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A B S T R A C T
Non-canonical DNA structures are involved in fundamental bi-
ological processes as replication, transcription and repair. Their
dysregulation is indeed connected to the development of several
human diseases, including cancer. As more and more information
about their existence and function in living cells are documented,
such DNA structures have emerged as promising therapeutic tar-
gets. In the last decades, the G-quadruplex folding has caught the
attention of scientists because of its implication in the origin and
growth of various cancer forms. The stabilization of G-quadruplex
structures at human telomeres is thought to be particularly attrac-
tive as it might lead to the identification of potential drug can-
didates with wide-spectrum anticancer activity and reduced side
effects in comparison to classical chemotherapies. The research
project underlying this thesis concerns the structural investigation
on the interaction of non-canonical DNA foldings, especially of
the human telomeric G-quadruplex, with natural and synthetic
compounds in order to select potential anticancer drugs. The char-
acterization of ligand-DNA adducts has been carried out primar-
ily by X-ray crystallography which provides detailed structural in-
formation. In addition, alternative techniques, as CD spectroscopy
and in silico calculations, have supplied complementary data with
particular reference to the formation of adducts in solution.
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1 I N T R O D U C T I O N

1.1 dna, as much important as complex
Deoxyribonucleic acid (DNA) is the biomacromolecule that stores
all the information necessary to the outliving, development, re-
production and death for all known living organisms as well as
for many viruses. Because of its fundamental importance, DNA
is safely conserved within living cells, either in eukaryotic nuclei
or in prokaryotic nucleoids, in tight and ordered organizations as
chromosomes and chromatin of eukaryotes.
DNA holds the information required for life in genes, that are
molecular units showing both coding (→ proteins) and regula-
tory sequences. It is still surprising that the majority of DNA
(more than 98% in humans) is formed by non-coding repetitive
sequences which, however, may have significant importance in
the genome function and maintenance, as lately discussed about
telomeres [1]. The expression of genes is regulated by means of
many different mechanisms in according to the cell needs.
Being the source of all biological information, damages on DNA
can take to severe problems. Mutations can have different causes
including replication errors, chemicals, viruses, UV and ionizing
radiations which lead to casual modifications of the DNA sequen-
ces and so unpredictable scenarios. In order to minimize the dam-
ages, living organisms have developed various repair DNA pro-
cesses which rely on the ability of specific proteins to fix the mod-
ifications encountered in the DNA sequence [2].
Unfortunately, not all DNA damages can be repaired and serious
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8 introduction

diseases, including tumours, are likely to arise. The attention of
the thesis is focused on the identification of potential anticancer
drugs which is a challenging task because cancer is actually a
family grouping different illnesses with common features that are
abnormal cell growth and altered cell functionalities. Up to now
there have been identified more than 100 cancer diseases in hu-
man beings that differ in the organs they originate from, the kind
of cells they affect and their physiology [3].
Nowadays, cancer is fought by a combination of chemotherapy,
targeted therapy, radiation therapy, surgery and lately immunother-
apy [3]. Chemotherapy is still crucial in anticancer treatments,
however its application is often merely based on the higher metab-
olism of malignant cells compared to the healthy ones. In fact, an-
ticancer drugs usually exert cytotoxic activity towards all the cells
of the organism, but, because of the higher metabolism, tumour
cells are in general the most targeted. Despite the positive action
against cancer cells, chemotherapeutic agents usually show side
effects which can sometimes be severe. More efficient anticancer
drugs with reduced side effects are thus demanding [4].
Non-canonical DNA foldings are promising therapeutic targets
for the identification of better anticancer drugs as they are in-
volved in important processes and exert high biological activity
[5]. During the years of PhD, different compounds have been
evaluated as DNA binding molecules of appealing non-canonical
foldings with the aim to select potential drug candidates. In order
to properly discuss the results obtained, an introduction on the
complexity of DNA structures has to be covered.

1.1.1 Building blocks of DNA

Since its isolation in 1869 [6], DNA has caught great interest for its
fundamental importance in living organisms but also for its pecu-
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liar properties. DNA is indeed a biopolymer with different levels
of organization that span from short random coil oligonucleotides
to extremely complex and ordered structures like chromosomes
and chromatin [7]. The first step in understanding the DNA prop-
erties is the analysis of its building blocks, the nucleotides.
DNA nucleotides are formed by a nitrogenous base, a β-D-2′-
deoxyribose residue and a phosphate group (figure 1). If the
phosphate group is not present, the molecule is termed nucleo-
side. Bases can be either purines (guanine, adenine) or pyrim-
idines (cytosine, thymine). Besides the classical ones, other kinds
of nitrogenous bases have been pointed out to be present in the
DNA sequence. These bases can originate from DNA damages but
it has been demonstrated that a significant amount of them is natu-
rally produced by living organisms. The motive of the existence of
non-classical bases is still debated, however it seems they might be
implicated in important biological processes, as the considerable
role of 5-methylcytosine in the gene transcription suggests [8, 9].

Figure 1: Structure of a DNA nucleotide. The nitrogenous base can be
either guanine (G), adenine (A), thymine (T) or cytosine (C).
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DNA is formed by linear chains termed strands in which nu-
cleotides are connected by means of phosphate and sugar groups,
the so called DNA backbone. By convention, the order of the se-
quence is 5′ −→ 3′ (figure 2), where the 5′ end is defined as that
extremity which lacks of a nucleotide in the 5′ position while the
3′ end is that extremity without a nucleotide in the 3′ position.
The directionality of the macromolecule arises from the extension
of DNA strands in a 5′ to 3′ way by DNA polymerases.

Figure 2: The directionality of DNA strands is 5′ −→ 3′ by convention.

Because DNA polynucleotides show great flexibility, an accu-
rate analysis of their conformations is quite useful. An impor-
tant aspect in this regard is the conformation of the deoxyribose
residue. The sugar is indeed puckered and different types of puck-
ering can be identified as a consequence of steric hindrances that
restrain the torsional angles in the ring. When one ring atom is
out of the plane of the other four, the pucker is termed envelope.
More commonly, two atoms deviate from the plane of the other
three, being these two at opposed sides of the plane. It is usual
for one of the two atoms to have a larger deviation from the plane
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than the other, resulting in a twist conformation. The direction of
atomic displacement from the plane is also important. If the ma-
jor deviation is on the same side as the base and the C4′-C5′ bond,
then the atom involved is termed endo. If it is on the opposite side,
it is called exo. The most commonly observed puckers in crystal
structures of isolated nucleosides and nucleotides are either close
to C2′ endo or C3′ endo types (figure 3) [10, 11].

Figure 3: C2′ endo and C3′ endo sugar puckering for guanine nucleosides.
Carbon coloured in grey, oxygen in red and nitrogen in blue.

The glycosidic bond is defined as the covalent bond between the
sugar and the base in each nucleotide. It is termed β-anomeric
because the base is on the same face of the ring plane as the 5′
hydroxyl substituent. Analogously, the glycosidic torsional angle
χ is described. In the case of purines, the angle is defined by the
O4′-C1′-N9-C4 atoms, instead in the case of pyrimidine bases it
is defined by the O4′-C1′-N1-C2 atoms. The χ angle shows two
main low energy ranges referred as anti (-120°< χ < 180°) and syn
(0°< χ < 90°) conformations (figure 4) [10, 11]. Purine nucleotides
have no particular preference for syn over anti configurations with
the exception of guanine nucleotides which usually show syn con-
formations [10, 11]. Pyrimidine nucleotides usually present anti
conformations [10, 11].
A more complete depiction should consider also the overall back-
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bone torsional angles which are indeed found in certain low en-
ergy ranges [10, 11]. As they are not useful to the analyses ad-
dressed in the thesis, they will not further discussed.
The conformational parameters defined are really helpful in the
description of ordered secondary DNA structures.

Figure 4: Syn and anti conformations for the glycosidic angle χ in
thymine (a syn, b anti) and guanine (c syn, d anti) nucleosides.
Carbon coloured in grey, oxygen in red and nitrogen in blue.

1.1.2 Classical DNA structures

The structural complexity of DNA arises from its tendency to
form different foldings in which alternative non-covalent inter-
actions are recognized, regarding in particular the nitrogenous
bases. The strict connection between non-covalent interactions
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and DNA foldings was plainly established by James Watson and
Francis Crick (basing on the X-ray diffraction experiments of Ros-
alind Franklin) with the identification of the right-handed double
helix DNA structure formed by antiparallel oriented strands (fig-
ure 5) [12]. This structure is usually referred as the duplex B-type
DNA and it is the classical DNA structure par excellence. As it
describes local arrangements of DNA sequences, the B-type DNA
has to be considered a secondary structure of the macromolecule.

Figure 5: Schematic representation of the Watson-Crick B-DNA struc-
ture. Adapted from reference [13].
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The double helix organization shows numerous non-covalent
interactions between residues both belonging to the same strand
and to different strands [14]. The interactions are essentially hy-
drogen bonds and π-π stacking involving the nitrogenous bases.
While the latter are non-directional and non-specific, the former
show great specificity and directionality which allows molecular
recognition between the bases. In fact, the B-type DNA structure
is defined by the formation of specific base pairings between ade-
nine and thymine, involving two hydrogen bonds and indicated
as A=T, and between guanine and cytosine, in which three hydro-
gen bonds are formed as highlighted by the notation G≡C (figure
6). These couplings have been named Watson-Crick base pairings
and referred as classical base pairings [14].
Hydrogen bond interactions show donor-acceptor distances aro-
und 2.9 Å while the inter-planar distances between the aromatic
rings of the bases are about 3.4 Å [10, 11]. As regards the π-π stack-
ing, the face to face and parallel-displaced are the most common
arrangements for the bases [10, 11].

Figure 6: A=T and G≡C base pairings in the Watson-Crick double helix.

Both theoretical and experimental studies have indicated that
the singular formation of the G≡C pairing is more energetically
favoured than the A=T pairing as the formation energies are ap-
proximately -29 and -15 kcal/mol, respectively [15–17]. Conversely,
the formation energies of π-π stacking interactions lie between -17
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and -10 kcal/mol [15, 18]. The energies involved into these kinds
of interactions are so comparable. Nevertheless, hydrogen bonds
are thought not to be the main stabilizing factor in the DNA dou-
ble helix structure [19]. Base-stacking plays indeed the determi-
nant role in the stabilization of the folding due to the high co-
operativity of the interactions established along the strands. In
more detail, when the stabilization contributes of the base pair-
ings are considered, it emerges how the A=T pairing is destabi-
lizing whereas the G≡C pairing does not substantially affect the
stability of the B-DNA helix [20]. Theoretical calculations have
definitely indicated that London dispersion forces are crucial for
the formation of the double helix DNA structure [20, 21].
The DNA backbone is quite resistant to cleavage so it offers a
good protective and supporting architecture to the overall struc-
ture. The backbone is directed outward from the core of the struc-
ture where the bases are localized and gives rise to the so called
grooves. DNA grooves are corrugations in the surface of the helix
which wind along, parallel to the backbone. Grooves are classified
as major and minor in dependence of their width and depth [10,
11]. Essentially, the major groove occurs where the backbones of
strands are far apart, instead the minor groove is observed where
they are close together. Because of the negatively charged phos-
phate groups at physiological pH, cations tend to bind to the back-
bone so nullifying the overall negative charge of DNA [22].
The structure proposed by Watson and Crick is the most com-
mon secondary structure observed for DNA in living cells [10, 11].
It has clarified how DNA stores the genetic information through
the (A-T-C-G) quaternary code and has also suggested the semi-
conservative replication mechanism of DNA. Furthermore, as the
non-covalent interactions are copious and cooperative, the double
helix structure is quite stable and allows the safe conservation of
the genome. Last but not least, its good flexibility favour the pack-
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ing of the macromolecule in chromosomes and chromatin [7, 23].
Along with the B-type, DNA has been reported to fold in alterna-
tive double helix structures, namely A-DNA and Z-DNA (figure
7) [24, 25]. The former has been discovered by Rosalind Franklin
and it is essentially a more compact form of B-DNA found for
certain purine sequences in dehydrating conditions. On the other
hand, Z-DNA is quite different as the antiparallel strands give rise
to a left-handed double helix. The formation of this folding is usu-
ally unfavourable unless in the presence of an alternating syn - C3′
endo and anti - C2′ endo nucleotide framework [10, 11]. Sequences
rich in cytosine and guanine under high salt conditions (taking to
a minimization of electronic repulsion between close backbones)
are particularly valuable for the formation of Z-DNA.

Figure 7: Structures of A, B and Z double-stranded DNA. Adapted from
reference [13].
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In order to better understand the differences between the three
helices, some average structural parameters are reported in table
1 [10, 13]. A-DNA shows greater helix diameter and number of
bases per turn than B-DNA. It displays also a more pronounced
inclination of bases with respect to the helix axis and, as a conse-
quence, the major groove is deeper while the minor groove is less
deep than those observed in B-DNA. Conversely, Z-DNA is more
stretched than the other foldings, as suggested by greater helix
pitch and smaller diameter. Its backbone exhibits a characteristic
zig-zag order due to the alternating syn and anti conformations.
Additionally, the minor groove is quite deeper than the major one.

Table 1: Structural parameters of DNA double helices. M=major,
m=minor.

B-DNA A-DNA Z-DNA

Helix handedness Right-handed Right-handed Left-handed
Diameter of helix (Å) 20 23 18

Number of bases per turn 10 11 12

Axial rise (Å) 3.4 2.6 3.7
Helix pitch (°) 34 28 45

Normal inclination of bases (°) -6 20 7

Helical twist (°) 36 33 -30

Glycosidic bond conformation anti anti anti / syn
Sugar pucker C2′ endo C3′ endo C2′ endo / C3′ endo
Grooves depth (Å) 8.5 (M) 8.2 (m) 13.0 (M) 2.6 (m) 3.7 (M) 13.8 (m)
Grooves width (Å) 11.6 (M) 6.0 (m) 2.2 (M) 11.1 (m) 8.8 (M) 2.0 (m)

The biological functions of A-DNA are largely unknown, al-
though some studies have shed light on its presence and functions
in viruses [26]. Z-DNA, on the contrary, seems to be involved
into genetic transcription and its formation has been evidenced
in connection to enzyme binding as described for the Z-DNA-
binding protein 1, also called DLM-1 protein [27, 28]. Actually,
B-type DNA is the energetically favoured structure for a random
sequence in physiological conditions hence studies on alternative
helix foldings appear to be quite challenging [10, 13].
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The existence of other similar foldings as the C-type and E-type
DNA has been reported along the years, but these structures are
generally formed by synthetic sequences thus they are thought not
be relevant for DNA in vivo [10, 13]. Nevertheless, the actual poly-
morphism and structural complexity of the biomacromolecule has
been even more confirmed. Further examples of DNA foldings
are those concerning non-helical structures which are termed non-
canonical.

1.1.3 Non-canonical DNA foldings

Despite the significant stability of the Watson-Crick double helix,
DNA shows several secondary organizations in which this struc-
ture is partially or totally missing. Non-canonical foldings have
been evidenced to be present in living cells and their existence,
even transient, is presumably connected to the regulation of var-
ious processes [5, 29, 30]. Thus, these foldings might be of great
help in unravelling important biological mechanisms and also of-
fer feasible therapeutic routes for the treatment of severe diseases
as cancer [31].
Palindromic sequences are representative examples of DNA tracts
that are in equilibrium between different foldings. As the antipar-
allel strands show the same bases sequence albeit oppositely 5′
end - 3′ end oriented, palindromic sequences can give rise to stem-
loop arrangements (also known as hairpin loops, figure 8) where
the bases related to the palindrome are involved in Watson-Crick
hydrogen bonds while other bases are completely unpaired [32].
The biological relevance of such structures is closely related to the
corresponding RNA foldings which play a significant role in the
regulation of genetic transcription as for 5′ untranslated regions
(UTRs) [32, 33].
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Figure 8: Schematic representations of hairpin and cruciform DNA
structures.

Holliday junctions are an interesting case of DNA strands in-
volved both in helix structures and non-canonical arrangements
(figure 9). The junctions are indeed formed by four double-strand-
ed strands joined together [34, 35]. The resulting branches can
adopt different conformations, depending on the sequences and
on salt conditions of solutions [36]. It is easy to imagine how Hol-
liday junctions play a determinant role in genetic recombination
and repairing processes and in fact they are promising therapeutic
targets [37–39].

Hairpin structures and Holliday junctions are DNA foldings
still showing Watson-Crick base pairings, A=T and G≡C. Differ-
ent base pairings have however been reported and they are usu-
ally referred as of Hoogsteen type, a general class of bases ar-
rangements unforeseen by the Watson-Crick model. Actually, the
number of Hoogsteen arrangements observed in DNA structures
is quite great and it is connected to the formation of non-canonical
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Figure 9: Schematic representations of Holliday junctions. Adapted
from reference [39].

DNA foldings [10, 11].
In the early 1960s Hoogsteen described for the first time some
non-classical interactions (hereinafter referred by the • symbol)
regarding A•T and G•C+ base pairings then named after him (fig-
ure 10) [40, 41]. These arrangements involve in hydrogen bonding
different atoms with respect those involved in the Watson-Crick
base pairs (figure 6). It is noteworthy to highlight that purines
implicated in such pairings show syn instead anti glycosidic con-
formation.

The formation of non-canonical base pairings is usually referred
to base mismatches which are thought to be dangerous for living
organisms as they may promote mutations and eventually cancer
[42]. Typical examples reported for mismatches arisen during cell
replication are G•A, G•T, A•A, G•G, T•T, C•C, T•C and A•C base
pairings [10, 11]. Cells produce in this regard enzymes able to
repair mismatches, although the complete restoration of base pair-
ings is not assured [43]. The presence of mismatches makes the
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Figure 10: Hoogsteen (a) and reverse Hoogsteen (b) A•T base pairings,
Hoogsteen G•C+ (c) base pairing.

double helix structure less stable and so different non-canonical
structures are likely to originate [42].
DNA triplexes arise from the association of three DNA strands in-
volving the formation of triads of bases interacting by non-Watson-
Crick hydrogen bonds (figure 11) [44]. The triads are either com-
posed of pyrimidine-purine-pyrimidine or purine-purine-pyrimi-
dine bases [10, 11]. Though many possible triads have been re-
ported, the most valuable are the T=A•T and C≡G•C+ triplets
(figure 12). The formation of the latter can be triggered by lower-
ing the pH to 5 or lower so allowing a fraction of cytosine to get
protonated on its N3 atom.

Triple helices show quite different morphologies and sugar con-
formations depending on the sequences and the conditions ex-
plored. Overall, the close proximity of negatively charged phos-
phate groups make triplexes not very stable in comparison with
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Figure 11: Schematic representation of triple helix DNA. Adapted from
reference [45].

Figure 12: T=A•T and C≡G•C+ base pairings in DNA triplexes.
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the related double helices [44].
The interest in DNA triplexes relies in their ability to exert reg-
ulatory activity in genetic transcription, replication and recombi-
nation [45, 46]. Their presence is also connected to genome in-
stability as confirmed by the specific binding to the p53 tumour
suppressor protein [47]. Thus, triple helices offer promising routes
for genetic therapy, in particular for the specific inhibition of par-
ticular genes [44, 45, 48].
The i-motif structure is a further DNA folding found in quite
acidic solutions for cytosine-rich sequences where some cytosines’
N3 get protonated. The organization results from the intercala-
tion of two double helices thanks to C•C+ base pairings show-
ing three hydrogen bonds (figure 13) [49]. Actually, the i-motif
structure is a four-stranded arrangement and it is no coincidence
that complementary guanine-rich sequences are able to fold into
four-stranded foldings themselves (see below). The biological rele-
vance of i-motif relies in the regulation of genetic transcription as
suggested by the significant number of proteins that specifically
bind cytosine-rich telomeric tracts [49].

1.1.4 G-quadruplex DNA structures

Guanine self-assemblies have been observed since the 19
th century

[50] but a general understanding regarding these phenomena was
missing until the work published in 1962 by Gellert and cowork-
ers which demonstrated the arrangement of guanosine monophos-
phate in quartets of coplanar guanines interacting through non-
classical hydrogen bonds, the so-called G-quartets or G-tetrads
(figure 14) [51]. Later on it was found that poly-guanine sequences
were able to originate four-stranded helix structures with the G-
quartets stacked on one another [52, 53]. The interest in guanine
assemblies was then triggered by the discovery that the terminal
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Figure 13: Example of an i-motif DNA structure. Adapted from refer-
ence [49].

tracts of eukaryotic chromosomes, the telomeres, are composed of
guanine-rich sequences able to fold into four-stranded structures
usually referred as quadruplexes, tetraplexes or simply G4 [54].
These non-canonical DNA structures arise from the stacking of at
least two G-quartets one on another in a right-handed twist fash-
ion [55, 56].
Positively charged ions play an active role in the stabilization of
the quadruplex folding as they are placed in the internal channel
formed by the assembly, where there is a negative electronic den-
sity (figure 14) [57–59]. The coordination of cations is carried out
by guanine O6 atoms which are headed towards the interior of
the cavity [60]. The G4 stability is greatly influenced by the na-
ture of ions embedded with particular reference to their charge
and dimension [61, 62]. In general, the stabilization, or eventual
destabilization, depends on the given G4 structure. Apart from



1.1 dna, as much important as complex 25

certain conditions [63, 64], the presence of metal ions is however
necessary for the formation of the quadruplex. As regards mono-
valent cations, the stabilization trend usually observed is K+ >

Na+, NH+
4 , Rb+ >> Li+, Cs+ [61, 62, 65]. K+ ions are the most

representative cations in intracellular medium (about 100 mM in
mammalian cells) and it might not be a coincidence that they exert
the major stabilization of the folding.

