 

principles and considering the PAGE results, the peak at the highest 

retention time (tR) in the HPLC-SEC profile of the bcl2midG4 G-

quadruplex (Figure 7A; tR = 12.16 min) was assigned to the monomeric 

G-quadruplex structure, while the preceding peak (tR = 11.74 min) was 

attributed to a dimeric G-quadruplex formed by the G-rich bcl2midG4 

G-quadruplex. For the bcl2midG4 G-quadruplex/PNAK 1:5 mixture 

(Figure 7B), the HPLC-SEC profile showed the peaks of the unbound 

species (PNAK excess at tR= 19.16; and those of the monomeric and 

dimeric bcl2midG4 G-quadruplexes at tR = 12.08 and 11.42 min, 

respectively, together with a sharp intense peak at tR = 11.25 min 

attributable to a PNAK-bound dimeric bcl2midG4 G-quadruplex. The 

remaining more highly retained peak at tR = 10.03 min and the envelope 

peak centred at tR = 9.13 min confirmed the PAGE indications of the 

presence in solution of supramolecular assemblies of bcl2midG4, either 

bound or not to one or more PNAK molecules, whose formation was 

triggered by the incubation with PNAK. Conversely, the addition of 

PNAK to the bcl2midG4 duplex neither induced a significant variation 

in the retention time of the bcl2midG4 duplex peak (Figure 8B; tR = 

11.78 min), nor determined the appearance of any new peak besides 

the peak of the unbound PNAK (tR = 19.38 min). 
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Figure 7. HPLC-SEC profile of the bcl2midG4 G-quadruplex (A), the 

bcl2midG4 G-quadruplex/PNAK (B) and PNAK (C). 

 

Figure 8. The HPLC-SEC profile of bcl2midG4 duplex (A) and bcl2midG4 

duplex/PNAK. 
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Ad5D24-PNA6K complex formation. After having demonstrated the 

ability of PNAK to selectively bind the G-quadruplexes formed by the 

G-rich bcl2midG4 sequence, we developed a novel delivery system 

for the on-demand administration of PNA-based drugs to tumour cells 

by exploiting the capability of OAds (Ad5D24 strain) to enter and lyse 

selectively cancer cells with respect to healthy tissues, as well as to 

transport into the infected cells any suitable cargo adsorbed on the virus 

surface. The human adenocarcinomic alveolar basal epithelial A549 

and the triple negative breast cancer MDAMB436 cell lines were 

selected as cellular models because of their high expression of the Bcl-

2 gene product. First, A549 and MDA-MB 436 cells were incubated with 

PNAK at several concentrations and their viability was assessed by 

MTS assay at days 1, 3 and 5 after the incubation (Figure 9). The 

absence of any effect on the cell viability, even at the highest PNAK 

concentration (100 ɛM) and at the longest incubation time (day 5), 

confirmed the requirement for an efficient delivery strategy to transport 

PNAK within the cancer cells. As previously reported, positively 

charged molecules can be efficiently adsorbed on the negatively 

charged surface of OAds via electrostatic interactions. In line with 

previous reports, in order to maximize the amount of PNAK on the OAd 

vectors, we enhanced the positive charge of PNAK by prolonging the 

C-terminal lysine tail from one to six lysines, thus obtaining PNA6K with 

an increased positive net charge. Next, PNA6K-coated OAds were 

prepared following the protocol reported in the Materials and Methods 

section. The analysis of the CD melting curve of the bcl2midG4 G-

quadruplex incubated with PNA6K in K+ buffer (Figure 10) confirmed 

the ability of PNA6K to bind the bcl2midG4-G-quadruplex, as 

indicated by the presence of two clear melting transitions at 24 and 76 

°C, the first of which corresponding to the dissociation of the PNA6K 

strand from the bcl2midG4 G-quadruplex and the second to the 

melting of the G-quadruplex. We used several OAd/PNA6K ratios and 

monitored the size and charge of the resulting complexes by using 

dynamic light scattering (DLS) and zeta potential measurements 

(Figure 11). As summarized in Figure 11 Table B, the net charge of the 

OAd vectors rose from ï32.67 ±0.21 to +26.13 ± 5.51 respectively for 

the naked OAd and OAd-PNA6K [1:500] complexes, whereas the 

corresponding hydrodynamic diameter rose from 109.03 ± 1.95 to 

142.47 ± 4.55 nm. These results suggest that the addition of the 

positively charged PNA masks the negative charge of the OAds, not 
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affecting the colloidal stability, except in the case of the 1:10 OAd/PNA 