Figure 14: Formation of guanine tetrads in presence of metal cations.

G-quadruplexes are polymorphic and various topologies have
been reported [55, 56]. First of all, tetraplexes show different
molecularities as they can either be intramolecular, that are orig-
inated by one single strand, or intermolecular, so being dimers
or tetrameters. The assemblies differ in strands orientation and
possibly in the types of loops, which are the tracts connecting dif-
ferent strands (present just in the case of monomeric or dimeric
G4). In general, three main topologies can be identified by taking
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into account mutual strands orientation that are parallel, paral-
lel/antiparallel and antiparallel G-quadruplexes (figure 15).

Figure 15: G-quadruplex strands orientations: a) parallel; b) parallel/
antiparallel; c,d) antiparallel. Adapted from reference [56].

While the parallel topology displays all anti guanines, the an-
tiparallel and the mixed parallel/antiparallel arrangements have
guanines in both syn and anti conformations. When present, loops
are also useful for the classification of different topologies as they
are closely correlated to the strands orientation (figure 16) [55, 56].
Loops can be:

• Diagonal, connecting two opposing antiparallel strands

• Lateral or edge-wise, connecting two adjacent antiparallel
strands
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• Propeller or double-chain-reversal, connecting two adjacent
parallel strands

• V-shaped, connecting two corners of a G-quartet core in which
a support column is lacking

Figure 16: G-quadruplex loops: a) edge-wise or lateral; b) diagonal; c)
double-chain-reversal or propeller; d) V-shaped. Adapted
from reference [66].

G4 structures show four grooves whose width and depth de-
pend on the loops framework and the overall topology. In general,
grooves are classified as narrow, medium and wide [55, 56].
The relative stability of G-tetraplexes depends on many factors
such as the nucleotide sequence [67], the length of loops [68–71],
the ions enclosed in the structure [61, 62], the concentration of
DNA [72] and the flanking residues at the 5′ end and 3′ end
[73]. Molecular crowding agents influence the quadruplex topol-
ogy, too [74]. These chemicals are able to induce both large ex-
cluded volume and lower water activity within solutions, so they
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are often used to simulate cell-mimicking conditions (they are usu-
ally added at about 40% v/v or 400 mg/mL concentration). On
the whole, conformational equilibria affect G4 foldings and the ac-
tual topology of a given sequence under certain conditions should
always be experimentally checked [75, 76].
The folding of guanine-rich sequences into G-quadruplexes over
double helices or other foldings seems not to be generally favoured
[77, 78], although dehydrating and molecular crowding conditions
tend to stabilize G4 structures [79, 80]. Most likely the formation
of non-canonical DNA foldings in cells is strictly regulated by cel-
lular mechanisms (e.g. chromatic structure, binding proteins) and
this could be especially true for tetraplexes which show slow un-
folding kinetics in comparison to other DNA arrangements [81].
Since the statement ‘If G-quadruplexes form so readily in vitro,
Nature will have found a way of using them in vivo’ by A. Klug
over 30 years ago, huge efforts have been made to demonstrate the
existence of G-quadruplexes in living cells. The research in this
field has grown notably in the last decades and interdisciplinary
approaches have been developed to reach this goal and to better
understand how and why such structures might be active in vivo.
Theoretical studies have tried to evaluate the number of sequences
able to fold into G-quadruplex within the human genome in the
first place [82, 83]. Considering only intramolecular quadruplexes,
the general formula can be written:

GmLnGmLoGmLpGm

where m is the number of guanines involved in the G-tetrads
while n, o and p are the numbers of loops bases (potentially in-
cluding guanines as well). It has been commonly assumed that
m=3-5 and n,o,p=1-7 since otherwise the resulting foldings would
likely show significant lower stability [69, 71].
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The following formulas have been proposed for sequences able
to form dimeric and tetrameric G-tetraplexes, respectively:

LnGmLoGmLp

GmLnGm or LnGmLo

Using the parameters cited, about 376,000 putative G-quadru-
plex sequences have been identified in the mid 2000s [82, 83]. As
the years passed, the algorithms underlying these studies have re-
vealed their limits as stable G-quadruplexes with relatively long
loops have been reported as well as the presence of false posi-
tive (sequences that satisfy the requirements but do not form G-
quadruplexes in vitro) and false negative (sequences which are
able to fold into G-quadruplex but do not meet the criteria de-
vised) in the results of genome wide searches [84–86]. More recent
studies have indeed predicted a higher number of sequences able
to form G-tetraplexes. An accurate high-resolution sequencing-
based method has pointed out about 716,000 distinct G4 structures
in the human genome [87], in agreement with subsequent theoret-
ical studies [85]. Interestingly, a significant amount of tetraplexes
appears to show long loops or bulged structures [87, 88]. Poten-
tial G-quadruplexes are largely concentrated in the telomeres, the
terminal regions of chromosomes, and in oncogene promoters [82,
83, 89–92]. Mitochondrial DNA and some immunoglobulin switch
regions show putative G4 sequences, too [92, 93]. Analogous ob-
servations have been made for other eukaryotic species and also
for bacteria and viruses [94]. Throughout these organisms, po-
tential G4 sequences have been found in functional regions with
a high conservation indicating selection pressure to retain such
guanine-rich tracts at specific sites.
G-quadruplexes formed by human telomeric sequences and gua-
nine-rich tracts from proto-oncogenes are very interesting non-
canonical DNA foldings and a massive amount of studies has
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provided information about their structure and possible biologi-
cal functions. Since human telomeric G-quadruplexes cover an
important part in the research activity underlying the thesis, their
features are discussed in the following section.
Oncogene promoters are regions of genes that are involved in the
uncontrolled growth and proliferation of malignant cells [95]. Nor-
mally, they take part in the regulation of the cell life cycle by pre-
venting apoptosis, that is programmed cell death, until the natu-
ral outcome. However, when they are mutated or over-expressed,
their action results in the immortalization and proliferation of can-
cer cells [95, 96]. The existence of dozens of proto-oncogenes has
been reported since the 1970s and they are likely to act together
in tumours [95, 97, 98]. Remarkable cases of oncogene promoters
able to fold into G4 structures are c-Myc, c-Kit, Bcl-2, H-ras, K-
ras, B-Raf, TERT and VEGF (table 2) [99–112]. The formation of
G-quadruplex structures at the guanine-rich tracts of promoters is
responsible of decreasing transcription activity of the genes [113,
114]. Small molecules able to stabilize such foldings are hence
thought to be potential wide-spectrum anticancer drugs [86].
Among the sequences able to fold into G4 structures, thrombin
binding aptamers are an important case of study. Thrombin is an
enzyme designed to manage fibrin formation and platelet aggre-
gation during vascular hemostasis, however it plays an important
role in the development of cancer, in particular during metasta-
sis, when its receptors are over-expressed [115]. The thrombin
binding aptamer TBA has been identified as inhibitor of throm-
bin and hence as potential anticancer drug [116]. Interestingly,
TBA forms a peculiar antiparallel G-quadruplex, usually referred
as chair-type due to its shape [117–122], and its stabilization by
small molecules represents a viable route in anticancer drug dis-
covery [123, 124]. Alternative thrombin aptamers, such as HD22,
have shown promising therapeutic properties and are widely used
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for biosensing applications [123–127].
Actually, an increasing number of putative G4 sequences has been
reported whose stabilization might open stimulating perspectives
for the treatment of various diseases, as the fragile X syndrome
(promoter of the FMR1 gene) [128, 129] and AIDS (HIV-1 long
terminal repeat promoter) [130, 131].

Table 2: Sequences of interest able to fold into G-quadruplex and rela-
tive native structures deposited in the Protein Data Bank.

ID Representative sequence PDB entries References

c-Myc TG4AG3TG4AG3TG4A2G2 1XAV, 2A5P, 2LBY [99–101]
c-Kit1 AG3AG3CGCTG3AG2AG3 2O3M, 3QXR, 4WO2, 4WO3 [102–104]
c-Kit2 CG3CG3CGCGAG3AG4 2KQH, 2KQG, 2KYP, 2KYO [105, 106]
Bcl-2 AG4CG3CGCG3AG2A2G5CG3A 2F8U [107]
H-ras1 TCG3T2GCG3CGCAG3CACG3CG (na) (na)
H-ras2 CG4CG4CG5CG5CG (na) (na)
K-ras AG3CG2TGTG3A2TAG3A2 5I2V [108]
B-Raf G3CG4AG5A2G3A 4H29 [109]
TERT AG4AG4CTG3AG3C 2KZD, 2KZE [110]
VEGF CG4CG3C2G5CG4T 2M27, 2M53 [111, 112]

TBA G2T2G2TGTG2T2G2
148D, 1QDH, 1QDF, 1C32, 1C34

[118–122]
1C35, 1C38, 1RDE, 2IDN

HD22 GTC2GTG2TAG3CAG2T2G4TGAC (na) (na)
FMR1 GCG2T3GCG2 1A6H [128]

The existence of tetraplex structures in living cells has been re-
cently proven by using G4-specific antibodies [132–134]. The for-
mation of these non-canonical foldings has been demonstrated to
be modulated according to the cell cycle having its maximum dur-
ing the S phase when DNA replication occurs [133]. G-quadru-
plexes are found in higher densities close to origins of replication,
especially in proto-oncogenes, regulatory genes and tumour sup-
pression genes [82, 83, 89–92]. It is noteworthy that elevated levels
of G4 structures have been observed in human stomach and liver
cancer tissues [135].
It is supposed that tetraplexes may form from unpaired residues
during the DNA replication, transcription or repair when the dou-
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ble helix is temporary unwounded. Chaperones might also induce
G4 folding at least when the kinetics is relatively slow, as observed
in ciliates [94, 136]. The G4 formation seems to be required for the
initiation of DNA replication as they indicate the localization of
replication sites [94]. On the other hand, G4 structures behave at
the same time as obstacles to the replication process and they are
usually unwound by specific helicases, otherwise they could take
to genome instability [94, 137]. FANCJ, XPB, XPD, Pif1, RTEL1,
BLM, RECQ4, WRN and PIF1 are notable enzymes involved in
the unfolding of such non-canonical structures [138–140]. In par-
ticular, the FANCJ helicase is of great interest as it is able to specif-
ically recognize G-tetraplexes and promotes their unfolding dur-
ing the DNA replication process (5′ → 3′ directionality) [141]. The
downregulation of FANCJ is indeed correlated to the observation
of a higher number of G-quadruplexes in living cells [134, 140].
Digressing for a moment, G-quadruplexes have also been observed
for RNA guanine-rich sequences in living cells [142–144]. The bio-
logical functions of such structures are still matter of investigation,
however they should concern the regulation of various processes
concerning DNA (telomere elongation, recombination, transcrip-
tion) but also post-transcriptional mechanisms (e.g. pre-mRNA
processing, mRNA turnover, targeting and translation) [145]. An
interesting case of putative RNA G4 sequences is that of the 5′ end
untranslated regions (UTRs) of many genes where their involve-
ment in the regulation of translation has been demonstrated [146].
Also, telomeric RNA is able to form parallel G-quadruplexes which
are thought to exert various functions even through the formation
of RNA-DNA hybrids at the telomere [147].
Coming back to our topic, recent studies have pointed out the ac-
tual formation of about 10,000 G4 structures in human chromatin
of an immortalized cell line by means of an immunoprecipitation
technique based on the G4-specific BG4 antibody in combination
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with high-throughput sequencing [137]. Quadruplexes are mainly
found in regulatory regions, with particular mention of promot-
ers and 5′ UTRs of oncogenic genes, where the presence of such
non-canonical foldings is correlated to increased transcriptional
activities [137, 146]. The strict difference between theoretical es-
timations of putative G4 sequences and the actual prevalence of
G-tetraplexes in living cells probably relies on the restrictions due
to heterochromatin packing and complex regulatory mechanisms
[137]. Still, it emerges that putative G4 sequences are largely not
folded in G-quadruplexes and such structures are concentrated in
genes related to the development of tumours [137].

Human telomeric G-quadruplex

Telomeres are the non-coding DNA regions found at the termini
of eukaryotic chromosomes (figure 17). Their main function is
to cap chromosomes so protecting them from aberrant activation
of the DNA damage response (DDR) and end-fusion with other
chromosomes [148]. Telomeres are also actively involved in the
regulation of cell life cycle and their instability is connected to the
origin and development of cancers [148, 149]. Due to their bio-
logical importance, extensive researches have been carried out in
order to better understand their functions that culminated with
the discoveries by E.H. Blackburn, C.W. Greider and J.W. Szostak
which were awarded the Nobel Prize in Physiology in 2009.
Various enzymes are deputed to telomere protection and mainte-
nance (figure 17) [150, 151]. Prime roles are covered by the shel-
terin complex, the PARP1 enzyme and the CST complex, whose
importance in mammals is however solely confined to conditions
of replication stress. Telomere protection is also provided by the
telomeric RNA (TERRA), that is the transcription product of telom-
eric DNA. TERRA tasks have not been figured out yet, although
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it seems that telomeric RNA behaves as a molecular scaffold for
proteins that govern telomere functions [139, 152, 153].

Figure 17: Organization and structure of human telomeres. Adapted
from reference [151].

The length of the telomere is an important biological marker
as it decreases along with successive cell divisions (due to the
requests of the Okazaki fragments synthesis) until it reaches a
critical threshold which triggers cell senescence and then apopto-
sis [148, 149, 154]. While apoptosis indicates the resulting pro-
grammed cell death, senescence is a transient state in which cells
show metabolic activities but they are not able to replicate any
more as they have approached the so called Hayflick limit (about
50-80 cellular divisions).
In humans, the average telomere length diminishes since the birth
to the old age from about 10 kilo bases to 2 kilo bases (50-300 bases
shortening per division, critical telomere length approximately 6-
8 kilo bases) [151, 155]. The length decreasing has however to be
modulated over the life time. When needed, cells are indeed able
to produce the telomerase complex whose reverse transcriptase
(TERT) adds GGTTAG repeats at the 3′ single-stranded overhang
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in order to prevent senescence and apoptosis [148]. Telomerase
activity is normally downregulated during the organism develop-
ment by inhibition of TERT, thus allowing the natural cell life cycle
to occur [151].
Telomerase acts as a significant regulator of cell life cycle. When
its activity is altered as when it is over-expressed, cells gain virtual
immortalization because their telomeres length does not reach the
limit that triggers senescence and apoptosis [156]. This situation
is observed in about 85% of cancer forms along with the inac-
tivation of p53 and pRb tumour suppressor proteins [149, 157–
160]. Telomerase activation is frequently caused by mutations
in TERT and also genomic rearrangements, as in neuroblastoma
[161–163]. Anyway, a minority of cancers, about 10% of forms re-
ported, shows an alternative lengthening of telomeres (ALT) sys-
tem without the involvement of telomerase [149, 151, 164, 165].
Telomeres are composed of tandem repeats that in humans are
TTAGGG copies [94, 150]. They show 2,000-10,000 double-strand-
ed base pairs and a terminal overhang of 50-300 nucleotides at the
3′ end (figure 17) which could fold into G-quadruplex multimers
[166, 167]. Actually, the terminal overhang of telomeres is usually
associated to binding proteins as POT1 of the shelterin complex
that prevent the formation of such non-canonical DNA structures
[168]. Telomeric G4 structures can however be observed especially
during the S phase, when DNA replication occurs [133]. The for-
mation of telomeric G-quadruplexes relies on their high, not yet
fully understood, biological activity in important processes as in
replication, where they block access to DNA, behaving as telomere
capping agents, but at the same time they indicate the initiation
sites [94, 169].
The attention of researchers towards telomeric G-quadruplexes
was triggered when it was reported that these secondary fold-
ings are able to inhibit telomerase activity and lead to telomere
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uncapping, so opening promising therapeutic perspectives [170–
172]. Despite the ability of telomerase to, at least partially, rec-
ognize and unwind G4 structures [169], small molecules could
indeed stabilize G4 structures at the telomere and so act as wide-
spectrum anticancer drugs with reduced collateral effects in com-
parison to classical therapies [86, 173].
The stabilization of telomeric tetraplexes is not the only viable
route for the inhibition of telomerase as different approaches have
been developed, largely concerning the inhibition of reverse tran-
scriptase TERT and the telomerase RNA component TERC thanks
to small molecules, antisense oligonucleotides, targeted immuno
and gene therapies [174–176]. Nevertheless, the direct inhibition
of telomerase might lead to cell resistance after excessive telom-
ere shortening, whereas G-quadruplex stabilizers could overcome
this problem [176].
Huge efforts have been made in the identification of small mole-
cules able to induce and stabilize the human telomeric G-quadru-
plex [86] which however shows high polymorphism. In order to
properly discuss about G4 ligands, the characteristics of human
telomeric G-tetraplexes should in the first place be considered.
Telomeric G-quadruplexes exhibit high polymorphism in molecu-
larities, strand orientations and types of TTA loops, as determined
by X-ray crystallography and NMR spectroscopy [55, 56]. As
telomeres are most likely to fold into intramolecular structures,
alternative molecularities will not be further discussed although
the considerations made could be extended to such foldings. In-
tramolecular tetraplexes show various conformations which can
be approximately grouped into three main topologies: antiparal-
lel, parallel and hybrid (figure 18). These groupings mainly differ
in the orientations of strands and associated kinds of loops, as
shown in table 3.
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Figure 18: Topologies of intramolecular human telomeric G-quadru-
plexes. Guanines coloured either in grey (χ anti) or in white
(χ syn). Adapted from reference [177].

Table 3: Generic features of intramolecular G-quadruplexes formed by
human telomeric sequences, determined by X-ray crystallogra-
phy and NMR spectroscopy. PDB codes of native structures are
reported, too.

Topology Strands Loops PDB entries References

Antiparallel-1 basket antiparallel
lateral

143D [178]
diagonal

Antiparallel-2 basket antiparallel
lateral

2KF7, 2KF8, 2KKA [179, 180]
diagonal

Antiparallel-3 antiparallel
lateral

2MBJ [181]
propeller

Parallel parallel propeller 1KF1, 2LD8 [182, 183]

Hybrid-1
parallel lateral 2GKU, 2HY9, 2E4I, 2JSM

[184–189]
antiparallel propeller 2JSK, 2MWZ, 5MBR

Hybrid-2
parallel lateral

2JPZ, 2JSL, 2JSQ [187, 190]
antiparallel propeller
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The antiparallel-1 topology [178] can easily be stabilized in sodi-
um containing solutions, while the antiparallel-2 [179, 180], the
parallel [182, 183] and the hybrids structures [184–191] are more
stable in potassium solutions. Human telomeric G-quadruplexes
thus show higher polymorphism in potassium solutions [191, 192],
although an additional antiparallel structure, featuring lateral and
propeller loops, has been recently observed in sodium solutions
[181]. An important factor for the resulting stability of the ar-
rangements is the nature of flanking bases which can form caps
on the external guanine-tetrads [193]. Also, the antiparallel-2 bas-
ket topology featuring only two guanine tetrads shows surpris-
ing great stability due to the numerous base pairings and stack-
ing interactions in which the loops bases are involved [179, 180].
Anyway, the in vitro relative stability of different topologies is
not obvious to predict for a given sequence as a number of fac-
tors are concerned (cations, additives, crowding agents, state of
aggregation) [61, 74, 194, 195]. For example, the well studied
AG3(TTAGGG)3 sequence shows a basket topology in sodium so-
lutions [178], hybrids conformations in potassium solutions [191,
192, 194, 196] and a parallel arrangement both in crystals and in
molecular crowded solutions [182, 197], especially where polyethy-
lene glycol has been added [198]. As a matter of fact, G-quadru-
plexes undergo conformational equilibria and a mixture of con-
formers are usually found in solution [192, 193, 199], although sin-
gle configurations can be stabilized, as by base modifications [200].
Consequently, it is very challenging to establish which are the “bi-
ological relevant” G-quadruplex topologies for human telomeric
sequences.
Nevertheless, recent studies have tried to point out which hu-
man quadruplex topologies might more probably be found at the
telomere. Interesting results have been obtained by using in-cell
NMR spectroscopy on isotopically labelled human telomeric se-
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quences injected in Xenopus laevis oocytes, that are eukaryotic
cells of reference [201]. In more detail, high resolution informa-
tion about the G4 structure is usually attained by performing ex
vivo NMR experiments on Xenopus laevis egg extracts. Human
telomeric sequences in such environments are found to adopt a
mixture of conformations in equilibrium that are similar to those
present in dilute conditions [177]. The preferential topology seems
to be hybrid-1, although extensive data on a number of labelled
sequences are still lacking [202].
On the other hand, telomeric oligonucleotides have been studied
in presence of crowding agents able to simulate cell-mimicking
conditions characterized by a large excluded volume and a lower
water activity [74]. Polyethylene glycol (PEG) is probably the most
common chemical used for this purpose, however it has been re-
ported how PEG and other agents selectively stabilize the parallel
topology because of the significant dehydration [177, 198]. The
parallel topology seems to be thermodynamically unfavoured in
living cells, although more conclusive data are missing.
Telomeres are composed of thousands of TTAGGG tandem re-
peats, thus they could form in principle multiple G-quadruplexes
at the same time, also referred to multimers G4 structures or
higher order G4 structures. Studies on long human telomeric se-
quences, (TTAGGG)n with n=4-20, have in fact shown the forma-
tion of tandem tetraplexes, usually made of three guanine tetrads,
by means of various techniques including gel electrophoresis, an-
alytical ultracentrifugation, atomic force microscopy and electro-
spray ionization mass spectrometry (ESI-MS) [166, 203, 204]. The
mutual interaction between different G4 structures is still unclear
(figure 19) [56, 204]. A common idea concerns the substantial in-
dependence of the foldings and predicts a “beads-on-a-string” or-
ganization. An alternative proposal consists, conversely, in the for-
mation of assemblies of G-tetraplexes interacting by means of their
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loops or their G-tetrads giving rise to different architectures (e.g.
either 5′-5′, 5′-3′ or 3′-3′ end stacking). Parallel G-quadruplexes
could efficiently give rise to such organizations, as observed in
molecular crystals [205]. Clearly, it is feasible that human telom-
eric DNA could be arranged according to a combination of the
two models.

Figure 19: Main hypotheses for the organization of tandem G-quadru-
plexes at the telomere. Adapted from reference [56].

Recent studies have indicated the beads-on-a-string model to be
the most reliable organization of human telomeric DNA. In-cell
NMR experiments have pointed out the formation of antiparallel-
2 and hybrid-2 structures in long telomeric sequences, thus show-
ing a quite different behaviour with respect to short telomeric se-
quences forming single tetraplexes [202]. A slight different sta-
bility for terminal and inner G4 structures within long sequences
has also been evidenced. Lately, the formation of adjacent quadru-
plexes in long strands has been demonstrated to be more ener-
getically expensive than the folding of a tetraplex along with du-
plex tracts, as highlighted by gel electrophoretic, calorimetric and
spectroscopic data [206]. As a consequence, long telomeric se-
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quences do not tend to form quadruplexes in the maximum possi-
ble number, so confirming the different behaviour of long telom-
eric sequences in comparison to short ones. Recently, the forma-
tion of G4 structures in long sequences has been described us-
ing a combined gel electrophoretic and spectroscopic approach in
terms of energetic differences associated to the localization in the
sequence of the resulting non-canonical foldings [167]. In more
detail, the stability of tetraplexes at the sequence termini appear
to be fairly modulated by their flanking residues unlike that of
inner G4 units which is less affected. Furthermore, the global sta-
bility of these higher order architectures is not influenced by the
length of the nucleotide tracts separating adjacent G4 structures,
thus the overall organization is thought to be actually composed
of independent G4 units, that is the assumption at the basis of the
beads-on-a-string model. The unfolding kinetics observed seem
to confirm this finding [167]. Accordingly to previous results, a
certain degree of interaction is however displayed in tandem G-
quadruplexes, probably because of the different properties of the
tracts connecting adjacent G4 units which can be either terminal,
and so quite “free”, or “shared”, and so restricted in some way
[167].
As the structure of long telomeric sequences is matter of intense
debate, experiments are usually carried out on short sequences
able to fold into a single G-quadruplex. In general, studies on
DNA foldings are performed on model systems, that are short se-
quences able to fold into little but representative DNA structures.
Model systems are really helpful in simulating the DNA proper-
ties with easy handling, both in vial and in vitro. Such model
systems are extensively used by researchers, as for the search of
ligands able to interact and stabilize DNA structures which is the
issue of the following section.
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1.2 small molecules as dna
binding ligands

Non-canonical DNA structures represent interesting targets for
the development of potential therapeutic strategies for various
diseases, especially cancer. Such structures might be the target
of small molecules able to bind and stabilize them thus causing
important biological responses [31, 207]. Despite the rising of suc-
cessful immunotherapy treatments, chemotherapeutic agents are
still crucial in fighting cancer. The growing information about
the mechanisms underlying tumour origin and progress make the
identification of small molecules of better drug-like properties eas-
ier and easier.
The idea of targeting DNA by small molecules has spread since
the discovery of the biological activity of cis-platin and related
complexes which are able to covalently bind to double helix DNA
leading to alteration of local DNA structure and functions [208].
Such compounds are illustrative examples of highly cytotoxic che-
micals lacking in selectivity for the recognition of malignant cells,
thus taking to severe collateral effects [209–211]. In fact, covalent
ligand binding involves alkylation, base modifications, strands
cross-linking and strand breakage which result in mutations and
loss of biological functions. For this reason, the non-covalent and
reversible binding of small molecules to DNA is thought to be a
promising route in order to enhance the efficiency of anticancer
drugs as well as their selectivity towards cancer over healthy cells.
Such requests could be fulfilled by targeting non-canonical DNA
foldings which are involved in various biological processes that
are often altered in tumours [5, 9, 29, 31].
G-quadruplexes are particularly interesting non-canonical DNA
structures as they are most likely involved in the regulation of im-
portant biological processes [94]. The numerous clues collected
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about their functions in living cells support this hypothesis. The
idea of targeting G-quadruplexes by means of small molecules
has already brought interesting results which have confirmed the
correlation between strong G-quadruplex binding and relevant an-
ticancer activity for a number of ligands [86, 212].
Telomeric G4 targeting is thought to be a much valuable route for
the design of potential anticancer drugs. The stabilization of these
structures could indeed result in the inhibition of telomerase, an
enzyme normally absent in healthy cells but over-expressed in
about 85% of tumours and involved in the immortalization of can-
cer cells [86, 113]. This therapeutic perspective might lead to the
identification of anticancer agents effective against a wide range
of cancers, in contrast to classical chemotherapeutics which usu-
ally are compelling with a limited number of pathologies. For
these reasons, huge efforts have been made in this direction as
confirmed by the massive literature available.
The targeting of human telomeric G-quadruplexes by small mole-
cules covers most of the research activity results, hence the thesis
has a particular focus on this topic. The concerns addressed for
telomeric DNA binders can however be extended to the targeting
of alternative non-canonical DNA foldings, in particular to dif-
ferent G4 foldings as those formed at the guanine-rich tracts of
proto-oncogenes.
Desirable G4 ligands should show selective recognition of telom-
eric tetraplexes over other G4 foldings and in general over alter-
native DNA arrangements, as the ubiquitous double helix [213,
214]. These demands can be met by taking into account the struc-
tural diversity of the secondary organizations of DNA. Despite the
quadruplex/duplex selectivity can be achieved quite easily, the
favoured interaction of ligands with telomeric tetraplexes over e.g.
proto-oncogene G4 structures is still challenging [86]. In order
to better understand the problems related to the issue, the char-
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acteristics of reported G-quadruplex binding ligands should be
discussed. Small molecules generally bind G4 structures through
five main modes:

• Stacking on external G-tetrads

• Involvement in G-tetrads

• Groove binding

• Loops binding

• Loops/G-tetrad binding

The stacking on external quartets, the involvement in G-tetrads
and the quartet-loops binding involve the formation of π-π stack-
ing interactions which are favoured for ligands showing diffused
aromatic surfaces. Groove binding and loops binding usually re-
quire positively charged groups able to interact with the DNA
backbone. Hydrogen bonds occurred between ligands and targets
could further strengthen the stability of the adducts. In general,
small molecules able to strongly bind telomeric G-quadruplexes
should feature different functional groups able to develop such
non-covalent interactions [86, 213].
The most common binding mode is the stacking on external G-
tetrads, as confirmed by the great number of reported G4 lig-
ands showing extended planar aromatic conjugation. As regards
this point, the presence of positive charges or at least electron-
deficient aromatic (e.g. heteroaromatic) moieties enhance the over-
all interaction [86, 213]. No intercalation has ever been described,
probably because of the almost incomparable stability associated
to the G-tetrads stacking. This observation prompted some au-
thors to design a molecule able to assembly in an artificial G-
tetrad able to induce and bind quadruplex foldings [215]. The
involvement of ligands in the G-tetrad formation is a quite rare
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case and only peculiar chemicals as peptide nucleic acids (PNA)
show this behaviour [216]. The idea of forming even artificial G-
quadruplexes able to inhibit telomerase have led to guanine-rich
oligonucleotides (GROs) characterized by telomeric repeats [176,
217, 218].
Overall, the selective quadruplex over duplex recognition is usu-
ally achieved by exploiting the much greater aromatic surface
featured by tetraplexes which can involve the external G-tetrads
into strong π-π stacking interactions with ligand molecules car-
rying extended aromatic surfaces (interactions of several tens of
kJ mol−1) [86, 213, 219, 220]. In addition, G-quadruplexes also
differ from double helices in the characteristics of their grooves
and in the presence of loops, thus ligands carrying groups able
to interact with grooves and loops might increase the quadruplex
over duplex selectivity [86, 213, 214, 221]. Notable examples in
this regard are BRACO-19 and PIPER (figure 20) characterized
by diffused aromatic moieties able to stack on the external G-
tetrads and cationic side-arms which can bind to the grooves of G-
quadruplexes [222, 223]. On the other hand, interesting G4 groove
binders have also been reported (figure 20), such as a Dystamicin
A derivative [224, 225] and the crescent-shaped small molecule
TOxaPy (figure 20), which is able to specifically interact with the
antiparallel-1 basket topology [226].
The recognition of telomeric G-quadruplexes over other tetraplex
arrangements is more challenging as the ligand-G4 binding usu-
ally involved non-specific hydrophobic interactions, although slight
differences in the quartet surface area, nature of loops and grooves
allow the design of, at least partially, specific ligands [86, 227]. De-
spite the developments of various approaches, it seems almost
impossible to identify G4 binders able to selectively interact with
certain sequences, considering that less than 1% of putative G-
tetraplexes in the genome has been described and also that it is
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most likely that small molecules might target multiple quadru-
plexes in different genes at the same time, so exerting a wide com-
plex activity, especially in presence of deficient repairing mech-
anisms [86]. An illustrative example in this regard is the poly-
cyclic perylene derivative Emicoron (figure 21) which stabilizes
telomeric as well as c-Myc and Bcl-2 proto-oncogene G4 structures,
showing an interesting anticancer activity in vivo [228].

Figure 20: Representative examples of ligands able to stack on exter-
nal G-tetrads (BRACO-19, PIPER) and to bind to the G-
quadruplex grooves (Dystamicin A derivative, TOxaPy).

Nevertheless, a viable route for the identification of ligands se-
lective for telomeric G4 could be the targeting of higher order or-
ganizations at the telomeres which feature potential binding sites
at the quadruplex-quadruplex junctions most likely unique in the
genome [204, 229]. Tandem G-quadruplex formations might be
the actual biological targets of small molecules and their study is
thus essential, as confirmed from the different binding properties
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of some compounds in presence of putative sequences forming
single and tandem G4 structures [229]. Up to now, a few com-
pounds have been reported to bind tandem human telomeric G-
quadruplexes, even with interesting selectivity for the interaction
with tandem than with single G4 [230–235].
The search of telomeric G-quadruplex ligands acting as poten-
tial anticancer drugs has produced interesting results in the last
decade [86, 175, 176, 236, 237]. Molecular scaffolds as quinoline,
acridine, anthraquinone, phenanthroline, porphyrine and pery-
lene have led to the design of binders able to strongly interact
especially with the external G-tetrads. Phen-DC3, RHPS4 (active
in vivo), Quarfloxin (active in vivo and currently under phase 2

clinical trials), TMPyP4, Pyridostatin, BRACO-19 (active in vivo)
and PIPER are notable examples in this regard (figure 20,21). Nat-
ural molecules as Telomestatin and Berberine have also shown
valuable G-quadruplex binding properties and telomerase inhi-
bition activity. Through the binding of telomeric G4 structures,
Telomestatin (active in vivo), Pyridostatin and RHPS4 trigger DNA
damage response (DDR) pathways, especially in combination with
PARP1 and WRN inhibitors [86].

Biological evaluations have suggested that the inhibition of telo-
merase through G4 ligand binding occurs along with the alter-
ation of telomere structure and function [86, 175]. In fact, the
binding is followed by telomere uncapping by a number of pro-
teins which provide its maintenance and biological activity. As a
result, repairing processes are triggered, but due to deficiencies in
cancer cells (e.g. mutations in DNA repair proteins BRCA1 and
BRCA2), damages are not often restored. People often refer to
telomere-induced senescence and apoptosis where the inhibition
of telomerase is just a part of more complex processes of response.
Beyond the research underlying the identification of potential an-
ticancer drugs, G4 interacting small molecules are also used as flu-
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Figure 21: Remarkable examples of G4 binding ligands.
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orescent probes in order to investigate the nature of G-quadruplex
structures in living cells [238–240]. Such compounds possess chro-
mophores with useful optical properties for imaging. Metal com-
plexes as those of ruthenium are particular investigated in this
regard [239, 241, 242]. Bioimaging experiments exploiting fluores-
cent molecules have confirmed the actual existence of G-quadru-
plexes in vitro, their location in the chromosomes, and also their
increasing number upon addition of G4 ligands [133, 134]. One
of the main task of the fluorescent probes is to distinguish among
different DNA foldings and different strategies have been devel-
oped to meet this issue. Antibodies able to selectively recognize
G4 structures as well as selective small molecule binders are used.
For example, an isoquinoline-IrIII complex has displayed good op-
tical properties together with significant affinity and selectivity for
G-quadruplex over other foldings due to the isoquinoline-based
groove binder [243].

1.3 research aims
The research activity carried out during the PhD years has con-
cerned the investigation of ligands able to interact and stabilize
non-canonical DNA foldings, in particular human telomeric G-
quadruplexes, in order to select valuable candidates in anticancer
drug discovery. The achievement of detailed structural data about
the interaction of small molecules and target structures is crucial
for the design of efficient DNA binders and for a better under-
standing of the binding properties of the targets themselves. X-ray
crystallography has been the main technique used along the years
to shed light on the interactions in ligand-DNA adducts, due to
the accuracy of results. Complementary information have been
obtained from spectroscopic characterization and in silico simula-
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tions performed on the adducts. Additional biological evaluations
have been performed by collaborators in order to verify the telom-
erase inhibition activity for selected compounds.
The choice of the studied ligands has been usually motivated on
the basis of previously reported biological activities of the com-
pounds along with the interest for the investigation of the binding
properties of attractive scaffolds. Both natural and synthetic com-
pounds have been considered for the work.

1.3.1 Natural compounds

Natural products are a fundamental source of medicines since mil-
lennia. Despite the advent of synthetic drugs, they are still impor-
tant in drug discovery because of their large chemical diversity,
wide range of pharmacological activities and valuable pharma-
cokinetic properties [244–246]. The attention has been focused on
some natural benzylisoquinoline alkaloids extracted from plants
of the traditional Ayurvedic and Chinese medicines, namely Berbe-
rine, Coptisine, Chelerythrine and Sanguinarine (figure 22), which
can affect various biological processes and show promising anti-
cancer activity [247–249].

As shown in figure 22, the structurally related pairs Berberine/
Coptisine and Chelerythrine/Sanguinarine differ just in the num-
ber of dioxolo rings and in fact their biological activities are quite
similar. Berberine shows anti-microbial, anti-inflammatory, anti-
arrhythmic, anti-ischemic, cholesterol-lowering and anti-hyperlipi-
demic properties and it is currently used for the treatment of type-
2 diabetes mellitus and of digestive problems caused by bacterial
infections [250, 251]. It has also shown neuroprotective effects
thought to be useful for the treatment of Alzheimer’s and Parkin-
son’s diseases and also of multiple sclerosis [252, 253]. Coptisine
displays comparable activities [254–257]. Sanguinarine has been
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Figure 22: Natural alkaloids considered for the research activity under-
lying the thesis.

mainly known for its anti-microbial, anti-inflammatory, neuropro-
tective and cardiotonic properties as well as Chelerythrine which
is a potent and selective inhibitor of protein kinase C [258–261].
The alkaloids show promising anticancer activity through the in-
hibition of cell proliferation in tumours and the induction of cell
cycle arrest [262–269]. The anticancer properties observed for the
compounds have been associated to DNA and RNA binding as
well as the interaction with proteins, including telomerase, DNA
topoisomerase and p53, overall leading to DNA damage, chro-
matin alteration, autophagy and apoptosis [250, 251, 267, 270–274].
In addition, Berberine can downregulate gene transcription by in-
hibiting the association between the TATA binding protein and
the TATA box in gene promoters [275].
Several works have highlighted the interaction of the alkaloids
with non-canonical DNA foldings, in particular with G-quadru-
plexes formed by telomeric and oncogene promoter sequences
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[276–283], though scarce data have been reported for Coptisine
[284, 285]. The compounds show good features for G4 binding
because of the extended aromatic surfaces, hydrogen bond accep-
tors and also positively charged nitrogen atoms. In fact, Berberine,
Chelerythrine and Sanguinarine (as in iminium form, pKa=7.4)
can strongly bind to G-quadruplex foldings, in particular to hu-
man telomeric G4 structures [286]. The alkaloids are able to stack
on the external G-tetrads although their binding with grooves and
loops have also been reported in the case of G4 structures of hin-
dered quartets by caps and loops, as for the antiparallel basket-
1 human telomeric G-quadruplex [286–288]. The ability to bind
grooves and loops has been evidenced in particular for Sanguinar-
ine and Chelerythrine which can bind multiple G-quadruplex stru-
ctures at the junctions, respectively, of tandem tetraplexes from
long human telomeric sequences and of ligand-promoted human
telomeric aggregates [230, 282]. Berberine and Sanguinarine have
shown interesting telomerase inhibition activity along with the in-
hibition of proto-oncogenes, as also observed for Chelerythrine
that is able to downregulate VEGF, Bcl-2 and K-ras expressions
[280, 286, 289–292]. The alkaloids are thought to interact also with
RNA G-quadruplex structures as recently reported for the bind-
ing of Chelerythrine to human telomeric RNA which has been
demonstrated to be even stronger with respect to the binding to
human telomeric DNA [281].
The aim of the research activity was to supply a more comprehen-
sive analysis of the interactions of the alkaloids with non-canonical
DNA foldings, with particular attention on how slight structural
differences, such as the number of dioxolo rings, can affect the
binding properties of the compounds. As the molecules behave as
interesting telomeric G4 binders, major efforts were devoted to the
study of the adducts formed with human telomeric sequences. X-
ray crystallography, spectrophotometric characterization (thanks
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to a collaboration with Professor Claudia Sissi from the Univer-
sity of Padua, Italy) and in silico calculations were used for this
purpose. On the other hand, crystallization screenings were per-
formed for the compounds bounded to short DNA oligonucleotides
which are able to give rise to local non-canonical arrangements, as
previous crystallization trials for telomeric DNA adducts yielded
suitable crystals for X-ray diffraction analysis only in the case of
Berberine.

1.3.2 Berberine derivatives

As natural products display attractive properties, semi-synthetic
modifications are alluring in order to further improve their bio-
logical activity and decrease eventual side effects. The alkaloids
just described have shown promising activities and many attempts
have in particular been reported for modifications on the Berber-
ine skeleton. As regards the binding of DNA structures, the mod-
ifications on the Berberine scaffold have largely involved the C13

and C9 positions (figure 23) [293]. Various groups have been
added to these positions through linkers, even additional Berber-
ine molecules [294], and successful improvements have been ob-
served in dependence of the linker length.
Derivatives of Berberine on the 9-position and 13-position have
shown enhanced DNA binding properties associated to bettered
anticancer activities concerning telomerase inhibition and poison-
ing of DNA topoisomerases [267, 293, 295–299]. The inhibition
of telomerase has been associated to strong binding of the deriva-
tives to human telomeric G-quadruplexes, as supported by the
good quadruplex/duplex selectivity displayed by various deriva-
tives. In fact, it has been suggested that additional groups could
interact with grooves, especially when carrying positive charges,
and so increasing the selectivity for the interaction with telomeric
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G-quadruplexes over different DNA foldings.
The interest in Berberine derivatives has led to the investigation
of a series of analogs featuring phenylalkyl, diphenylalkyl and
pyridinealkyl moieties on the 13-position (figure 23), synthesized
by our collaboration partner Naxospharma srl, pharmaceutical in-
dustry in Milan (Italy) [300]. The addition of aromatic groups to
such position through alkyl linkers may strengthen the binding
to human telomeric G-quadruplexes. Also, the presence of posi-
tively charged nitrogen atoms in the pyridil derivatives may play
an important role in establishing the ligand-DNA interactions.