ratio at which point significant aggregation phenomena occurred, as 

evidenced by the higher values of the particle size (515.50 ±34.24 nm) 

and poly dispersion index (PDI = 0.47). Above the 1:10 ratio, the 

positive net charge reached a plateau-like kinetics, as indicated by our 

measurements of the z-potentials of 19.67 ± 0.42, 23.90 ± 2.89, 27.33 

±1.10 and 26.13 ± 5.51, respectively, for the 1:10, 1:50, 1:100 and 

1:500 ratios (Figure 10A). On the basis of the DLS and zeta potential 

calculations, we selected the 1:100 OAd/PNA ratio as optimal for the 

subsequent cell viability assays. 

 

Figure 9. MTS assay on the A549 and MDA-MB-436 human cancer cell lines 

treated with PNAK. 

 

Figure 10. CD melting curve recorded 24 hours after the incubation of the bcl2midG4 

G-quadruplex with PNA6K.  
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Figure 11. Hydrodynamic diameter (nm ± SD) and zeta potential (mV ± SD) values of 

the virus-PNA complexes obtained by incubating the Ad5D24 OAds with PNA6K at 

increasing virus/PNA ratios. 

Cell viability studies on the A549 and MDA-MB-436 cancer cell 

lines. To assess the efficiency of the new OAd-based PNA delivery 

system in transporting PNA6K within tumour cells and inducing cell 

death, probably by the inhibition of the expression of the anti-apoptotic 

Bcl2 protein, we determined by in vitro MTS assay the cell viability of 

A549 and MDA-MB-436 cell cultures one, three and five days after their 

incubation with either Ad5D24 OAd alone ï using 0.1, 1, 10 and 100 

viral particles (VP) per cell ï or with the corresponding Ad5D24-PNA6K 

[1:100] preparations. At each time point and for each VP/cell 

preparation, we also measured the cell viability of the cells incubated 

with PNA6K alone at concentrations corresponding to those used for 

the Ad5D24-PNA6K preparations (Figure 12). The mitochondrial 

activity of the treated cells was compared to that of the untreated control 
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cells and the cell viability was expressed as a percentage relative to the 

untreated control cells (Figure 12). We did not observe any significant 

reduction in the cell viability of the cells treated with PNA6K alone, even 

five days after the treatment at the highest concentration for both the 

tested cell lines. As far as the cells treated with the OAd alone, no 

significant oncolytic effect was evidenced up to day 3, except for the 

100 VP/cell preparations for which an 84% and 61% reduction in cell 

viability was observed for the A549 and MD-MB-436 cell lines, 

respectively. 

 

Figure 12. MTS assay on the A549 and MDA-MB 436 cells after 1, 3 and 5 days of 

incubation with Ad5D24 (black bars) or PNA6K alone (dotted bars), or with Ad5D24-

PNA6K preparations (grey bars). The cell viability is expressed as a percentage with 

respect to the non-treated control cells. The significance was assessed using the 2-

way ANOVA, *P < 0.05, ** P Ò 0.01, ***P <0.01, ****P = 0.0001.  
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Up to day 3, in all cases we did not observe any enhancement in the 

oncolytic activity of the Ad5D24-PNA6K preparations relative to the 

Ad5D24 preparations alone. In contrast, the MTS assays performed at 

day 5 evidenced a striking enhancement in the oncolytic effect of the 

Ad5D24-PNA6K preparations relative to the OAd alone at all VP/cell 

ratios and on both cell lines. The enhancement in the cell killing effect 

was more evident on the A549 cells, which proved more resistant 

against the oncolytic activity of Ad5D24. The viability of the A549 and 

MDA-MB-436 cells incubated with Ad5D24-PNA6K at 100 VP/cell 

recorded at day 5 was 26% and 18%, respectively. The cell viability at 

day 5 of the same cells treated with the PNA-uncoated Ad5D24 at 100 

VP/cell rose to 68% and 35%, respectively. 