Some of the derivatives studied have shown improved cytotoxic
activities against human colon and breast cancer cell lines with re-
spect to the natural precursor, overall leading to DNA damage,
cell cycle arrest, autophagy and apoptosis [301–306]. Similarly,
diphenylalkyl derivatives behave as catalytic inhibitors of topoi-
somerases, presumably through the binding to DNA, with better
inhibition activity with respect to Berberine [307]. Overall, the
binding to DNA is supposed to be the most likely responsible for
the anticancer activity displayed by the compounds.
The research objective was to provide a general picture of the
interaction of the derivatives with human telomeric sequences,
in particular by highlighting how the additional groups affect
the G4 binding properties with respect to the natural precursor
Berberine. The work was primarily carried out by means of X-
ray crystallography. While the investigation of pyridil analogs
is still in progress, the analysis of the interaction of phenylalkyl
and diphenylalkyl modified Berberine was also extended to spec-
trophotometric characterization and, thanks to a collaboration with
Doctor Ivana Scovassi from the CNR in Pavia (Italy), to evalua-
tions of the cytotoxic activity of the derivatives on cancer cells
lines.
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Figure 23: Natural alkaloid Berberine (a) and the semi-synthetic deriva-
tives (b,c,d) studied as human telomeric G-quadruplex
binders.
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1.3.3 AuI complexes

Since the discovery of the anticancer activity of cis-platin, huge ef-
forts have been made in order to identify metal-based drugs with
better anti-tumour properties, reduced side effects and lowered
drug resistance. In addition, the chemistry of metals offer very
interesting opportunities to tune structural and electronic charac-
teristics, exploiting unique optical, magnetic and catalytic prop-
erties [239, 241, 242]. In fact, metal complexes have been largely
investigated both as potential drugs and fluorescent probes. The
research activity during the PhD program has focused its attention
on different metal compounds able to interact with non-canonical
DNA foldings.
In the first place, gold complexes were investigated because of
their promising anticancer properties also effective against can-
cer cells resistant to cis-platin together with reduced drawbacks
[308–310]. Because of the remarkable oxidizing properties of AuI

and AuIII, gold compounds should be stable in physiological con-
ditions in order to avoid the non-selective oxidation of biologi-
cal species [308–310]. Hence, suitable organic ligands have to be
taken into account. A useful approach is the stabilization of such
gold oxidation states with the creation carbon-gold direct bonds,
as by using N-heterocyclic carbene (NHC) scaffolds [311]. Several
gold NHC complexes have shown significant anticancer activity
by interactions with multiple targets including DNA and various
proteins [309, 312, 313]. The cytotoxicity displayed is in partic-
ular associated to mitochondrial damage through the inhibition
of thioredoxin reductases, a class of seleno-enzymes involved in
the growth and proliferation of malignant cells [309, 313]. Fur-
thermore, the binding to DNA seems to be responsible for the
inhibition of the telomerase enzyme.
Caffeine-based NHCs bound to two-coordinated AuI (AuNHC I,
figure 24) were designed with the purpose of favouring the interac-
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tion of a flat, aromatic and positively charged compound with the
external tetrads of G-quadruplexes [314]. The choice of such NHC
scaffold was motivated by the close similarity between guanine
and caffeine together with the relatively low cost of synthesis. The
AuNHC I complex, [Au(9-methylcaffein-8-ylidene)2]+, has shown
indeed quite strong binding to quadruplex foldings with high se-
lectivity over alternative DNA structures, including duplex DNA
[314]. The compound displays interesting anti-proliferative activ-
ity in vitro against human ovarian cancer cell lines with modest
side effects on healthy cells [315, 316]. The biological properties
of AuNHC I are presumably associated to G4 binding.
Similar biological activities have been observed for AuNHC II (fig-
ure 24), [Au(bis(1-butyl-3-methyl-imidazole-2-ylidene))]+, which
is characterized by reduced aromatic surface and bulky alkyl side
groups. The compound is cytotoxic in vitro against ovarian can-
cer cells resistant to cis-platin and its mechanism of action seems
to rely on metalation of metalloproteins as the copper chaperone
Atox1 [316, 317]. Multiple targets have however been hypothe-
sized for the compound, including DNA binding.

Figure 24: AuI metal complexes studied as G4 stabilizing ligands.

Overall, AuNHC I and AuNHC II display good features for
the binding to human telomeric sequences and the former, espe-
cially, has shown promising anticancer activity accompanied by
a very good quadruplex over duplex selectivity. During the PhD
years, the interaction of these AuI complexes with telomeric G-
quadruplex was more deeply investigated. X-ray crystallographic
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studies were carried in order to shed light on the formation ligand-
DNA adducts. Additional solution studies performed on AuNHC
I revealed the interesting binding behaviour of the compound
which was explained in more detail by in silico calculations. The
telomerase inhibition activity of the compound was also evalu-
ated, thanks to a collaboration with Prof. Donato Colangelo from
the Università del Piemonte Orientale (Italy).

1.3.4 AuIII complex Auoxo6

Four-coordinated AuIII complexes display a more pronounced ox-
idative character and their development was in fact initially mo-
tivated to the identification of potential alternatives for cis-platin
resistant tumours [310]. Complexes stable in cellular conditions
have lately been studied as anticancer drugs acting through the se-
lective inhibition of thioredoxin reductases [310, 318, 319]. This is
the case of the square planar Auoxo6 complex (figure 25), [(bipy2Me)2
Au2(µ-O)2]2+ (bipy2Me=6,6′-dimethyl-2,2′-bipyridine). Auoxo6 is
a dinuclear gold complex that exerts promising anticancer activity
thought to be achieved by interaction with proteins and DNA, ac-
companied by oxidative damages due to reduced stability in phys-
iological conditions [310, 320, 321]. The complex can strongly bind
and induce human telomeric G-quadruplex structures whereas it
weakly interacts with double helix DNA [322].

Auoxo6 has shown promising telomeric G-quadruplex binding
properties accompanied by significant anticancer activity, possi-
bly connected to telomerase inhibition. Detailed structural in-
formation about the ligand-G4 interaction could be useful for a
better understanding of the binding behaviour of the compound.
For this reason, crystallization screenings were performed but un-
fortunately any suitable crystal for X-ray diffraction analysis was
yielded. Thus, a combined NMR and in silico approach has been
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Figure 25: The AuIII complex Auoxo6 studied as G-quadruplex stabiliz-
ing ligand.

carried out on the adducts formed by Auoxo6 with human telom-
eric sequences, in collaboration with Prof. Harald Schwalbe from
the University of Frankfurt (Germany).

1.3.5 Palladium and platinum complexes

Aside from gold compounds, alternative metal compounds have
also been taken into account. Platinum and palladium are ideal
metals for the formation of positively charged square planar com-
plexes able to interact with non-canonical DNA foldings. Re-
cently, [Pd(bapbpy)]2+ and [Pt(bapbpy)]2+ complexes (figure 26)
(bapbpy=6,6′-bis(2-aminopyridyl)-2,2′-bipyridine) have been devel-
oped in Prof. Sylvestre Bonnet group from Leiden University and
they have shown very interesting anticancer properties associated
to the disruption of mitochondrial functions. Despite the biologi-
cal mechanisms of the complexes have not been clarified yet, it is
likely that the compounds bind to DNA. Nevertheless, because of
the intention of obtain a patent, more detailed information can not
be provided here. Anyway, structural studies about the interaction
of [Pt(bapbpy)]2+ and [Pd(bapbpy)]2+ with non-canonical DNA
structures could be useful to give a molecular explanation for the
biological behaviour observed. Crystallization screenings were
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therefore carried out for the adducts formed by the metal com-
plexes and human telomeric sequences as well as short oligonu-
cleotides able to give rise to local non-canonical DNA arrange-
ments.

Figure 26: [Pd(bapbpy)]2+ and [Pt(bapbpy)]2+ complexes investigated
as non-canonical DNA binders.
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2.1 x-ray crystallography
X-ray crystallography is the major technique able to determine the
structure of a given system at atomic level. The great limitation
of the method is associated to the crystalline state of the samples
which could be not merely indicative of the behaviour of the stud-
ied system in solution. Furthermore, the picture provided by this
technique is essentially static. Anyway, crystallography provides
unique information about intermolecular and intramolecular in-
teractions which are quite useful for the study of ligand-DNA
adducts.
Obtaining suitable crystals for X-ray diffraction analysis is usually
the most challenging step, especially in the case of DNA samples.
Following the collection of X-ray reflections, diffraction pattern
are analysed and structure factors calculated. Several approaches
have been developed to solve the phase problem and supply good
initial models of the crystallized system to be refined. In the fol-
lowing sections, the different stages of the process of solving the
structure of a biomacromolecule are described.

Crystallization

A crystal is by definition an ordered and periodic lattice of phys-
ical entities. Such ordered phase is formed by species involved
in intermolecular interactions leading to spontaneous self assem-
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bly. This phenomenon is observed from supersaturated solutions
where stable crystal nuclei can form. Otherwise also aggregates
and amorphous precipitates are observed (figure 27).

Figure 27: Dependence of macromolecule solubility on temperature.

The crystallinity of the aggregates is influenced by many factors
including temperature, concentration of crystallizing species, pH,
ionic strength and additives [323, 324]. In general, the quality of
the crystals is dependent also by the time of crystal growth, as
more ordered aggregates are usually observed for longer crystal-
lization times [324].
The crystallization of macromolecules is a challenging task be-
cause of their scarce tendency to spontaneously crystallize. The su-
persaturation is achieved by the addition of a substance, generally
called precipitant, to the acqueous solution of the macromolecules
at controlled pH. Crystal screenings are generally performed for
the identification of good crystallization conditions. Such screen-
ings concern the testing of a number of solutions which differ in
the content of precipitants, salts, buffer and additives [323]. In
the crystallization of biomacromolecules, the most used precipi-
tant agents are salts like ammonium sulphate, polyethylene glycol
(PEG) of different molecular weights and organic molecules such
as ethanol and MPD, 2-methyl-2,4-pentanediol (figure 28). Crys-
tallization screenings are often based on sparse matrices where



2.1 x-ray crystallography 63

the components of the solutions are varied on the basis of the
available data on the crystallization of similar molecular systems.
The most promising crystallization conditions can be optimized
in order to obtain crystals of better quality. The dimensions of
macromolecular crystals are generally in the range 0.1-0.5 mm.

Figure 28: Dependence of macromolecule solubility on precipitants con-
centration.

Different methods are used for performing crystallization tri-
als [323, 324]. The most common is the vapour diffusion method
which is carried out on a drop containing the macromolecule equi-
librated with a reservoir. The process is favoured by the lower con-
tent of precipitant agents in the drop with respect to the reservoir
which cause a significant evaporation of the solvent from the drop
thus possibly inducing the supersaturation. The little amounts of
macromolecule requested to perform a great number of crystal-
lization trials have made the method widely used. As shown in
figure 29, a few variants of the vapour diffusion method have been
developed with particular reference to the position of the drop in
relation to the reservoir.

Alternative crystallization methods are microdialysis, microbatch
and the free interface diffusion method [323, 324]. Microdialysis is
based on the diffusion of low molecular weight compounds from
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Figure 29: Variants of the vapour diffusion method: sitting drop (drop
on a support), hanging drop (drop on a glass slide) and sand-
wich drop (drop between two surfaces).

the solution containing the species to crystallize to a reservoir
thanks to a semipermeable membrane. Microbatch crystallization
is conversely carried out by mixing the species with a solution rich
in precipitants which immediately induces the supersaturation. A
little amount of inert oil, usually paraffin, is added on the solution
in order to prevent from rapid dehydration. On the contrary, the
free interface diffusion method is performed by using capillaries
in which the migration of solvent from the solution containing the
species to crystallize to a phase rich in precipitant agents takes
place.

Cryoprotecting solutions

X-ray diffraction experiments concern the structural investigation
of matter at atomic level. The usage of ionizing radiation however
promotes the formation of radicals which can disrupt the chem-
ical structure of the sample, resulting in damage to the crystals.
In order to minimize the diffraction decay and improve the over-
all diffraction data quality, the experiments are usually carried
out on samples brought to low temperature, namely 100 K for
macromolecular crystals. This choice is also useful because the
withdrawal of samples from the crystallization wells could take to



2.1 x-ray crystallography 65

a rapid degradation of crystals due to loss of solvent. This process
is particularly relevant for macromolecular crystals that are com-
posed at 40-60% v/v by water [323]. X-ray diffraction analyses at
low temperature are nowadays widely performed along with the
use of cryoprotecting solutions [325].
Cryo solutions have the same composition of mother solutions
where crystals formed excepting for the addition of viscous chem-
icals like glycerol, PEG400, MPD or ethylene glycol, or a higher
concentration of these compounds in the cases where they are
used as precipitating agents. Crystals prior to be mounted for a
diffraction experiment are picked up from the plates and soaked
in a cryoprotecting solution. Raising the concentration of precip-
itants or viscous compounds promotes the formation of a glassy-
like matrix at low temperature preventing the appearance of spu-
rious peaks (Debye rings, actually) in the diffraction pattern due
to the formation of ice crystals [323, 324].

X-ray diffraction analysis

The achievement of structural information by X-ray crystallogra-
phy relies on the crystal diffraction phenomenon. This process
takes place when electromagnetic waves of a given wavelength hit
an atomic system and they are scattered into the entire solid an-
gle by electronic clouds of atoms. The waves are scattered from
every entity of the lattice and undergo interference. Because of
the ordered nature of crystal lattices, electromagnetic radiations
can be observed only at specific directions where positive inter-
ference occurs, as shown by the single crystal diffraction pattern
reported in figure 30. The wavelength of the radiation used is usu-
ally in the range 0.4-2.5 Å, which falls in the X-ray spectral region
[326]. These wavelengths are comparable to the inter-atomic dis-
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tances, thus working as a probe to investigate the atomic structure
of matter.

Figure 30: Representative X-ray diffraction pattern.

In order to better discuss the X-ray diffraction experiments per-
formed, a few concepts have to be provided.
Firstly, the interaction of X-rays with the electronic clouds of atoms
concerns different processes, including scattering and absorption
[326]. The former is actually the phenomenon underlying diffrac-
tion and could be either coherent (Thomson) or incoherent (Comp-
ton), depending on the retain or the slight decrease in the radia-
tion wavelength upon hitting atoms, respectively.
When the radiation of wavelength λ interacts coherently with the
atoms, every entity of the lattice behaves as an emitter of waves
featuring different phases as a consequence of different optical
paths. A nice picture of X-rays scattering by crystal lattices is sup-
plied by the Bragg law. The crystal lattice is imagined as cut by
sheaves of parallel planes separated by a distance d (figure 31).
The reflection of the waves by one of this family of parallel planes
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leads to the radiation diffraction which depends on the angle of
incidence θ:

nλ = 2d sin θ (1)

Figure 31: X-rays diffraction by parallel and equidistant crystal planes.

The Bragg law suggests that, keeping λ constant, X-rays dif-
fracted by a given family of planes would be observed only at a
determined angle. The maximum resolution achieved by diffrac-
tion experiments corresponds to the lowest inter-planar d spacing
detected. The Bragg law is quite useful for the understanding of
the diffraction analysis, although the features of the pattern ob-
served are dependent on the nature of the entities that makes the
crystal, on the crystal symmetry and on the crystal orientation
with respect to the X-ray source.
A diffraction experiment is carried out by means of a goniome-
ter, which is a device able to rotate into the entire solid angle
in terms of either eulerian (θ,ϕ,χ) or kappa (ω,ϕ,κ) coordinates
(figure 32). The sample is usually mounted on a loop which is
placed onto the goniometer. In more detail, the loop is formed by
a hollow microtube bounded to a nylon loop that is able to trap
drops containing crystals. During the diffraction experiments, the
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goniometer is rotated according to predefined ranges of the angu-
lar coordinates. The diffracted rays produce diffraction patterns
which are recorded as images, usually at a bidimensional detector
as the notable charge-coupled device (CCD).

Figure 32: Typical setup of a single crystal X-rays diffraction experi-
ment.

Diffraction data are analysed by specific software which evalu-
ate the peaks intensity and determine the crystal symmetry and
cell parameters through the indexing of reflections, their integra-
tion and scaling [326]. This analysis can be challenging, in particu-
lar for macromolecular crystals which are characterized by rather
big cells (compared to those of small organic molecules) and give
rise to a significant number of reflections. The collection of a large
angular portion of the reciprocal space is particularly important
in this field, as multiple independent acquisitions for each reflec-
tion are useful for the subsequent structural solution. The over-
all redundancy (multiplicity of independent measurements) and
completeness (the number of unique reflections observed relative
to the theoretical number) are important parameters. In general,
multiplicity should be at least 2-3, while good completeness about
90-100% [323].
A useful parameter for the evaluation of diffraction data quality
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is Rsym which compares the intensity of symmetry related reflec-
tions:

Rsym(I) =
∑

hkl
∑

i | Ii(hkl) − I(hkl) |∑
hkl
∑

i Ii(hkl)
(2)

where the summations run over the i observations of a given
reflection. I(hkl) is the average intensity of the i observations.
Other valuable indicators of diffraction data quality are the sig-
nal/noise ratio of reflections I(hkl)/σ(I(hkl)) and the Pearson’s cor-
relation coefficient CC1/2 which allows a better estimation of the
effective maximum resolution of data.

X-ray sources

X-rays sources deserve a special mention as regards the experi-
mental apparatus used for the diffraction experiments. Conven-
tional sources as sealed X-ray tubes and rotating anode tubes rely
on the white light emission by a metal target upon incidence of
accelerated electrons (30-60 kV) [326]. The light intensity is deter-
mined by the acceleration of electrons and by the nature of the
metal that makes the target. In more detail, the higher the atomic
number of the metal, the more intense is the resulting white light.
Actually, the radiation emitted by the target is characterized by
the specific spectral series of the metal, whose emission lines can
be selected by a monochromator and used as X-ray probe of cer-
tain wavelength.
Unfortunately, conventional X-ray sources can not always afford
valuable performances because macromolecular crystallography
often requires highly brilliant radiations. Crystals of macromol-
ecules display indeed scarce diffraction properties due to their low
lattice order and reduced crystal dimensions. The much higher
brilliance of synchrotron radiation with respect to those of tra-
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ditional sources (table 4) has however led to significant develop-
ments in the field.

Table 4: Relative intensity and brilliance of X-ray sources [327]. Bril-
liances are reported in photons/mm2/s.

X-ray source Relative intensity Approximate brilliance

Conventional sealed tube 1 0.6 · 10
9

Microfocus sealed tube 6 3.6 · 10
9

Early rotating anode 7 4.4 · 10
9

Microfocus rotating anode 37 2.2 · 10
10

Microfocus rotating anode/advanced optics 117 7.0 · 10
10

High brilliance rotating anode/advanced optics 167 1.0 · 10
11

Synchrotron (APS 14-ID-B) 3173 1.9 · 10
12

Synchrotrons are accelerators of charged particles like electrons
or positrons. They are composed of a circular storage ring in
which the particles are injected from a linear accelerator or a boost-
er synchrotron, and then accelerated by potent electric fields to
near light speed while powerful magnets control the beam trajec-
tory. The acceleration of charged particles causes the emission
of electromagnetic radiations characterized by high brilliance, po-
larization, intensity, stability and low beam divergence. As the
synchrotron radiation spectrum covers from microwaves to X-rays,
monochromators are needed in order to select the desidered radia-
tion wavelength. The broad spectrum is however useful because it
allows to tune the wavelength acting only on the monochromators,
as opposed to conventional sources which produce radiations of
constant wavelength. Synchrotron have also favoured the feasi-
bility of anomalous scattering experiments (see following section).
The wavelength usually chosen is close to 1 Å because of the low
radiation absorption along the optic path by the air and crystal
itself [323].
X-ray diffraction experiments at synchrotron are usually carried
out over the time of minutes, contrary to conventional sources
which request several hours. Anyway, the usage of such highly
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brilliant X-ray sources has renewed the problem of ionization dam-
age which determines a rapid degradation of crystal, regardless
various expedients such as the adoption of cryoprotecting solu-
tions.

The phase problem

The analysis of diffraction patterns allows to shed light on the
structure and the disposition of the physical entities in the crystal.
The experimental diffraction images are indeed correlated to the
electron densities which X-rays have encountered passing through
the crystal. In order to properly discuss the issue, the amplitudes
of the waves coherently scattered by a crystal unit cell of N atoms
are mathematically described as structure factors F:

F =

N∑
n=1

fne
2πırn · r∗ (3)

where f n is the atomic scattering factor, which is approximately
proportional to the atomic number of the nth atom, while rn in-
dicates the position of the nth atom with respect to the origin of
the unit cell and r∗ = λ−1 (s - s0) accounts for the scattering of
the X-ray radiation of wavelength λ and direction associated to
the unit vector s0 in the direction associated to the unit vector s.
The diffracted wave is so described by the structure factor which
mathematically expresses the interference of the coherently scat-
tered radiation by the N atoms of the cell through a summation
of the contribution from each atom, that differs in amplitudes (f n)
and phases (phase difference equal to 2πrn · r∗ for the scattering
wave of the nth atom with respect to the origin of the unit cell).
The previous equation can be rewritten in terms of the Miller in-
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dices hkl for a given family of planes which reflects X-rays in a
certain direction:

Fhkl =

N∑
n=1

fne
2πı(hxn+kyn+lzn) (4)

Interestingly, | Fhkl |=| F-h-k-l | for coherent scattering processes
in the absence of anomalous dispersion (Friedel law). The elec-
tronic density of the atoms in the unit cell of volume V can be
obtained from the Fourier synthesis of Fhkl and is described by the
continuous function ρ(x,y, z):

ρ(x,y, z) =
1

V

∞∑
h=−∞

∞∑
k=−∞

∞∑
l=−∞Fhkl e

−2πı(hx+ky+lz) (5)

The square of the structure factor Fhkl is proportional to the in-
tensity of diffracted waves, that is the physical quantity measured
during the X-rays diffraction experiments. The phase problem
arises from the loss of Fhkl phases for the diffracted waves, as
the measurements only provide diffraction intensities that are real
physical quantities.
Since the development of the theoretical description of crystal
diffraction, huge efforts have been made in order to solve the
phase problem by mathematical algorithms [326]. Several meth-
ods are nowadays widely used which are described as follows.
First of all, the Patterson function should be introduced as it is
involved in the majority of phasing methods.