 

Western blot analyses. To further confirm that the lower cell viability 

observed at day 5 for the cells treated with the Ad5D24-PNA6K 

preparations compared to those treated with the naked Ad5D24 viruses 

was actually due to the specific downregulation of the Bcl-2 protein, we 

performed western blot analyses (Figure 13). A549 and MDA-MB-436 

cells were incubated with Ad5D24 viruses alone, PNA6K alone or 

Ad5D24/PNA6K preparations, and the expression of the Bcl-2 protein 

was evaluated at day 5 after the incubation, as described in the 

experimental section. The western blot analyses confirmed that PNA6K 

is actually able to downregulate the expression of the Bcl-2 protein in 

both tested cell lines, and that its conjugation with the Ad5D24 oncolytic 

adenovirus greatly enhances the downregulation of the target gene. 

Using the ImageJ software tool, we estimated that the incubation of the 

MDA-MB-436 cells with the naked virus or with PNA6K alone reduced 

the expression of the Bcl-2 protein by 23.7% and 21.4%, respectively, 

compared to the non-treated control cells. More interestingly, when the 

same cells were treated with the Ad5D24-PNA6K preparation, the 

expression of the Bcl-2 protein fell drastically to 55.9% (see the chart in 

Figure 13). Unfortunately, we could not obtain the corresponding data 

for the western blot analysis of the A549 cells because the image 

processing gave unreliable results. 
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Figure 13. Western blot analysis of the Bcl-2 expression in the MDA-MB-436 (above) 

and A549 (below) human cancer cell lines performed 5 days after incubation with 

Ad5D24. 

 

In conclusion, in this work, through physico-chemical and 

biological investigations, we have demonstrated that i) PNAK binds 

selectively the G4 formed by the G-rich bcl2midG4 DNA sequence 
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unlike the corresponding duplex; ii) PNA6K, characterized by the 

presence of a longer six lysines tail, binds the negatively charged 

capsid of Ad5D24 OAd forming the Ad5D24-PNA6K delivery system; 

iii) Ad5D24 vectors are able to load and transfect PNA6K into human 

A594 and MDA-MB-436 cancel cell lines and to promote the onset of a 

synergic cytotoxic effect due to the oncolytic activity of the virus and to 

the downregulation of the anti-apoptotic Bcl-2 gene .We believe that the 

approach here reported could open the way to the development of site-

specific and safer chemotherapy on account of the reduced toxicity to 

healthy tissues and organs. 
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Experimental Section 
 
Preparation of the bclmidG4 duplex and quadruplex and their incubation 

with PNAK. All the DNA samples were prepared at a 20 ɛM concentration in 

60 mM potassium buffer obtained by diluting the 1 M buffered solution (100 

mM KH2PO4, 900 mM KCl, pH = 7.0). For the bcl2midG4 G-quadruplex 

preparation, 10 nmol of G-rich bcl2midG4 were lyophilized and dissolved in 

0.5 mL of 60 mM potassium buffer to achieve the 20 ɛM concentration. For 

the bcl2midG4 duplex preparation, a solution of C-rich bcl2midG4 at 1 mM 

concentration in 60 mM potassium buffer was used. The bcl2midG4 duplex 

was obtained by dissolving 10 nmol of lyophilized G-rich bcl2midG4 with 10 

ɛL of the 1mM C-rich bcl2midG4 stock solution. The resulting solution was 

finally diluted to 0.5 mL with the 60 mM potassium buffer. The solutions 

containing either the bcl2midG4 G-quadruplex or the bcl2midG4 duplex 

were heated at 90 °C for 5min, then slowly cooled to tR over 12h (annealing 

procedure) and equilibrated at 4 °C for at least 4 hours before the PNAK 

addition at a 1:5 DNA/PNA ratio. The mixtures were incubated at 4 °C for 24 

h before the data acquisition. 

Preparation of the bclmidG4 duplex and quadruplex and their incubation 

with PNAK. All the DNA samples were prepared at a 20 ɛM concentration in 

60 mM potassium buffer obtained by diluting the 1 M buffered solution (100 

mM KH2PO4, 900 mM KCl, pH = 7.0). For the bcl2midG4 G-quadruplex 

preparation, 10nmol of G-rich bcl2midG4 were lyophilized and dissolved in 

0.5 mL of 60 mM potassium buffer to achieve the 20 ɛM concentration. For 

the bcl2midG4 duplex preparation, a solution of C-rich bcl2midG4 at 1 mM 

concentration in 60 mM potassium buffer was used. The bcl2midG4 duplex 

was obtained by dissolving 10 nmol of lyophilized G-rich bcl2midG4 with 10 

ɛL of the 1mM C-rich bcl2midG4 stock solution. The resulting solution was 

finally diluted to 0.5 mL with the 60 mM potassium buffer. The solutions 

containing either the bcl2midG4 G-quadruplex or the bcl2midG4 duplex 

were heated at 90 °C for 5min, then slowly cooled to tR over 12h (annealing 

procedure) and equilibrated at 4 °C for at least 4 hours before the PNAK 

addition at a 1:5 DNA/PNA ratio. The mixtures were incubated at 4 °C for 24 

h before the data acquisition. 

Circular Dichroism (CD). The CD spectra were recorded on a Jasco 1500 

spectropolarimeter equipped with a Jasco PTC-348-WI temperature controller 

in the 200ï320 nm range at 5, 50 and 90 °C, using a 0.1 cm path-length 

cuvette in 60 mM potassium buffer at a concentration of 20 ɛM. All CD spectra 

were averaged over 5 scans, which were recorded at a 200 nm minï1 scan 

rate, 4 s response time, 2 nm bandwidth. The buffer baseline was subtracted 

from each spectrum and the spectra were normalized to have a zero ellipticity 

at 360 nm. The thermal denaturation experiments were also carried out in the 

temperature range 5ï90 °C by monitoring the CD values at 263 nm for the 



 

 
103 

bcl2midG4 G-quadruplex, 265 nm for the bcl2midG4 G-quadruplex/PNAK 

and the bcl2midG4 G-quadruplex/PNA6K, 265 nm for the bcl2midG4 

duplex and 266 nm for the bcl2midG4 duplex/PNAK at a heating rate of 0.5 

C°min-1. 

Non-denaturing Polyacrylamide Gel Electrophoresis (PAGE). The non-

denaturing gel electrophoreses were performed using 18% polyacrylamide 

gels, which were run in 1 × Tris-Borate-EDTA (TBE) buffer supplemented with 

30 mM KCl, pH 7.0 for 1 hour at 4 ÁC. All the samples were loaded at a 20 ɛM 

ON concentration. 2 ɛL of each sample were added to 8 ɛL of loading buffer 

(glycerol/1 × TBE + 30 mM KCl 1:9) before gel loading. The electrophoresis 

was performed at a constant voltage of 120 V at a temperature close to 5° C. 

The gels were stained with Sybr green (Sigma- Aldrich) and visualized using 

the Bio-Rad Laboratories Gel DocTM XR apparatus. 

HPLC-Size Exclusion Chromatography (SEC) analyses. The HPLC-SEC 

analyses were performed using a ReproSil 2000 SEC column operating in the 

MW range of 2,000ï70,000 Dalton (Dr. Maisch GmbH, 300 Ĭ 8 mm, 5 ɛm) 

eluted with 60 mM potassium buffer, flow rate 0.6 mL minï1, detector at 260 

nm. The analyses were performed at tR using a Jasco PU-2089 Plus 

quaternary gradient pump equipped with a Jasco UV-2075 Plus UV/vis 

detector. 