P(x,y, z) =
∑
hkl

| Fhkl |
2 e−2πı(hx+ky+lz) (6)

This mathematical construction concerns an inter-atomic vector
map created by squaring the structure factor amplitudes and set-
ting all phases to zero. The vector map contains a peak for each
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pair of atoms in the unit cell, with the highest peak at (0,0,0) co-
ordinates, the origin peak, which is the sum of the peaks relative
to every atomnt-atomnt vector. The Patterson map is quite useful
for the localization of heavy atoms in the crystal cell as the heavy
atoms inter-atomic peaks are the highest since the intensity of each
peak depends on the atomic number of the atoms involved.
Molecular replacement (MR) is the method which was applied
for the solution of the crystal structures of the adducts studied
in this thesis. The MR method allows the calculation of phases
from coordinates previously reported for a homologous structure
by using Patterson-based algorithms. Briefly, Patterson maps are
derived from the data of the unknown structure and from the co-
ordinates of a previously solved homologous structure, and then
a search is carried out to achieve a maximum overlap between the
two maps, corresponding to the correct orientation and position
of the model within the unit cell. The procedure involves a rota-
tion and a translation search of the initial model in the unit cell.
In the rotation search, the unknown Patterson map is compared to
the map obtained from the homologous structure in different ori-
entations. The subsequent translation search concerns the correct
positioning of the model in the asymmetric unit by moving the
model, calculating a new Patterson map, and comparing it to the
unknown-derived Patterson map. The translation search shows
a high computational cost, hence fast translation functions are
nowadays more commonly used. The MR output lists a number
of solutions scored on the basis of parameters as the probabilistic
scores TFZ and LLG as well as the number of clashes. Molecular
replacement is the most commonly used method for the solution
of the phase problem, in view also of the increasing number of
macromolecular structures deposited in the PDB every year [323].
When the wavelength of X-rays is close to the absorption edge of
an element, anomalous scattering can be observed. The energy
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range of synchrotron X-rays radiations allows the investigation
only of the anomalous scattering of heavy atoms. The synchrotron
radiation is particularly useful for the collection of the anomalous
signal as the X-ray wavelength can be easily tuned. Significant
anomalous scattering takes to interesting features in the diffrac-
tion patterns, as being | Fhkl | 6= | F-h-k-l |, thereby | Fhkl | − | F-h-k-l |

differences can be used to overcome the phase problem through
different approaches [326].
Single and multiple wavelength anomalous dispersion (SAD,MAD)
methods concern the analysis of anomalous scattering caused by
heavy atoms soaked or cocrystallized with the macromolecule.
The different intensities associated to the so-called Bijvoet pairs
| Fhkl |, | F-h-k-l | are exploited for the localization of heavy atoms in
the structure and the structure factors phasing, thanks to Patterson-
based algorithms [323]. SAD and MAD require just one crystal for
the data collection and are hence competitive with respect to MR
for the solution of macromolecular crystal structures.
Alternative phasing approaches rely on the obtaining of native
and heavy atoms containing isomorphous crystals (single and mul-
tiple isomorphous replacements, SIR and MIR). The comparison
of the diffraction patterns of the crystals allows the determina-
tion of the heavy atoms positions in the crystal cell and so the
structure factors phasing. These methods are not much used
nowadays, primarily because of the challenging production of iso-
morphous derivatives and the great developments in the applica-
tion of the synchrotron radiation to macromolecular crystallogra-
phy (i.e. SAD,MAD), although the combined uses of the isomor-
phous crystals approaches with anomalous scattering experiments
(SIRAS,MIRAS) are still employed [323, 328].
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Refinement and validation of crystal structures

The solution of the phase problem leads to an initial structural
model of the crystal structure which has to be refined and vali-
dated before publication. The refinement goal is to improve the
agreement between the model and the experimental diffraction
data through the optimization of accord between observed and
calculated structure factors, namely Fo and Fc. Commonly used
parameters in this regard are Rfactor and Rfreefactor:

Rfactor = R =

∑
hkl || Fo | − w | Fc ||∑

hkl | Fo |
(7)

Rfree =
∑

hkl⊂T || Fo | − w | Fc ||∑
hkl⊂T | Fo |

(8)

where w is a scale factor. Lower the parameters, better is the
agreement between structural model and diffraction data. In gen-
eral, acceptable Rfree values should be close to 0.250 or lower (de-
pending on the resolution of the data), while Rfactor should be a
few percent lower [323]. Regardless the similar equation, an im-
portant difference relies in how the parameters are calculated. The
Rfactor is calculated on all the reflections used for the refinement,
instead Rfree is defined on a randomly selected set of data, usu-
ally 5% of the complete data set, which is then excluded from the
refinement. Rfree provides a more reliable indication of the qual-
ity of a solution and progress of the refinement in comparison to
Rfactor [323].
The development of graphic programs has allowed to visualize
electronic density maps to further validate the quality of the model
and phases calculated. [Fo-Fc] and [2Fo-Fc] electron density maps
are commonly used. The latter increases when calculated in points
close to atoms, while the former shows positive and negative elec-
tron densities which respectively indicate where atoms should not
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be placed and where atoms should be added in the model.
The most common methods used for the refinement are the max-
imum likelihood and the simulated annealing [323]. The goal of
maximum likelihood refinements is to determine the parameters
of the model (e.g. bond distances, angles and torsions) in order to
best explain the observed data, that is to give the highest value of
likelihood between observed and calculated structure factors. On
the other hand, the simulated annealing addresses the existence of
multiple minima for the macromolecules, which largely arise from
the high dimensionality of the parameters space. The many local
minima of the target make difficult to shift the atomic coordinates
enough to correct errors in the initial model. The simulation of
the structure annealing at a certain temperature (even 2000-4000

K) and its subsequent cooling, usually performed by molecular
dynamics (see next section), is thus performed with the purpose
to escape from local minima and yield a family of conformations
to be selected on the basis of the constraints imposed by the ob-
served diffraction data and parameters as the Rfactor [323, 326].
The validation of crystal structures consists in the analysis of var-
ious parameters concerning the agreement of the model with ex-
perimental data and also the accord with previously reported struc-
tures. As regards this last issue, the comparison of structures is
carried out thanks to visual graphic programs and through the cal-
culations of parameters regarding bond lengths and bond angles
as the root mean square deviations (RMSD):

RMSDbonds =

√ ∑
δd2i

Natoms
(9)

RMSDangles =

√∑
δα2i

Natoms
(10)
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where δdi and δαi are respectively the ith deviations of bond
length and angle from the ideal values determined from high-
resolution data (small molecules structures). RMSD parameters
should be hopefully close to zero, however RMSDbonds 60.02 and
RMSDangles 61.9 are considered acceptable [323].

2.2 computational studies
Molecular modelling concerns the simulation of molecular sys-
tems in silico. Different theoretical approaches have been devel-
oped to shed light on the properties of studied systems. Sim-
ulations are commonly used to provide complementary results
to those yielded by X-ray crystallography, and modelling can ex-
ploit the results from other experimental techniques, such as spec-
trophotometric analyses of the samples in solution. In the field
of biological macromolecules, the attention has been particularly
focused on the simulation of target-ligand interaction at different
levels of theory.

Quantum mechanical calculations

Accurate methods for the investigation of molecular systems rely
on quantum mechanical (QM) calculations which deal with the
approximated solution of the Schrödinger equation:

Ĥψ(r, t) = Eψ(r, t) (11)

where ψ(r, t) are space and time dependent wavefunctions de-
scribing the system and E are the corresponding energy levels. In
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atomic units, the Hamiltonian Ĥ of a system of n electrons and m
nuclei can be expressed as:

Ĥ =−
1

2

n∑
i=1

∇2i −
m∑

A=1

1

2MA
∇2A −

n∑
i=1

m∑
A=1

ZA

riA

+

n∑
i=1

n∑
j>i

1

rij
+

m∑
A=1

m∑
B>A

ZAZB

RAB

(12)

where Z is the nuclear charge, MA is the Ath nucleus/electron
mass ratio, RAB is the distance between A and B nuclei, rij is the
distance between i and j electrons and riA is the distance between
the i electron and the A nucleus. The terms of equation 12 re-
fer respectively to the kinetic energy of electrons and nuclei, the
attractive electron-nucleus interaction and the repulsive electron-
electron as well as nucleus-nucleus interactions. On the other
hand, the square of ψ(r, t) wavefunction is associated to the prob-
ability to find the electron in the volume (V+δV), that is correlated
to the electron density.
The Schrödinger equation can be analytically solved only for sim-
ple systems, such as the hydrogen atom, hence approximations
are usually made. The most common is the Born-Oppenheimer
approximation which takes into account the much slower motion
of nuclei with respect to electrons as a consequence of quite dif-
ferent masses. Nuclei are treated as fixed while electrons move
around them. The kinetic nuclear term of equation 12 can thus be
neglected, leading to a purely electronic Hamiltonian:

Ĥel = −
1

2

n∑
i=1

∇2i −
n∑

i=1

m∑
A=1

ZA

riA
+

n∑
i=1

n∑
j>i

1

rij
(13)
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and the associated Schrödinger equation for electronic motion:

(Ĥel + VNN)ψel = Uψel (14)

where VNN accounts for the internuclear repulsion:

VNN =

m∑
A=1

m∑
B>A

ZAZB

RAB
(15)

The energy U shown in equation 14 is the electronic energy
including internuclear repulsion. The Born-Oppenheimer approx-
imation yields electronic wave functions and energies which de-
pend parametrically on the nuclear configuration chosen for the
calculations and allows a more easily solution of the Schrödinger
equation.
A useful method for the calculation of electronic wave functions
and energies is the Hartree-Fock approach, which is based on the
computation of accurate self-consistent field wave functions. The
energy EHF for a closed shells system is:

EHF = 2

n/2∑
i=1

Hii +

n/2∑
i=1

n/2∑
j=1

(2Jij −Kij) + VNN (16)

where the electron core integral Hii accounts for the kinetic and
electron-nucleus attractive energies, while Jij and Kij are termed
coulomb and exchange integrals, respectively, and contain electron-
electron interaction terms. The sums run over the n/2 occupied
orbitals for the molecule of n electrons. As regards open shell sys-
tems, the formulas are similar but a bit more complicated, so they
are not here introduced.
The purpose of the Hartree-Fock method is to calculate orbitals
which minimize EHF by solving iteratively the equation:

F̂(1)ψi(1) = εiψi(1) (17)
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where εi is the orbital energy and F̂ is the one-electron Fock
operator defined as:

F̂(1) = Ĥ(1) +

n/2∑
j=1

[2Ĵj(1) − K̂j(1)] (18)

where Ĥ includes the kinetic energy and the electron-nuclei at-
traction, while Ĵ and K̂ are the coulomb and exchange operators,
referring respectively to the electron-electron repulsion and the
antisymmetric nature of electron wave functions due to the elec-
tronic spin. The main limits of the Hartree-Fock approach con-
cern the underestimation of the electron correlation underlying
these latter integrals which is usually referred to the (electronic)
exchange-correlation energy [329, 330].
A key development in the calculation of accurate self-consistent
wave functions was the expression of molecular orbitals as linear
combinations of atomic orbitals:

ψi =
∑
µ

Cµiχµ (19)

where ψi is the ith molecular orbital, Cµi are appropriate coeffi-
cients and χµ are atomic orbitals. The basis set of atomic orbitals
used for the calculations should be as greater as possible in order
to accurately describe the system [330]. Among the several sets
proposed, the linear combination of gaussian functions is partic-
ularly valuable. Table 5 shows some basis sets commonly used
for quantum mechanical calculations. The minimum basis set con-
cerns functions for only electron occupied orbitals, which can be
described by two or more functions per orbital (double zeta, triple
zeta, etc.), even for only the valence shell (split-valence sets). The
accuracy of the basis set can be further improved by the addition
of polarization functions accounting for virtual orbitals, either for
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only non-hydrogen atoms (notation *) or also including hydrogen
atoms (notation **). In some cases, as those concerning anions,
more diffused polarization functions (which go to zero slowly
with the distance) should be used, either for only non-hydrogen
atoms (notation +) or also including hydrogen atoms (notation ++).
Anyway, when heavy atoms are concerned, the calculations can be
sped up by using pseudo-potentials which circumvent the compli-
cated effects of motion of the core electrons through the definition
of an effective potential, thus drastically reducing the calculations
requested for the solution of the Schrödinger equation [330].

Table 5: Representative basis sets used for quantum mechanical calcula-
tions.

ID Orbitals involved Representative basis sets

Minimum set occupied STO-3G, STO-4G, STO-6G
Split-valence set occupied 3-21G, 4-31G, 6-311G

Polarization functions set occupied, virtual 3-21G*, 3-21G**, 6-311G*
Diffuse functions set occupied 3-21G+, 3-21G++
Diffuse functions set occupied, virtual 3-21G*+, 6-311G*+, 6-311G**+

Besides the Hartree-Fock approach, alternative methods have
been developed in order to solve approximated Schrödinger equa-
tions. Among them, the density functional theory (DFT) has emerg-
ed as much valuable as it supplies accurate results with a relatively
low computational time [329]. The DFT approach is based on the
Hohenberg-Kohn theorem which demonstrates how the electronic
molecular properties of the system, as the wavefunctions and the
molecular energy, in the non-degenerate ground state are uniquely
determined by the ground state electron probability density ρ0.
The ground state molecular energy can be indeed expressed as
a functional of the ground state electron probability density, that
is E0=E0[ρ0]. The great advantage of DFT relies in the calcula-
tion of the system energy from ρ0 which is a function dependent
on only three spatial coordinates instead on the 3n spatial and n
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spin coordinates associated to the electronic wave function of a
molecule of n electrons. As a result, the time cost of DFT ab ini-
tio calculations is reduced in comparison to different approaches
as the Hartree-Fock method. For a molecule of n electrons, the
electronic Hamiltonian can be expressed as:

Ĥ = −
1

2

n∑
i=1

∇2i +
n∑

i=1

v(ri) +

n∑
i=1

n∑
j>i

1

rij
(20)

where v(ri) is the potential of interaction between the ith elec-
tron and the nuclei:

v(ri) = −

m∑
A=1

ZA

riA
(21)

which is commonly called external potential. Given v(ri) and
the number of electrons n, the electronic wavefunctions and en-
ergies are determined as solutions of the electronic Hamiltonian
(equation 20). Hohenberg and Kohn demonstrated that ρ0(r) de-
termines vice versa the external potential and the number of elec-
trons in the ground state of the system.
The second Hohenberg-Kohn theorem provides a practical tool for
DFT calculations as it shows how the ground state electron den-
sity minimizes the energy functional E0[ρ0] that corresponds to
the ground state energy, thus ground state molecular properties
can be in principle calculated if the ground state electronic den-
sity probability ρ0(r) is known.
Kohn and Sham theorized a method for DFT calculations based on
a fictitious reference system of n non-interacting electrons under
an external potential, with the purpose of determining a ground
state electron density ρs(r) equal to the desired electronic density
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ρ0(r). Kohn and Sham derived the following electronic Hamilto-
nian for the reference system:

E[ρ] = Ts[ρ] + V[ρ] + J[ρ] + Exc[ρ] (22)

where the Ts[ρ] functional accounts for the kinetic energy, V[ρ]

is the external potential functional, J[ρ] and Exc[ρ] are respectively
the electron-electron repulsion and exchange-correlation function-
als. The Kohn-Sham equation describes the system in terms of
non-exact kinetic and electron-electron repulsion functionals, but
allows the calculation of ρs(r). In more detail, the application of
the variational method to equation 22 leads to n mono-electronic
equations:

[
−
1

2
∇2 + v(r) + vJ(r) + vxc(r)

]
ψi =

[
−
1

2
∇2 + veff

]
ψi = εiψi (23)

which are formally mono-electronic equations for electrons un-
der an effective potential veff. The relation between the electron
density ρ and the wavefunctions ψi is:

ρ = ρs =

n∑
i=1

| ψi |
2 (24)

DFT calculations manage to recursively calculate ρ(r) and veff(r)
until self-consistency is achieved. Unfortunately, the actual na-
ture of the veff functional, in particular of the electronic exchange-
correlation functional, is actually unknown. For this reason, huge
efforts have been made in the identifications of suitable function-
als able to accurately approximate the exchange-correlation func-
tional and so correctly describe the system [329, 330]. B3LYP is one
of the most commonly used functionals in this regard [331]. This
hybrid functional mixes the exact Hartree-Fock electron exchange
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term and alternative gradient-corrected (∇ρ) exchange and corre-
lation functionals by using three parameters obtained from ab ini-
tio and empirical data (B3LYP: Becke-3 parameters, Lee-Yang-Park
functional). Overall, the accuracy of DFT calculations is essentially
influenced by the functional as well as the basis sets used [330].

Molecular mechanics calculations

Molecular mechanics (MM) allows the simulation of molecular
systems under the laws of classical newtonian physics. Clearly,
MM investigations do not deal with the evaluation of electron
properties, but they provide useful information about the dynam-
ics of nuclei. Assuming the permanence in the electronic ground
state, the conformation of molecules is determined by the relative
positions of the nuclei which define potential energy surfaces.
MM calculations are useful for the identification of energetically
stable conformation of the system, taking into account that the
chemical groups present in many molecules are characterized by
similar geometries and behaviour. This concept results in the def-
inition of atom types which are referred to specific elements in-
volved in distinct chemical bonds. For example, there are different
atom types for aliphatic and aromatic carbon atoms. Molecules
are treated as an ensemble of rigid spheres connected through
spring-like bonds, where each atom features defined radius, charge
and hybridisation.
The potential energy of the system is calculated through a para-
metric function dependent on nuclear coordinates, that is the force
field (FF). MM simulations allow to evaluate the energy of the sys-
tem as a function of nuclear coordinates and so to identify the
most stable geometries which correspond to potential energy sur-
face minima. The steepest descent and conjugate gradient algo-
rithms (first derivative ∂E/∂r) are commonly used to minimize
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the system energy as well as the truncate Newton-Raphson (sec-
ond derivative ∂2E/∂r2) which is particularly suited for large en-
sembles of atoms [330, 332].
Several force fields have been reported in order to better describe
various molecular systems. FF are composed of bond stretching,
bending, torsion, Van der Waals and coulombic terms, as shown
in the following equation for OPLS_2005, a force field commonly
used for the simulations of biological macromolecules [333–335].

V(rn) =
∑
bonds

Kb(r− r0)
2 +

∑
angles

Ka(θ− θ0)
2

+
∑

torsions

{
V1
2
[1+ cos(φ−φ1)] +

V2
2
[1− cos(2φ−φ2)]

+
V3
2
[1+ cos(3φ−φ3)] +

V4
2
[1− cos(4φ−φ4)]

}
+
∑
i<j

{
4εij

[(
σij

rij

)12
−

(
σij

rij

)6]
+
qiqje

2

rij

}
fij

(25)

where Kb, r0, Ka, θ0, V1, V2, V3, V4, φ1,φ2,φ3,φ4, ε and σ are
atom type parameters regarding bond stretching, bond bending,
bond torsions and non-bonding interactions, respectively. r0 and
θ0 are the equilibrium values of the bond length r and angle θ,
whereas φ1,φ2,φ3,φ4 are phases of the dihedral angle φ. The
parameters are generally derived from observations on small or-
ganic molecules that are more tractable for experimental studies
and quantum mechanical calculations, in particular experimental
properties of liquids are taken into account for the OPLS force
field [333–335]. The fij coefficients account for non-covalent inter-
actions, for example they are usually set to zero for 1,2 (atoms
connected by a covalent bond) and 1,3 interactions, while set to
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0.5 for 1,4 interactions and 1.0 for all the other cases [333].
While the properties of organic systems are generally well repro-
duced by force fields, the treatment of metal complexes by MM
methods is quite problematic because of the variability in coordi-
nation number, coordination geometry, bond length and occasion-
ally in the case of not well-defined bonds (e.g. in metallocenes).
In fact, common force fields usually lead to distortions in the coor-
dination geometry and are not able to correctly simulate systems
containing metals. Different approaches have been developed to
handle these issues, as the modification of FF neglecting bend-
ing terms involving the metal-ligand bonds instead including 1,3
non-bonded interactions [330]. Additionally, universal force fields
(UFF) based on atomic constants have been proposed to improve
the treatment of metal geometries, although the results obtained
are less accurate than those achieved by commonly used force
fields [330, 336].
An important issue in the simulation of systems containing met-
als is the accurate estimation of atom charges, that is crucial for
the calculation of electrostatic terms of the force field and so for
the overall reliability of the simulation. MM methods are able
to assign atomic partial charges which however do not supply
trustworthy values when metal ions are present. Preliminary QM
calculations are thus useful for an accurate evaluation of atomic
charges through the simulation of the electrostatic potential (ESP)
of the system. Briefly, a grid is defined around the system studied
and the electrostatic potential at the grid is calculated. A series
of point charges are then assigned to the atoms of the molecule
in order to better reproduce the potential observed on the grid
[330]. QM simulations provide accurate atomic charges and are
also useful for obtaining good starting molecular geometries for
the subsequent calculations. This approach can be also applied
on systems that do not contain metal ions in order to improve the
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accuracy of MM simulations.
When the binding of a small molecule to a biological target has
to be simulated, the molecular modelling offer the opportunity to
perform molecular docking procedures [330, 332]. These methods
rely on the definition of properly centred grids of points where the
electrostatic and Van der Waals potential due to the grid-contained
atoms is calculated. These grids are developed for the biomolecule
on a case by case basis. Algorithms then explore possible orienta-
tions of the ligand molecules on the grid and the resulting poses
are scored, for instance, in terms of interaction energy as calcu-
lated by FF. In general, the interaction energy ∆E is defined as:

∆E = ERL − ER − EL (26)

where ERL, ER and EL are the adduct, receptor and ligand en-
ergy, respectively. Docking procedures are able to point out the
most probable binding sites of small molecules, their orientation
at the site and also allow the energetic comparison of the poses
calculated. In the case of biological macromolecules, the receptor
is usually kept rigid for the docking while the ligand can be either
considered rigid or flexible.
Anyway, the interaction of small molecules bounded to biotar-
gets, especially in the case of nucleic acids, can be hampered by
residues of the macromolecule which do not allow an accurate
simulation of the binding. However, among the available meth-
ods, NVT molecular dynamics (MD) is useful in the treatment of
biomolecules and their adducts, and provides the possibility to
simulate the temporal evolution of the adduct at the desired tem-
perature and so to explore the conformational space [330, 332].
The technique is based on the iterative calculation of the Hook
forces acting on atoms in motion involved in chemical bonds (av-
erage atom kinetic energy dependent on the temperature of the
system), according to the FF used, and the analysis of atomic tra-
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jectories. MD algorithms solve motion equations derived from
classical physics:

F = m · a (27)

where F is the force applied to a particle of mass m and ac-
celeration a. The atomic trajectories are calculated through the
integration of the previous equation for the ith atom:

Fi

mi
=
∂2xi

∂t2
(28)

So, knowing the mass and the forces associated to each atom,
the atomic acceleration, velocity and resulting position can be ob-
tained by solving the following equation:

Fi = −
∂V
∂xi

=
mi∂

2xi

∂t2
(29)

where V is the potential energy. In order to simulate the molec-
ular dynamics, the previous equation has to be iteratively inte-
grated in a defined time step δt which is short enough to consider
the forces acting on atoms as constant. The choice of the time step
is quite important as it is crucial for the accuracy and the com-
putational cost of the MD simulations. A good compromise is to
set δt as 1-2 fs allowing a good sampling for the dynamics of the
system (notably, C-H oscillation period about 10 fs) together with
a reasonable computational cost [330, 332].
When large systems are considered, the motion equations display
complex terms, as V depends on all the nuclear coordinates, caus-
ing the calculations to request a great amount of time. In order
to perform simulations within an acceptable time, MD algorithms
have developed to numerically solve the integrals, as shown by



2.2 computational studies 89

the widely used Verlet algorithm which is based on third order
Taylor expansion:

xi(t+ δt) ≈ 2xi(t) − xi(t− δt) +
Fxi(t)

mi
δt2 (30)

Prior to the simulations, initial velocities are randomly assigned
to atoms and let equilibrated over a determined time which al-
lows the bond to vibrate according to the desired temperature.
The equilibration time should be as much longer as larger is the
system studied. During the molecular dynamics calculations, the
configurations of the system are sampled at determined time in-
tervals, and then undergo MM minimization in order to remove
eventual conformational stress. The temperature and the overall
energy of the system are kept constant, although they vary instan-
taneously during the simulations.
Molecular modelling is a valuable approach for the simulation
of biomacromolecules and their interaction with small molecules.
Significant limitations of the methods emerge however when the
system studied contains heavy metal ions. As already discussed,
force fields are not suited to provide accurate atomic charges and
to manage coordination geometries, even applying some geomet-
rical restraints. Thus, higher levels of theory are often required
when treating biomolecule-metal complex adducts. QM methods
are particularly useful in this regard, still they display elevated
computational cost and they are solely confined to the treatment
of small molecule ligands. The search of a compromise has led
to the development of QM/MM hybrid methods which supply
accurate and time efficient calculations. Nevertheless, exploring
the potential surface of these systems remains a very challenging
issue.