OAds preparation and complexation with PNA6K. The Ad5D24 OAds were 

generated, propagated and characterized using standard protocols. The OAd-

PNA6K complexes were prepared by mixing the Ad5D24 OAds and PNA6K 

at 1:10, 1:50, 1:100 and 1:500 ratios according to the following protocol: (i) for 

each ɛL of viral preparation used, the corresponding number of ɛg of protein 

was calculated; (ii) for each ɛg of viral protein, 10, 50, 100 or 500 ɛg of PNA6K 

was added adjusting the volume to 100 ɛL with sterile Milli-Q water 

(purchased from VWR); and (iii) after vortexing, the mixtures were incubated 

at room temperature for 15 minutes; and then vortexed again just before being 

used. New OAd-PNA6K complexes were prepared before each experiment 

using fresh reagents. 

Zeta potential and dynamic light scattering (DLS) analysis. The OAd-

PNA6K complexes were vortexed and diluted to a final volume of 700 mL with 

sterile Milli-Q water adjusted to pH 7.4 before being transferred to a 

polystyrene disposable cuvette for the DLS analysis. Next, the samples were 

recovered from the cuvette and transferred to a DTS1070 disposable capillary 

cell (Malvern, Worcestershire, UK) for the zeta potential measurements, which 

were performed at 25 °C using a Malvern Zetasizer Nano ZS system. 

Cell culture and viability assay. The human lung carcinoma cell line A549 

and human breast cancer cell line MDA-MB-436 were purchased from the 

American Type Culture Collection (ATCC; Manassas, VA, USA). Both cell 

lines were grown in adhesion in Dulbeccoôs modified Eagleôs medium (DMEM, 

Gibco). The medium was supplemented with 10% heat-inactivated foetal 
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bovine serum FBS (Gibco), penicillin (50 U mLï1), streptomycin (500 ɛgmLï1), 

and glutamine (4 mmol Lï1) in a humidified atmosphere of 95 % air and 5 % 

CO2 at 37 °C. Adherent cells were seeded in 96-multiwell plates at a density 

of 5 × 103 cells/well. A 1:100 ratio (w/w) of OAd-PNA6K was chosen to assess 

the cell viability. At 24 hours after the seeding, the cells were treated with 50 

ɛL of 0.1, 1, 10 and 100 VP/cell in cell culture medium for 1, 3 and 5 days and 

then the MTS assay was performed according to the manufacturerôs protocol 

(CellTiter 96 AQueous One Solution Cell Proliferation Assay; Promega, 

Nacka, Sweden). The spectrophotometric data were acquired with a 

Varioskan Flash Multimode Reader (Thermo Scientific, Carlsbad, CA, USA). 

The cytotoxicity was evaluated as the percentage of viability of the treated 

cells compared to the untreated cells. The experiments were run in 

quadruplicate. 

Western blot analyses. The MDA-MB436 and A549 cells were incubated 

with Ad5D24, PNA6K and Ad5D24-PNA6K for 5 days at a 1:100 

Ad5D24/PNA6K ratio and at a concentration of 100 VP/cell. The extracts of 

the treated cells were isolated by using RIPA Buffer (SIGMA) supplemented 

with protease inhibitors (Thermo Fisher Scientific). The concentration of the 

isolated proteins was determined by using the Bradford Protein Assay 

Reagent (BioRad). 25 ɛg of the protein were separated on 4-20% Mini 

PROTEAN TGX Precast Gels (BioRad) and transferred to PVDF membranes 

(BioRad). The membranes where then incubated with the primary antibodies 

against Bcl-2 (Abcam) or ɓ-actin (Santa-Cruz) and the appropriate secondary 

antibodies. The Bcl-2 protein (26 KDa) was analyzed and ɓ-actin (43 KDa) 

was used as a loading marker. The ImageJ54 tool was used to measure the 

mean gray value of the bands. The mean gray value of each sample was 

normalized with the corresponding actin control. Finally, each result was 

normalized with the non-treated control. The percentages of the normalized 

mean gray values were plotted on the graph. 

Statistical analyses and correlation models. The statistical analysis was 

performed using the GraphPad Prism 6 software (GraphPad Software, Inc., 

La Jolla, CA, USA). The data were expressed as the mean ± the standard 

deviation (SD). Any result repeats were compared by means of a 2-way 

analysis of variance (ANOVA), with a P-value < 0.05 being considered as 

statistically significant. 
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