90 methods

QM/MM hybrid calculations

Quantum mechanical calculations are undoubtedly more accurate-
ly than molecular mechanics methods, however they require high
computational cost even for reduced ensemble of atoms [330]. The
request of high accuracy for in silico calculations on large systems
as biomacromolecules has led to the development of QM/MM hy-
brid approaches in which different regions of the system are either
studied at QM or MM level of theory [337]. These methods allow
to properly simulate the binding of small molecules on large re-
ceptors within an acceptable computational time, and it is much
more useful when metal complexes are involved [338]. The defini-
tion of QM and MM regions determines a QM/MM boundary in
which mechanical and electronic effects from both the regions are
conveyed. The choice of the QM/MM boundary is thus quite crit-
ical and greatly affects the results obtained [330]. The total energy
of the system can be defined as:

Etot = EMM + EQM + EQM/MM (31)

where MM and QM terms account for theoretically isolated re-
gions while the QM/MM term expresses the interaction energy of
the regions for electrostatic, Van der Waals and chemical bond
contributions. As regards the calculations, the numerical solu-
tion of the Schrödinger equation and associated partial differential
equations usually takes advantage of the pseudo-spectral method
which can considerably speed up the simulations.
When the QM/MM boundary includes covalent bonds between
atoms belonging to different regions, different strategies have been
developed in order to maintain a correct atom valency and molecu-
lar geometry. The most common strategy is to use capping atoms,
usually dummy hydrogen atoms, that are considered for the QM
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calculations while they are neglected for the treatment of the MM
region [338].

2.3 spectrophotometry
X-ray crystallography and in silico calculations supply accurate
structural information, however a more general picture of the in-
teraction of small molecules with DNA foldings often requests
complementary data. Spectrophotometry provides interesting evi-
dences on the formation of ligand-DNA adducts in solution, thus
the research activity has also concerned experiments carried out
by UV-Vis absorption and circular dichroism spectroscopy.

UV-Vis absorption spectroscopy

UV-Vis absorption spectroscopy deals with the absorption of elec-
tromagnetic radiations in the ultra violet (100 Å < λ < 300 nm)
and visible (300 nm < λ < 750 nm) spectral regions by the system
examined. The absorption is associated to excitation of valence
shell electrons of chemical groups. UV-Vis spectroscopy can be
used to monitor the chemical reactions which affect the electronic
properties of the system, as the interaction of ligand molecules
with DNA structures.
In general, when an electromagnetic radiation of intensity ι0 passes
through a sample, a different intensity ι is observed. Transmit-
tance T and absorbance A are defined as:

T =
ι

ι0
(32)

A = log
ι0
ι
= log

1

T
(33)
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The Lambert-Beer equation describes the linear correlation be-
tween the absorbance A and the concentration c of absorbent chem-
ical species at a certain radiation wavelength λ:

A = ελbc (34)

where b is the sample width crossed by the radiation and ε

is a coefficient associated to the electronic transition probability
for the absorbing species which is dependent on radiation wave-
length, temperature, solvent, pH, concentration and solution so-
lutes (salts, in particular). When c is expressed in molarity and
b in cm, ε is termed molar attenuation coefficient or molar ex-
tinction coefficient or also molar absorptivity. Interestingly, the
Lambert-Beer equation is valid only for certain ranges of concen-
tration.
As regards DNA, the macromolecule shows strong absorption in
the region 275-240 nm due to the aromatic pyrimidine and purine
ring systems of the bases. The intensity at 260 nm is usually con-
sidered for analytical evaluations.
The description of ligand-receptor interactions is often modelled
on the equilibrium:

L + R� L − R (35)

leading to the definition of association and dissociation binding
constants:

Ka =
[LR]
[L][R]

(36)

Kd =
[L][R]
[LR]

(37)

which are connected through the equation Ka=1/Kd. Among a
number of equations that are commonly used for the analysis of
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spectroscopic data, a valuable method for studying ligand-DNA
interactions [280, 282, 339, 340] concerns the titration of a ligand
solution with concentrated DNA aliquots and the construction of
the binding isotherm by the equation:

c0

(
∆A

∆Amax

)2
− (c0 + cp +Kd)

(
∆A

∆Amax

)
+ cp = 0 (38)

where c0 is the initial concentration of the ligand, cp is the con-
centration of the oligonucleotide and ∆A is the variation in ab-
sorbance for the ligand at a given wavelength upon DNA addi-
tion. ∆Amax is the maximum increase observed for ∆A which
refers to the achievement of ligand saturation. In more detail,
∆A=(∆ε)bc, in according to the Lambert-Beer equation, and in par-
ticular ∆ε=εb-εf, where εb is the molar extinction coefficient of the
bound ligand, instead εf is the molar attenuation coefficient of the
free ligand. The determination of ∆Amax concerns the equation:

1

∆A
=

1

∆Amax
+

1

cp − c0
(39)

The linear plot 1/∆A vs 1/(cp − c0) yields ∆Amax from the in-
tercept. Subsequently, the linear plot ∆A/∆Amax vs cp is used to
estimate Kd from the abscissa intercept of 0.5. Lastly, the ligand-
DNA stoichiometry can be approximately assessed from the break
in the straight lines resulting from the fitting of the initial and ter-
minal titration profile. The stoichiometry is derived by dividing
the DNA concentration at the break by c0.

Circular dichroism spectroscopy

Electromagnetic waves can split into a left-handed and a right-
handed circular components that have the same intensity, frequency
and phase. The circular nature of the radiation concerns the ro-
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tation of the electric field vector at constant angular velocity in
the time scale which results in a spiral pattern in the space scale.
This behaviour of light can be observed when electromagnetic
radiations interact with structural non-uniformities at molecular
level, as chiral molecules and arrangements of chiral residues, no-
tably in the case of DNA. The circular dichroism spectroscopy
investigates such kind of interaction by evaluating the different
absorptions of left-handed and right-handed polarized circular ra-
diations belonging to the UV-Vis spectrum.
When a monochromatic polarized radiation of wavelength λ in-
teracts with an optically active system, a rotation of angle α in
the polarization plane is observed. This angle can be described as
a function of the different refractive indices of left-handed (nleft)
and right-handed (nright) components through the equation:

α =
(nleft − nright)πb

λ
(40)

where b is the optical path. The plot α vs λ is called optical rota-
tory dispersion (ORD). When absorption of the radiation occurs,
the resulting light beams exhibit elliptical polarization because the
circularly polarized left-handed and right-handed components are
absorbed to a different degree (circular dichroism, CD). The extent
of the differential absorption is measured by the ellipticity angle
θ which is defined as a function of the magnitudes of the electric
field vectors of the right-handed and left-handed circular compo-
nents:

tan θ =
Eright − Eleft
Eright + Eleft

(41)

Furthermore, the absorption A can be analytically evaluated by
the Lambert-Beer law:

∆A = Aleft − Aright = (εleft − εright)bc = (∆ε)bc (42)
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where ∆ε is the differential dichroic absorption. Analogously
to what stated for UV-Vis absorption spectroscopy, c is the concen-
tration of absorbing species while b is the optical path. If ∆ε > 0,
then θ > 0. The equation just introduced can also be rewritten as:

θ = [θ]Tλbc (43)

The plot θ vs λ is the circular dichroism plot. When c is ex-
pressed in molarity and b in cm, [θ]Tλ is called molar ellipticity of
the species at wavelength λ and temperature T. Similarly to the
molar attenuation coefficient, this coefficient depends on the radi-
ation wavelength, temperature, solvent, solution pH and solution
solutes (salts, in particular). ∆A, that is ∆ε, is usually the physical
quantity measured in modern instruments.
CD is a useful tool for the investigation of DNA secondary struc-
tures, as the asymmetric orientation of bases gives rise to dichroic
bands in the UV-Vis spectral region [341]. For instance, the hu-
man telomeric G-quadruplex display in particular intense bands,
largely caused by syn/anti guanine conformations, which are in-
formative for the G4 topologies [342–346]:

• Antiparallel: absolute maximum at 295 nm, relative maxi-
mum at 245 nm, absolute minimum at 265 nm

• Parallel form: absolute maximum at 260 nm, absolute mini-
mum at 240 nm

• Parallel/antiparallel topology: absolute maximum at 290 nm,
relative maximum at 268 nm, absolute minimum at 240 nm

CD spectroscopy can be used to monitor how ligand binding af-
fects the G-quadruplex topology and also to record thermal melt-
ing curves, especially at wavelengths where the signal is high. The
evaluation of binding constants can be attained by performing CD
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titrations and fitting experimental data by equations as that previ-
ously reported for UV-Vis absorption spectroscopy. A robust, yet
rough, method for the analysis of ligand-DNA interactions is the
Benesi-Hildebrand plot [347–350]:

1

(θ− θ0)
vs

1

cligand
(44)

where (θ− θ0) is difference in ellipticity observed for G4 DNA
upon addition of ligand aliquots to a concentration cligand.



3 E X P E R I M E N TA L S E C T I O N
This chapter provides information about the experiments person-
ally carried out during the PhD years. The chemical products used
for the experiments have been purchased from Sigma-Aldrich with
the exception of synthetic DNA oligonucleotides (table 6), bought
from Jena Bioscience (Jena, Germany) at HPLC purity, and lig-
and molecules. Synthetic and semi-synthetic compounds (table 7)
have been synthesised by collaborators in according to literature
procedures [306, 317, 322, 351–353], while natural alkaloids (table
7) were purchased from Shanghai Trust & We, Ltd. (Shanghai,
China).

Table 6: DNA sequences used for the experiments during the PhD years.

ID sequence

Tel12 d[TAG3TTAGGGT]
Tel23 d[TAG3(TTAGGG)3]
Tel24 d[(TTAGGG)4]
Tel24′ d[TAG3(TTAGGG)3T]
Tel26 d[A3G3(TTAGGG)3A2]

wtTel26 d[(TTAGGG)4T2]
CGTACG d[CGTACG]
CGATCG d[CGATCG]

97
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DNA oligonucleotides have been annealed prior to the experi-
ments. Briefly, the lyophilized samples were dissolved in buffer
and heated in a water bath under magnetic stirring up to 90-95

◦C
for at least 15 minutes and then let cool overnight to room temper-
ature. Human telomeric sequences were usually dissolved in 0.02

M potassium cacodylate buffer (pH 6.5), 0.05 M KCl to a concen-
tration of either 0.001 M (Tel23, Tel24, Tel24′) or 0.002 M (Tel12).
On the other hand, CGTACG and CGATCG sequences were dis-
solved in 0.01 M Tris sulphate, 0.001 M EDTA (pH 7.2) to a con-
centration of 0.002 M. Stock solutions of the ligand molecules were
prepared in DMSO at a concentration of 0.002-0.02 M, depending
on the solubility of the compounds. MilliQ water from Millipore
Water System (Millipore, USA) was used for the preparation of all
solutions, including those of the crystallization screenings, which
were also filtered through Sartorius Stedim Biotech filters of 0.2
µm.

3.1 x-ray crystallography
Crystallization screenings for the adducts formed by DNA and
ligand molecules were performed using the sitting drop vapour
diffusion method. The screenings used for human telomeric DNA
are reported in table 8 while the conditions used for the short
sequences CGTACG and CGATCG are shown in table 9. Both
the screenings were adapted from previously reported works [354,
355].
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Crystallization trials were performed using Greiner® 96-well
plates designed for sitting drop experiments. The formation of
adducts was achieved by mixing solutions of annealed DNA and
ligands usually in 1:1 stoichiometric ratio. The solutions were then
incubated for at least 20 minutes at 25

◦C. Every drop was formed
by 1muL of the adduct solution and 1muL of each crystallization
condition. In the case of the double helix crystallization screening,
the reservoir contained 100 µL of 30% v/v MPD. On the other
hand, in the case of the quadruplex crystallization screening, the
100 µL reservoirs were composed either of the same condition
used in the drop or of solutions with increasing amounts of the
precipitant (35% and 50% v/v MPD, 30% and 45% v/v PEG400,
35% and 50% v/v isopropanol, 1.8 M and 2.4 M (NH4)2SO4, 30%
and 45% v/v PEG3000). At the end of drops deposition, the plates
were hermetically sealed thanks to transparent adhesive tape and
stored in an incubator (3001 model type by Rumed®) at 23

◦C.
The plates were periodically checked by using an optical micro-
scope. Crystals have been observed for most of the adducts stud-
ied and X-ray diffraction analyses were performed on them. Sev-
eral crystals showed good diffraction and the X-ray structures of
the relative adducts were successfully solved. The crystallization
conditions from which the crystals were obtained are reported in
table 10 along with the cryoprotecting solutions used.
The crystals were analysed at a X-ray diffractometer with the ex-
perimental parameters reported in tables 11, 12. All the exper-
iments were carried out at the cryo temperature of 100 K. The
analysis of diffraction images (indexing, integration, scaling) was
performed by using the XDS software [356].
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Using the anomalous signal, coordinates of the heavy atoms
in the crystal cells were obtained in the case of metal complexes
with the program Shelx [357]. The X-rays wavelength used for
the detection of platinum anomalous scattering was the wave-
length corresponding to the L-III edge (CFOM=0.429, pseudo-free
CC=0.523). The diffraction experiments carried out on the gold
complexes supplied only low representative data for the gold ano-
malous scattering which however provided useful clues for the
positioning of ligand molecules in the electron density maps.
The structures of the adducts were solved in each case by the
molecular replacement method using the program Phaser [358]
and Molrep [359]. Suitable coordinates of previously reported
structures without all the heteroatoms (table 13) were used as
search models. The models were refined with the program Ref-
mac5 [360] from the CCP4 program suite [361]. In the case of
the CGTACG structures, the refinement also considered the pres-
ence of hemihedrally twinning (Chelerythrine adduct: fraction
0.46, law -h -k l; Coptisine adduct: fraction 0.21, law h+k -k -l;
[Pt(bapbpy)]2+ adduct: fraction 0.26, law -h -k l), as suggested by
the phenix.xtriage program from the Phenix program suite [362].
Manual rebuilding of the models was performed using the pro-
gram Coot [363]. The ligands coordinates were designed by the
build module of Maestro [364] and library descriptions were ob-
tained thanks to libcheck from the CCP4 program suite [361] and
to eLBOW [365] from the Phenix program suite [362]. Refinement
statistics for the crystal structures solved are reported in the Dis-
cussion and Result chapter.
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Table 13: Initial models used for the solution of DNA-ligand crystal
structures by molecular replacement.

Adduct PDB code

Tel12-Coptisine 1K8P
CGTACG-Chelerythrine 3NP6

CGTACG-Coptisine 3NP6

CGATCG-Coptisine 3FT6

Tel12-NAX053 4P1D
Tel12-NAX075 5CDB
Tel12-NAX077 5CDB
Tel12-NAX120 5CDB

Tel23-AuNHC I 3R6R
Tel24′-AuNHC II 3R6R

CGTACG-[Pt(bapbpy)]2+ 3NP6

3.2 computational studies
In silico calculations were carried out by using the Schrödinger®
program suite [366]. The accuracy of the procedures employed
has been proved in a number of cases, as for the simulation of
the CGATCG-Coptisine adduct where the calculated ligand pose,
QM/MM optimized, was in very good agreement with that deter-
mined by experimental crystallographic data [367].

Adducts of natural alkaloids Chelerythrine and Coptisine

The interaction of natural alkaloid Chelerythrine and Coptisine
with human telomeric G-quadruplex was simulated at different
levels of theory. Ligand molecules were designed by the build
module of Maestro [364] and the atomic electrostatic charges were
calculated at the B3LYP/6-311G∗ ∗+ (split-valence basis set) level
of theory by fitting them to an electrostatic potential calculated us-
ing the Jaguar software [368]. The binding ability of the alkaloids
was investigated toward the structures of the human telomeric se-
quences Tel26 d[A3G3(TTAGGG)3A2] (PDB code 2HY9 [185]) and
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wtTel26 d[(TTAGGG)4T2] (PDB code 2JPZ [190]), able to fold in
hybrid-1 and hybrid-2 G4 structures, respectively. Rigid dock-
ing calculations were performed using Glide [369] with the DNA
structures kept fixed in their original conformations. Six differ-
ent grids, two of them centred nearby the guanine platforms and
the other ones nearby the lateral grooves, were prepared for each
DNA folding. For each ligand-DNA adduct, poses obtained from
all the grids were collected and submitted to a minimization proce-
dure (MacroModel software [370], OPLS_2005 FF [333–335], max-
imum iteration 3000 cycles, 0.05 kJ/Åmol convergence criterion,
guanines restrained) and then sorted as a function of their en-
ergy content. Only poses with energy no more than 5 kcal/mol
above the minimum were selected. In the case of the results from
grids centred nearby the guanine platforms, additional molecular
dynamics procedures were carried out (OPLS_2005 FF [333–335],
Verlet algorithm, simulation time 4.5 ns, T = 300 K, integration
step 1.5 fs, guanines restrained) by means of the Impact software
[371].

Adducts of the AuNHC I complex

The binding ability of AuNHC I has been investigated towards
hybrid-1 (Tel26 d[A3G3(TTAGGG)3A2], PDB code 2HY9 [185]), hy-
brid-2 (wtTel26 d[(TTAGGG)4T2], PDB code 2JPZ [190]) and anti-
parallel-1 basket (Tel22 d[AG3(TTAGGG)3], PDB code 2MCC [372])
topologies which were modified according to the Tel23 human
telomeric sequence, d[TAG3(TTAGGG)3]. When needed, potas-
sium ions were added in-between the G-tetrads, and each result-
ing structure was minimized by using the Impact software [371]
(OPLS_2005 FF [333–335]). The starting coordinates for the metal
complex were obtained from the crystal structure of [Au(9-methyl-
caffein-8-ylidene)2]BF4 (CCDC code 885458) [315]. The metal com-
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plex cation was fully optimized at the B3LYP/6-311G∗ ∗+ (split-
valence basis set) level of theory and the atomic electrostatic char-
ges were calculated by fitting them to an electrostatic potential
calculated using the Jaguar software [368]. Rigid docking calcula-
tions were performed using Glide [369] with the DNA structures
kept fixed in its original conformation. The grids were centred
nearby the 5′ end and the 3′ end guanine platforms and also in
the four grooves of the G-quadruplex structures. Poses obtained
were collected and submitted to Impact [371] molecular dynam-
ics procedures (OPLS_2005 FF [333–335], Verlet algorithm, simula-
tion time 5.0 ns, T = 298.15 K, integration step 1.0 fs), freezing the
metal complex coordinates and restraining the guanine residues.
Finally, the coordinates provided by this recursive procedure were
submitted to a QM/MM calculation (QSite software [373] - metal
complex treated at the B3LYP/LACVP level of theory, LACVP: 6-
31G basis set for H-Ar atoms while LANL2DZ basis set for heavier
elements, OPLS_2005 FF [333–335], all DNA constrained with the
exception of the guanine and TTA residues of the binding sites)
and then to a QM optimization procedure at the B3LYP/LACVP
level of theory, restraining all the DNA atoms by using Jaguar
program [368].

Crystal structure of an AuNHC II adduct

The crystal structure of the adduct formed by AuNHC II and the
Tel24′ human telomeric sequence d[TAG3(TTAGGG)3T] shows dis-
ordered ligand positions which have allowed the localization of
only the gold atom of the metal complex in the structure. In silico
calculations were used to predict the most probable poses of the
ligand in the binding site, taking into account the localization of
gold atoms. The starting coordinates for the metal complex were
obtained from the crystal structure of [Au(bis(1-butyl-3-methyl-
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imidazole-2-ylidene))]PF6 (CCDC code 936581) [317]. The ligand
was quantum mechanically optimized as in both cis and trans con-
formations at the B3LYP/LACV3P∗ ∗ + level of theory and the
atomic electrostatic charges were calculated by fitting them to an
electrostatic potential by using the Jaguar software [368]. Rigid
docking calculations were performed using Glide [369] with the
DNA structure kept fixed in its original conformation. The grids
were centred nearby the end G-tetrad where the gold atoms were
found. Each ligand molecule was docked one by one on the target
restraining the gold atom positions. The resulting adducts were
submitted to a QM/MM procedure (QSite software [373] - metal
complex treated at the B3LYP/LACVP level of theory, OPLS_2005

FF [333–335], all DNA frozen).

Predicted NMR structure of an Auoxo6 adduct

The binding of Auoxo6 to the human telomeric sequence wtTel26

d[(TTAGGG)4T2], able to fold into hybrid-2 G4 structure [190],
was investigated by in silico calculations, taking into account the
NMR results which pointed out the significant variation of chem-
ical shifts for the residues at the 5′ end G-tetrad upon ligand ad-
dition. Potassium ions were added in-between the G-tetrads, and
each resulting structure was minimized by using the Impact soft-
ware [371] (OPLS_2005 FF [333–335]). The starting coordinates
for the metal complex were obtained from the crystal structure
of [(bipy2Me)2Au2(µ-O)2](PF6)2 (CSD entry QIYZII). The cationic
metal complex was optimized at the B3LYP/LACV3P∗ ∗+ level of
theory and the atomic electrostatic charges were calculated by fit-
ting them to an electrostatic potential calculated using the Jaguar
software [368]. Rigid docking calculations were performed us-
ing Glide [369] with the DNA structures kept fixed in its original
conformation. The grid was centred nearby the 5′ end guanine
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platform. The poses were then scored by evaluating the distance
between gold and potassium ions of the channel. Selected poses
were submitted to Impact [371] molecular dynamics procedures
(OPLS_2005 FF [333–335], Verlet algorithm, simulation time 5.0
ns, T = 298.15 K, integration step 1.0 fs) with suitable restraints
for ligand geometry, by means of the Impact software [371]. The
obtained coordinates of DNA were then used to carry out a second
rigid docking procedure of the QM optimized complex (Glide soft-
ware [369]), using ligand-based newly calculated grids. The poses
finally obtained were submitted to a QM/MM calculation (QSite
software [373] - metal complex treated at the B3LYP/LACVP level
of theory, OPLS_2005 FF [333–335], all DNA constrained with the
exception of the guanine and TTA residues of the binding sites).

Crystal structure of a [Pt(bapbpy)]2+ adduct

The coordinates of the adduct formed by [Pt(bapbpy)]2+ and the
oligonucleotide CGTACG, solved by X-ray crystallography, were
used to confirm the stable poses found for the ligand at the bind-
ing site. The structure was optimized at QM/MM level of the-
ory (QSite software [373] - metal complex and CGGC quartets
of the binding site treated at the B3LYP/LACVP level of theory,
OPLS_2005 FF [333–335], constrained all remaining residues).

3.3 spectrophotometry
Phenylalkyl and diphenylalkyl Berberine derivatives

The interaction of 13-phenylalkyl and 13-diphenylalkyl derivatives
of natural alkaloid Berberine with the human telomeric sequence
sequence Tel24 d[(TTAGGG)4] was investigated by UV-Vis absorp-
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tion and CD spectroscopy.
UV-Vis absorption titrations were performed for ligand solutions
with concentrated Tel24 aliquots in 10 mM potassium phosphate
buffer pH 7, 150 mM KCl (temperature 25

◦C) on a Thermo Sci-
entific Evolution 220 UV-vis spectrophotometer (Waltham, MA,
USA). Matched quartz cells (Hellma, Germany) of 1 cm path length
were used. The Tel24 concentration was determined by using
ε260nm = 244,600M−1cm−1 while for Berberine and its phenylalkyl
and diphenylalkyl semi-synthetic derivatives ε345nm = 22,500 M−1

cm−1 and ε341nm = 21,500 M−1cm−1 were respectively used, in
agreement with previously published data [280, 340, 374–376].
Briefly, small aliquots of Tel24 solution were added to a solution
of ligand at known concentration (about 5 µM) until saturation
was reached. Equal additions were made to a reference cell dur-
ing each titration. Readings were noted 5 min after each addition
and subsequent mixing in order to guarantee the homogeneous
adduct formation. The parameters used for recording spectra are
listed as follows: spectral range 400-240 nm, scan speed 100 nm
min−1, bandwidth 1 nm, integration time 0.6 s, data interval 1 nm.
The variation in absorbance for the ligands at around 340 nm was
used for the estimation of dissociation constants and stoichiome-
try for the G4-ligand binding by using the method described in
the UV-Vis absorption spectroscopy section [280, 282, 339, 340].
CD spectroscopy was also used to shed light on the Tel24 topo-
logical changes upon ligand binding. Spectra were recorded on a
Jasco J-810 Spectropolarimeter (Jasco Cooperation, Tokyo, Japan)
equipped with a Peltier temperature controller (model JWJTC-
484). Matched quartz cells (Hellma, Germany) of 0.1 cm path
length were used. Solutions at known concentration of Tel24 (56.3
µM) were prepared raising the ligand concentration up to quadru-
plex:ligand ratio of 1:4. Solutions were prepared in 90 mM LiCl, 10

mM KCl and 10 mM lithium cacodylate buffer at pH 7. For each
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solution, CD spectra at 25
◦C and thermal melting curves were

recorded. The technical parameters of the experiments are listed
as follows. CD spectra: spectral range 400-230 nm, scan speed 100

nm min−1, bandwidth 0.5 nm, data pitch 0.5 nm, time constant 1

s, 6 accumulations. Thermal melting curves: λ=290 nm, temper-
ature slope 90

◦C h−1, bandwidth 0.5 nm, data pitch 0.2◦C, delay
time 0 s, time constant 1 s.

Gold metal complex AuNHC I

The interaction between the gold metal complex AuNHC I and
the human telomeric sequence Tel23 d[TAG3(TTAGGG)3] was in-
vestigated by CD spectroscopy. UV-Vis absorption spectroscopy
was not suited for the studies as the absorption bands of ligand
and DNA largely overlapped.
CD spectra were recorded on a Jasco J-810 Spectropolarimeter
(Jasco Cooperation, Tokyo, Japan) equipped with a Peltier temper-
ature controller (model JWJTC-484). Matched quartz cells (Hellma,
Germany) of 0.1 cm path length were used. All experiments were
carried out in 90 mM LiCl, 10 mM KCl and 10 mM lithium cacody-
late buffer pH 7.2. Briefly, solutions of 60 µM Tel23 were prepared
in absence or presence of 240 µM AuNHC I (Tel23:ligand stoi-
chiometric ratio 1:4) keeping the DMSO concentration fixed at 3%
v/v (DMSO used for the preparation of AuNHC I stock solution).
The solutions were stored in incubator at 25

◦C and CD spectra
were collected on them at different times of incubation at 25

◦C.
A second set of experiments was then performed by preparing
solutions of 60 µM Tel23 in presence of different concentrations
of AuNHC I (DMSO concentration 3% v/v) and keeping them
in incubator at 25

◦C for 72 h. CD spectra were collected at 25
◦C

and the changes at 268 nm were analysed by Benesi-Hildebrand
plot [347–350], already described in the Circular Dichroism sec-
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tion, considering three distinct binding events. The values in ellip-
ticity at 268 nm were blank-corrected prior to the fitting. Thirdly,
thermal melting curves were recorded for analogous solutions at
known ligand:Tel23 stoichiometric ratios (0, 0.5, 1, 1.5, 2, 2.5, 3,
3.5, 4, 5) at 290 nm. The technical parameters of the experiments
are listed as follows. CD spectra: spectral range 400-220 nm, scan
speed 100 nm min−1, bandwidth 0.5 nm, data pitch 0.5 nm, time
constant 1 s, 6 accumulations. Melting curves: temperature range
25-90

◦C, monitor wavelength 290 nm, temperature slope 60
◦C h−1,

bandwidth 0.5 nm, data pitch 0.2◦C, delay time 0 s, time constant
1 s.



4 R E S U LT S A N D D I S C U S S I O N
The stabilization of non-canonical DNA structures, as human tel-
omeric G-quadruplexes, is a promising route in modern drug
discovery, especially for the identification of efficient anticancer
agents with reduced side effects in comparison to classical chemo-
therapeutics. The achievement of detailed structural data about
the ligand-DNA interactions is crucial for a better understanding
of the binding properties of the targets and also to give sugges-
tions for the design of further ligand candidates. Due to the
accuracy of results, X-ray crystallography has been the princi-
pal technique used to shed light on the ligand-DNA interactions.
Additional in silico calculations have been performed in order to
complement crystallographic data when needed, especially for
the simulation of adducts formed in solution, where different G-
quadruplex topologies are found with respect to the solid state.
Spectrophotometric characterization has been carried out to sup-
ply informative data about the formation of adducts in solution
and so expanding the general picture emerged from structural
investigations. Profitable scientific collaborations with other re-
search groups have been developed in order to perform solution
studies and biological assays, able to assess the cytotoxic activ-
ity of selected compounds against cancer cells lines. The results
obtained during the PhD project are discussed in the following
sections.

115
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4.1 natural alkaloids
Natural alkaloids Berberine, Coptisine, Sanguinarine and Chelery-
thrine (figure 33) are biologically active substances whose anti-
cancer activity is thought to be connected to protein and DNA
binding, with particular mention of the G-quadruplex DNA fold-
ing [276–283]. A general picture of the interaction of these al-
kaloids with G4 DNA is, however, still lacking, in particular for
Coptisine and Chelerythrine. The attention of the research activity
was caught by these two compounds which are structural analogs
of the widely studied Berberine and Sanguinarine, respectively.
The interest concerned the potential binding properties of Cop-
tisine and Chelerythrine towards human telomeric DNA which
could result in potent telomerase inhibition activity. In order to
supply an accurate view of the interaction of the alkaloids with
human telomeric sequences, a multi-approach investigation has
been carried out during the PhD project, including spectrophoto-
metric characterization, in silico calculations and X-ray crystallog-
raphy [377].

4.1.1 Solution studies

Studies on the ligand-G4 interaction in solution were performed
in the research group of Professor Claudia Sissi from the Univer-
sity of Padua, thanks to a scientific collaboration. In the first
place, fluorescence melting assays confirmed the strong interac-
tion between the alkaloids and telomeric G-quadruplexes in potas-
sium solutions, and pointed out the G4 thermal stabilization trend
Sanguinarine>Chelerythrine≈Coptisine>Berberine (figure 34).
The Sanguinarine scaffold is thus more efficient in the stabiliza-
tion than that of Berberine, and in addition it appears how the
closure of the two methoxy functions into a dioxolo ring (figure
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Figure 33: Natural alkaloids Berberine, Coptisine, Sanguinarine and
Chelerythrine.

33) improves the adducts stability for both the structural analogs
Sanguinarine-Chelerythrine and Berberine-Coptisine. This obser-
vation is in according with a previously reported evidence indicat-
ing that the presence of benzodioxole groups in alkaloid deriva-
tives promotes the interaction with G-quadruplex structures from
human telomeric DNA [279, 284].
Further experiments in the same conditions pointed out the inter-
esting features of the alkaloids for the interaction with different
DNA foldings (figure 34). While the compounds significantly in-
teract with G-quadruplex foldings, they scarcely stabilize duplex
DNA, hence confirming their promising G4 binding properties.
Additionally, the alkaloids display better stabilization of the hy-
brid telomeric topologies found in potassium solutions with re-
spect to the antiparallel folding observed in sodium solutions, in
according with precedent results reported for Chelerythrine [281].
Although Sanguinarine induces the greatest thermal stabilizations,
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the alkaloid is the less capable to distinguish different DNA struc-
tures, probably because of its significant propensity to act as effi-
cient intercalator, thanks to its planar conformation, and also as
groove binder [273, 287, 378]. The more selective behaviour ob-
served for the other alkaloids likely relies in their ability to mainly
interact through π-π stacking with extensive aromatic surfaces
formed by DNA bases thus leading to a relevant discrimination
of quadruplex over duplex foldings. Overall, Chelerythrine and
Coptisine are the most interesting compounds of the two different
alkaloid scaffolds considered.

Figure 34: Fluorescence melting assays: a) thermal stabilization of the
human telomeric sequence HTS, d[Dabcyl-AG3(TTAGGG)3T-
Fam], in presence of increasing concentrations of the alka-
loids in 10 mM LiOH, 50 mM KCl, pH 7.5; b) shift of the
melting temperature induced by 5 µM ligands on calf thy-
mus DNA and on HTS either in 50 mM KCl or 50 mM NaCl.

In order to better characterize the interaction of Chelerythrine
and Coptisine with the human telomeric topologies found in potas-
sium solutions, fluorescence intercalator displacement (FID) as-
says were carried out using sequences able to predominantly fold
into hybrid-1 and hybrid-2 G4 structures (table 14), namely Tel26
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d[A3G3(TTAGGG)3A2] and wtTel26 d[(TTAGGG)4T2] [185, 190].
Briefly, a solution at known concentration of DNA and of the dye
thiazole orange was prepared and the corresponding fluorescence
spectrum was acquired in the absence and presence of increasing
concentrations of the tested alkaloids. The percentage of dye dis-
placement was calculated as θ = 100 - [(F/F0) · 100], where F0 is
the fluorescence in the absence of ligand and F the fluorescence
recorded at each point of titration. The plot θ vs the compound
concentration gives EC50 as the half maximal effective concentra-
tion, which supplies an indication of the binding strength of the
ligands towards the G-quadruplexes.
The alkaloids were able to displace the dye and interact with both
the topologies. In more detail, the assays highlighted a weaker
binding of Coptisine to both the structures with respect to Chel-
erythrine, although Coptisine showed a more discriminatory bind-
ing to the G-quadruplex forms considered.

Table 14: EC50 derived by FID for the interaction of Chelerythrine and
Coptisine with the hybrid-1 and hybrid-2 human telomeric
foldings in 10 mM Tris, 50 mM KCl, pH 7.5. Thiazole orange
was used as a probe, excitation wavelength 501 nm. Each titra-
tion was repeated at least in triplicate.

Ligand Hybrid-1 (µM) Hybrid-2 (µM) Ratio H2/H1

Chelerythrine 2.59±0.10 3.75±0.24 0.7
Coptisine 12.01±0.82 5.93±0.36 2.0

CD titrations were performed to evaluate the binding of Chel-
erythrine and Coptisine to the tested sequences (figure 35). The
variations of the G4 bands centred at 295 nm and 260 nm upon lig-
and addition confirmed the formation of adducts, however small
differences in the spectra at saturating ligand concentrations sug-
gested that the alkaloids bind hybrid G-quadruplexes in a slight
different manner.
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Figure 35: CD spectra of 4 µM (a) Tel26 (hybrid-1) and (b) wtTel26

(hybrid-2) in 10 mM Tris, 50 mM KCl, pH 7.5, in the ab-
sence (solid lines) or in the presence of 40 µM Chelerythrine
(dashed lines) or Coptisine (dotted lines).

4.1.2 In silico calculations

The demand for structural data about the interaction of Chelery-
thrine and Coptisine with telomeric G-quadruplex resulted in the
development of in silico study plans. Ligand molecules were de-
signed by means of the build module of Maestro [364], while
the NMR structures of Tel26 d[A3G3(TTAGGG)3A2] (PDB code
2HY9 [185]) and wtTel26 d[(TTAGGG)4T2] (PDB code 2JPZ [190])
sequences, able to fold in hybrid-1 and hybrid-2 G4 structures, re-
spectively, were taken into account for the simulations.
Firstly, ligand molecules were QM optimized at the B3LYP/6-311-
G∗ ∗ + level of theory and atomic electrostatic charges were cal-
culated. The achievement of accurate charges is quite important
for the accuracy of in silico simulations. Because QM charges can
give far better results than those calculated by MM methods, they
were used for all the subsequent calculations. Rigid docking cal-
culations were carried out through the definition of grids centred
nearby the external G-tetrads and the grooves of the targets. For
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each adduct, poses obtained from all the grids were collected and
submitted to a MM minimization procedure (OPLS_2005 FF) and
then sorted as a function of their energy content. This task al-
lows the energetic comparison of ligand poses from different grids
which otherwise could not have been confronted, hence allowing
to point out the most probable binding sites of the ligands on
the targets. Selected poses in the proximity of external G-tetrads
underwent additional molecular dynamics procedures in order to
favour a better allocation of the ligands. In fact, the lowest en-
ergy structures pointed out the localization of the ligands at the 5′
end G-tetrad (figure 36 and 37) which is considerably hindered by
bases from loops and flanking residues [185, 190]. In fact, the dy-
namics are indispensable for the ligand to insinuate in the capping
architectures and eventually reach the external G-tetrads.

Despite the not completely planar conformation (naphthalene
and benzodioxolo groups form a dihedral angle of about 13

◦),
Chelerythrine is able to efficiently interact through π-π stacking
at the 5′ end quartet of the hybrid-1 structure, especially with G4

and G22 residues (inter-planar distances 3.4-3.9 Å, figure 36). The
ligand is also involved in stacking interactions with the A3 residue
belonging to the flanking bases. It is noteworthy the presence of a
salt-bridge between the positively charged nitrogen atom of the al-
kaloid and the phosphate oxygen of the G22 residue (inter-atomic
distance 3.5 Å) which contributes to overall adduct stability. On
the other hand, Chelerythrine tends not to directly stack on the 5′
end G-tetrad of the hybrid-2 folding and it is sandwiched between
T2 and A15 residues (inter-planar distances 3.4-3.7 Å, figure 36)
assuming a similar conformation with respect that calculated for
the interaction with Tel26 (naphthalene and benzodioxolo groups
form a dihedral angle of about 10

◦).
As shown in figure 37, Coptisine shows a quite bent conformation
when bounded to hybrid-1 (quinoline and benzodioxolo groups
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Figure 36: Calculated structures of the adducts formed by Chelerythrine
with hybrid-1 (a,b) or hybrid-2 (c,d) G-quadruplex. Adenine,
thymine, guanine and potassium ions coloured in red, cyan,
gray and purple, respectively.
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Figure 37: Calculated structures of the adducts formed by Coptisine
with hybrid-1 (a,b) or hybrid-2 (c,d) G-quadruplex. Adenine,
thymine, guanine and potassium ions coloured in red, cyan,
gray and purple, respectively.
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form a dihedral angle of about 23
◦) which prevents optimal stack-

ing at the 5′ end G-tetrad, as the only significant π-π stacking in-
teraction is observed with the G10 residue (inter-planar distance
3.7 Å). However, the ligand interacts through the dioxolo moi-
eties by hydrogen bonds with T7 and A21 residues (inter-atomic
distances 3.1 Å and 2.8 Å, respectively) and also by a CH· · ·π
contact with the A9 residue (carbon-centroid distance 2.7 Å). Con-
versely, Coptisine shows a less bent conformation in the hybrid-2
adduct (quinoline and benzodioxolo groups form a dihedral angle
of about 18

◦, figure 37). The alkaloid interact by π-π stacking with
G16 and G22 residues belonging to the 5′ end quartet (inter-planar
distances 3.7 Å). Similar to Chelerythrine, the alkaloid is involved
in stacking interactions also with the A15 residue of the flanking
bases (inter-planar distance 3.6 Å). Overall, Coptisine seems to
be better suited for the binding of the human telomeric hybrid-2
structure, in according to the FID results which evidenced a re-
markable selectivity of Coptisine for hybrid-2 over hybrid-1 topol-
ogy.

4.1.3 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by Coptisine and Chelerythrine and the human telomeric sequenc-
es Tel12 d[TAG3TTAGGGT] and Tel23 d[TAG3(TTAGGG)3] folded
into G-quadruplex. Crystals suitable for X-ray diffraction analysis
were obtained only for the adduct formed by Tel12 and Coptisine.
The crystal structure was subsequently solved and the refinement
statistics are reported in table 15.

The crystal structure shows parallel bimolecular G-quadruplexes
and ligand molecules in 1:1 stoichiometric ratio. The quadruplex
units are head-to-tail disposed and give rise to columns growing
along the 4-fold crystallographic axis (figure 38). Each G4 unit is
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Table 15: Crystal data and refinement statistics for the Tel12-Coptisine
structure.

Space group P 43212
Crystal system tetragonal
Cell dimension (Å) a=b=41.57, c=66.16

Cell angles (◦) α=β=γ=90

Resolution range (Å) 35.20-1.55

Rfactor 0.232

Rfree 0.259

RMSD bonds (Å) 0.009

RMSD angles (◦) 2.472

PDB code 4P1D

composed of three stacked G-tetrads (inter-planar distances 3.4 Å)
of two symmetry independent chains and features TTA propeller
loops which can be described as type 5 and type 1 (subtype 2),
according to the analysis reported by Neidle and coworkers [379].
The type 5 arrangement involves the stacking of the second thymi-
ne (TTA) on the adenine whereas the first thymine (TTA) is di-
rected towards the G-tetrads. On the other hand, the type 1 (sub-
type 2) configuration shows the stacking of the first thymine on
the adenine, while the second thymine is approximately stacked
on the external face of the adenine. The type 1 loop arrangement
has been observed in the majority of the reported crystal struc-
tures of the human telomeric G-quadruplex and it appears to be
a stable and energetically favourable arrangement which is inde-
pendent on the crystal packing mode and has also been observed
for human telomeric sequences in solution by NMR spectroscopy
[379]. In fact, it is hypothesized that such loop configuration could
be biologically relevant for telomeric G4 DNA.
Similarly to previously reported structures [380], potassium ions
are found in the internal channel of the tetraplex located between
two adjacent G-quartets at 2.7-3.0 Å apart from the guanine O6

atoms which determine an antiprismatic coordination sphere.
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Figure 38: Columnar organization formed by stacked units in the crystal
packing of the Tel12-Coptsine crystal structure.
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As shown in figure 39, the binding site of the ligand (omit map,
figure 40) is found at the junction between adjacent G4 units and it
is defined by the 3′ end G-tetrad and the TATA quartet formed at
the 5′ end by adenine and thymine bases interacting via Watson-
Crick hydrogen bonds (distances range from 2.7 Å to 3.1 Å). Un-
like the guanines of the G-tetrad which are almost perfectly copla-
nar, adjacent thymine and adenine involved in the TATA quartet
form significant dihedral angles, in the range 14-23

◦. Interestingly,
this kind of quartets arrangement has already been observed in
the crystal structure of the G4 binder BRACO-19 bounded to a
human telomeric sequence [381]. The quite planar conformation
of Coptisine (quinoline and benzodioxolo groups form a dihedral
angle of about 12

◦), often observed for protoberberine alkaloids
at the solid state due to crystal packing forces [382–384], allows
the molecule to interact through π-π stacking with bases from the
quartets (inter-planar distances 3.4 Å), in particular with G5, G23,
A2 and A14 residues, and also through CH· · ·O hydrogen bonds
with the T12 residue which is directed towards the ligand (inter-
atomic distances 3.3-3.4 Å). The asymmetric localization of the al-
kaloid on the quartets makes the positively charged nitrogen atom
of the molecule be located approximately in line with potassium
ions in the internal channel of the quadruplex, where a negative
electronic density is present.

The crystal structure solved shows Coptisine molecules located
at the junctions between adjacent G-quadruplexes so defining a
higher order organization which could be actually found at hu-
man telomeres, where dozens of TTAGGG repeats can form mul-
tiple G4 structures. As previously shown in figure 19, tandem G-
quadruplexes could stack one on another at their 3′ and 5′ ends, in
a fashion similar to what observed in the Tel12-Coptisine structure.
Furthermore, recently reported crystal structures have highlighted
the formation of analogous thymine and adenine organizations at
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Figure 39: Crystal structure of the Tel12-Coptisine adduct. Top view of
the 3′ end G-tetrad (a) and of the TATA quartet at the 5′ end
(b). View of the binding site (c). Dotted lines in (b) indi-
cate hydrogen bonds in the TATA quartet (distances range
from 2.7 Å to 3.1 Å). The two symmetry independent Tel12

strands are light and dark grey coloured. Thymine and ade-
nine residues are coloured in cyan and red, respectively.



4.1 natural alkaloids 129

Figure 40: Coptisine shown within the electron density map [Fo-Fc] at
2.0σ level.

telomeric quadruplex/duplex junctions, thus supporting the idea
that TATA tetrads could really be found at potential binding sites
of human telomeres [385].
The structure obtained for Coptisine allows a comparison with
that previously solved for the natural alkaloid Berberine bounded
to the human telomeric sequence Tel23 d[TAG3(TTAGGG)3] [288].
Berberine was localized at two binding sites, one defined by two
5′ end G-tetrads and another by the 3′ end G-tetrad and a TA
base pair from a symmetry related G-quadruplex. Both the sites
accommodated two coplanar Berberine molecules. Upon inspec-
tion of the 3′ end binding site in the two crystal structures (fig-
ure 41), it can be observed how Berberine and Coptisine interact
similarly by π-π stacking with two guanines of the quartet (inter-
planar distances 3.4 Å), although the orientation of the molecules
is quite different. While the positively charged nitrogen atom of
Berberine is directed towards the TTA loops, Coptisine lies on the
quartet having the charged nitrogen above the internal channel of
the G-quadruplex, where a negative electron density is present.
As a consequence, two Berberine molecules can fill the binding
site, instead in the case of Coptisine just a ligand molecule and an
additional thymine residue are able to stack on the tetrad. Such
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residue is in contact with Coptisine through CH· · ·O hydrogen
bond involving one of the dioxolo rings (inter-atomic distances
3.3-3.4 Å, figure 41). These findings support the idea that diox-
olo rings are important for establishing favourable ligand-DNA
interactions and allowing a better allocation of the ligands in the
binding sites.

Figure 41: Binding site of Coptisine (a) and Berberine (b) at the 3′ end
G-tetrad in their respective crystal structures with Tel12 and
Tel23.

The studies on the interaction of Sanguinarine, Chelerythrine,
Coptisine and Berberine with human telomeric G-quadruplex have
confirmed the promising binding properties of these compounds
and also highlighted the interesting features of Chelerythrine and
Coptisine to selectively stabilize the topologies found in physio-
logical conditions. Such alkaloids are able to bind hybrid-1 and
hybrid-2 tetraplexes and the structures of the adducts have been
calculated in silico in order to rationalize the slight differences
observed for the binding strengths (table 14). The crystal struc-
ture of the adduct formed by Coptisine and the human telomeric
sequence Tel12 has provided further information regarding the
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binding mode of these compounds. From these data, it emerges
how the dioxolo rings play an important role in the formation of
DNA adducts for these scaffolds as these groups are involved into
favourable interactions and presumably allow a better allocation
of the molecules in the binding sites. Furthermore, the different
binding strengths and thermal stabilizations shown by the ligands
are likely correlated to the degree of planarity of such scaffolds
that is however greatly influenced by the interactions in which
the alkaloids are involved, as shown by the crystal structure of
Tel12-Coptisine adduct.

4.1.4 Interaction with short oligonucleotides,
X-ray crystallography

The ability of biologically relevant sequences to give rise to non-
guanine quartets has been highlighted in several works [128, 386–
388] regarding in particular the formation of alternative homo-
quartets (involving a single kind of nitrogenous base) and various
hetero-quartets, such as GCGC, GTGT and ATAT [109, 389, 390].
This significant structural variability is due to the high flexibility
of the DNA backbone and also to the multiple hydrogen bond
donor and acceptor atoms in purines (figure 42). Adenines dis-
play indeed donor and acceptor atoms on both the Watson-Crick
(see also figure 6) and Hoogsteen (figure 10) faces, while guanines
show donors only on the Watson-Crick face, albeit they have ac-
ceptors on their Hoogsteen face.

The formation of base mismatches is usually associated to DNA
instability [42], although, for instance, the existence of transient
Hoogsteen base pairs having comparable stability with respect
to Watson-Crick pairings has been reported [391]. Actually, the
search of small molecules able to preferentially bind mismatch
sites over fully matched DNA tracts is a well-established research
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Figure 42: Watson-Crick, Hoogsteen and minor groove faces in purines,
guanine G and adenine A.

area in view of their potential as drug candidates or tools for chem-
ical biology in vivo [392, 393].
These suggestions prompted the investigation of Chelerythrine
and Coptisine for the interaction with d[CGTACG] and d[CGAT-
CG] oligonucleotides, able to give rise to local non-B DNA ar-
rangements. Crystallization screenings for the ligand-DNA ad-
ducts were carried out in order to supply a more general picture
of the ligands binding properties. The crystal structures of the
adducts CGTACG-Chelerythrine, CGTACG-Coptisine and CGAT-
CG-Coptisine were successfully solved (table 16) [367].

Looking at first at the CGTACG adducts, it can be easily appre-
ciated the great similarity of the Coptisine and Chelerythrine crys-
tal structures which show double-stranded DNA units and ligand
molecules in 2:1 stoichiometric ratio (figure 43). The crystal pack-
ings reveal the organization of helices in columns growing along
the [100], [010] and [1-10] crystallographic directions. The asym-
metric units contain two double-stranded helices where the cen-
tral four base pairs give rise to a continuous array of eight stacked
pairings adopting a B-like motif, while the terminal bases of each
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Table 16: Crystal data and refinement statistics for the structures of
CGTACG-Chelerythrine, CGTACG-Coptisine and CGATCG-
Coptisine adducts.

CGTACG-Chelerythrine CGTACG-Coptisine CGATCG-Coptisine

Space group P 3221 P 3221 P 6522
Crystal system trigonal trigonal hexagonal

Cell dimension (Å)
a=b=30.23 a=b=30.28 a=b=26.58

c=119.25 c=118.33 c=77.09

Cell angles (◦)
α=β=90 α=β=90 α=β=90
γ=120 γ=120 γ=120

Resolution range (Å) 20.00-2.10 30.00-2.44 14.78-2.71

Rfactor 0.220 0.261 0.267

Rfree 0.314 0.307 /
RMSD bonds (Å) 0.026 0.008 0.013

RMSD angles (◦) 1.906 1.955 2.922

Twin law -h -k l h+k -k -l /
Twin fraction 0.46 0.21 /
PDB code 4D9Y 4D9X 4L5K

helix are involved in different kinds of contacts. In more detail,
the junction between contiguous double helices shows the inser-
tion of the 3′ end G12 residues (chain B,D) in the minor groove
of adjacent duplexes in the column, while the 5′ end C5 residues
(chain A,C) were disordered and so not introduced in the model.
In both the structures, the ligand molecules are found at the inter-
face between helices of adjacent asymmetric units, located in an
intercalation site defined by six bases. As shown in figure 44 and
45, the binding sites display a non-canonical arrangement com-
posed of the 3′ end C5 and G6 residues (chain A,C) and also of
the 5′ end G8 residues (chain B,D), analogously to what observed
in alternative CGTACG adducts by other authors [394]. Interest-
ingly, G6 and G8 (chains A,D and C,B) interact through hydrogen
bonds involving the minor groove faces of guanines (inter-atomic
distances 2.7-3.3 Å). Both the alkaloids (omit maps, figure 46)
interact through π-π stacking with G6 and G8 residues (chain C
and B,D respectively) and Chelerythrine in addition with the C5
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residue (chain A) (inter-planar distances 3.3-3.5 Å). The positively
charged nitrogen atoms of the ligands are close to the bases and
seem to strengthen the overall binding. It is noteworthy that the
5′ end C7 residues (chain B,D) establish contacts with adjacent not
parallel DNA columns in each structure.

Figure 43: Crystal structures of CGTACG bounded to Coptsine (a) and
Chelerythrine (b).

The crystal structures obtained for Chelerythrine and Coptisine
bounded to the CGTACG sequence are isomorphic and isostruc-
tural with those previously solved for the structural related alka-
loids Berberine and Sanguinarine (figure 33) [395]. The binding
of the alkaloids at the interfaces between adjacent helices, where
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Figure 44: Binding site of Coptisine from frontal and lateral views (a,b).
Details of G•G interactions at the site (c).
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Figure 45: Binding site of Chelerythrine from frontal and lateral views
(a,b). Details of G•G interactions at the site (c).
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Figure 46: Chelerythrine (a, CGTACG adduct) and Coptisine (b, CGTA-
CG adduct; c, CGATCG adduct) shown within the electron
density map [Fo-Fc] at 1.5σ level.
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six-bases arrangements are observed, is indeed quite similar. It
is questionable if such organizations are largely caused by crystal
packing forces than by the binding of the alkaloids itself, however
the crystallization of the CGTACG sequence with anthraquinone
and acridine derivatives in alternative space groups and crystal
packings [396] seems to be suggesting that the positions observed
for the alkaloids in the structures are truly representative of their
binding modes. It is noteworthy that Coptisine is quite bent when
bounded to CGTACG (quinoline and benzodioxolo groups form
a dihedral angle of about 18

◦) while Chelerythrine, Sanguinarine
and also Berberine are essentially planar.
Moving on to the next structure, the CGATCG-Coptisine adduct
displays double-stranded DNA helices and ligand molecules in
1:2 stoichiometric ratio (figure 47). The strands of the helices are
related by a two-fold symmetry axis and give rise to two symme-
try equivalent binding sites at the CpG steps. The ligand under-
goes intercalation in each binding site and its orientation is orthog-
onal both to the plane formed by the bases and to the axis of the
helix, which adopts a distorted B-type configuration. The two-fold
symmetry defines the formation of CGGC quartets at the binding
sites in which the C1, G2, C5 and G6 residues from adjacent dou-
ble helices are involved (figure 48). Interestingly, the G2 and G6

residues interact through their minor groove faces by hydrogen
bonds (guanines form a dihedral angle of about 32

◦, inter-atomic
distances 2.5-2.7 Å) while C1-G2 and C5-G6 base pairs are not
coplanar (dihedral angle of about 46

◦). Coptisine is stacked be-
tween the CGGC quartets and shares two symmetry related posi-
tions (figure 47). The ligand interacts by π-π stacking in particular
with G2 and G6 residues (inter-planar distances 3.5 Å, figure 48),
thanks to its quite bent conformation (quinoline and benzodiox-
olo groups form a dihedral angle of about 27

◦). Additional O· · ·π
interactions are also engaged by the dioxolo groups with C1 and
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C5 residues (atom-centroid distance 2.9 Å, figure 48). Overall, the
binding of Coptisine seems to be driven by Van der Waals and
electrostatic forces, which involve the positively charged nitrogen
atom of the alkaloid.

The crystal structures of the adducts formed by Chelerythrine
and Coptisine with the CGTACG and the CGATCG sequences
show local non-canonical arrangements where guanines are in-
volved in hydrogen bonds by their minor groove faces. Guanines
show fairly good propencity to interact with adenines through
their minor groove faces (figure 42), resulting in the formation of
G•A mismatches which give very stable structures when present
in tandem repeats [397]. Conversely, an isolated G•G mismatch
has only been observed in the crystal structure of the d[GCGAAA-
GCT] sequence [398]. It is noteworthy how G•G interactions are
present in tandem in the present CGATCG-Coptisine structure
and give rise to a quadruplex platform. A similar CGGC orga-
nization has been observed at the junctions between stacked he-
lices featuring CGAA fragments, hence confirming the potential
local formation of such assemblies in B-like helices [399]. Inter-
estingly, the platform in both the structures shows an antiparal-
lel (up-down-up-down) arrangement (figure 48). Also, the bases
of the quartets are similarly not coplanar and the greater incli-
nation observed in the CGATCG-Coptisine adduct (the Watson-
Crick G≡C base pairs from the interacting symmetry related dou-
ble helices form a dihedral angle of about 46

◦, while the same
angle is about 30

◦ in the previously reported structure) could be
explained as a consequence of ligand intercalation.
Recalling the results concerning human telomeric G-quadruplex
foldings, it appears that the alkaloids adapt their conformation in
order to establish favourable interactions with DNA bases. When
the stacking on planar platforms of bases is possible, less bent
conformations seem to be favoured. The planar conformations dis-
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Figure 47: Crystal structure of the CGATCG-Coptisine adduct (a) and
columnar organization of the DNA helices (b). Details of the
ligand disorder at the binding site (c).
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Figure 48: Binding site of Coptisine on the CGGC quartets (a) together
with details of local G•G interactions (b).
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played by Berberine and analogous compounds at the solid state
support this hypothesis [382–384]. On the other hand, bent ligand
conformations have been observed in association with non-planar
organizations of bases, such as the CGGC quartet in the CGATCG-
Coptisine structure and the TATA tetrad in the Tel12-Coptisine
adduct. The ability of Coptisine to easily adopt different confor-
mations has been proven by performing QM calculations on 0

◦,
11
◦ and 30

◦ bent conformers which have shown an overall small
energy gap ∆E=0.271 kcal/mol between the lower energy 30

◦ and
the higher energy 0

◦ conformers.
In summary, the crystal structures solved for the CGTACG and
CGATCG adducts highlight the local distortion of B-like helices
associated to the binding of the natural alkaloids Coptisine and
Chelerythrine. The ligands are found at non-canonical arrange-
ments of bases which suggest that the compounds are not very
suited, most likely due to their elongated shape, to behave as clas-
sical intercalators (whose binding sites are defined by only two
base pairs of the intercalated helix, see for example [400]). Copti-
sine and Chelerythrine, as previously observed for Berberine and
Sanguinarine [395], appear to preferably interact with extensive
aromatic surfaces, as those of CGGC quartets or of GGGG tetrads
from G-quadruplex structures. Anyway, the presence of dioxolo
groups seems to be important in the allocation of the ligands in
the binding sites, as observed in particular for the Tel12-Coptisine
and the CGATCG-Coptisine adducts where such moieties are in-
volved in stabilizing interactions.
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4.2 phenylalkyl and diphenylalkyl
berberine derivatives

The promising properties of natural alkaloid Berberine to bind
human telomeric G-quadruplex and exert good anticancer activ-
ity [266, 267, 276, 278, 283] have led to the investigation of sev-
eral Berberine semi-synthetic derivatives functionalized at the 13-
position. The addition of aromatic moieties through alkyl linkers
might increase the G4 binding strength with respect to the natu-
ral precursor and result in enhanced telomerase inhibition activity.
In the first place, phenylalkyl and diphenylalkyl derivatives (fig-
ure 49) were studied by means of spectrophotometry and X-ray
crystallography. Also, evaluations on the cytotoxicity of the com-
pounds against cancer cells were performed by Doctor Ivana Sco-
vassi from the CNR in Pavia, thanks to a scientific collaboration.

4.2.1 Solution studies

The interaction of 13-phenylalkyl and 13-diphenylalkyl derivatives
of Berberine with the human telomeric sequence sequence Tel24

d[(TTAGGG)4] was evaluated by UV-Vis absorption and CD spec-
troscopy. UV-Vis absorption titrations were performed in the first
place for the derivatives using Berberine as reference under the
current experimental conditions. Upon addition of Tel24 to solu-
tions of the ligands, a clear hypochromic and bathochromic shift
was observed for the band centred at about 340 nm together with
the appearance of an isosbestic point in the range 350-355 nm (fig-
ure 50). The spectra demonstrated the interaction of the Berberine
analogs with human telomeric G-quadruplex which presumably
take to the formation of single adduct species over the concen-
tration range investigated. Since the band shifts observed can be
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Figure 49: Natural alkaloid Berberine and the phenylalkyl and dipheny-
lalkyl derivatives studied as G4 binding ligands.
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explained in terms of the stabilization of π∗ orbitals [280, 282], it is
supposed that the derivatives bind through π-π stacking interac-
tions at the external G-quartets, as already reported for Berberine
[276, 278, 283, 288]. The variations in the intensity at about 340

nm were analysed in order to estimate the dissociation constants
for the adducts Kd and approximated G4:ligand stoichiometries
(table 17), following methods previously described [280, 282, 339,
340].

Figure 50: Representative UV-Vis titration performed. Spectra of 14.2
µM NAX039 in the presence of increasing concentrations of
Tel24 in 10 mM potassium phosphate buffer containing 150

mM KCl at pH 7 at 25
◦C. Curves shown in the plot are rel-

ative to the addition of DNA between 0 and 0.5 equivalents
with respect to the ligand. Inset: binding stoichiometry ob-
tained from the intersection of the straight lines representing
the linear fit of the initial and final data points of the binding
isotherm.
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Table 17: Analysis of UV-Vis absorption spectra for the interaction
of Tel24 with Berberine and its 13-monophenyl and 13-
diphenylalkyl derivatives. Dissociation constants Kds (e.s.d.
in parentheses) and G4:ligand stoichiometry ratios are re-
ported. Experiments carried out in 10 mM potassium phos-
phate buffer pH 7, 150 mM KCl (temperature 25

◦C).

Ligand
Carbons in

Phenyl groups Kd (µM)
G4:ligand

the alkyl chain stoichiometry

Berberine / / 9(1) 1:1
NAX035 3 2 3.9(6) 2:1
NAX039 3 1 3.2(5) 1:2
NAX042 4 1 1.3(3) 2:3
NAX053 4 2 1.1(3) 2:3

The dissociation constants are in the µM range, thus suggesting
a strong interaction between Tel24 and the ligands. In according
to published papers [276, 278], in spite of slight differences as-
sociated to different experimental conditions, Berberine strongly
bind to human telomeric G-quadruplex as in 1:1 G4:ligand stoi-
chiometry. The addition of phenylalkyl and diphenylalkyl pen-
dant groups take to lower dissociation constants and also to alter-
native stoichiometries for the adducts. In more detail, the length
of the alkyl linker plays an important role in the formation of
the adducts as suggested by the comparison of NAX035, NAX039

vs NAX042, NAX053 Kds. Surprisingly, the number of phenyl
groups does not significantly affect the binding strength (NAX035

vs NAX039, NAX042 vs NAX053). The most interesting conse-
quence of the modifications on the Berberine skeleton is the ob-
served ability of the derivatives to bind multiple G-quadruplex
in solution, with the only exception of NAX039. Comparable
behaviours have been observed for the natural compounds El-
lipticine and Chelerythrine characterized by similar isoquinoline
scaffolds [282, 340] which can bind to the extremity and to the
interface of two or more contiguous G-quadruplexes and have
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shown 2:3 G4:ligand stoichiometry, that is the same displayed by
NAX042 and NAX053.
CD spectroscopy was then used to get information about the topol-
ogy and the thermal stability of Tel24 G-quadruplex upon lig-
and binding (figure 51). The human telomeric sequence Tel24

folds in hybrid structures in potassium solutions with the hybrid-
1 as the predominant configurations [184, 187, 193, 401]. CD
spectra recorded at room temperature show the characteristic fea-
tures of mixed parallel/antiparallel tetraplexes that are a posi-
tive peak at 290 nm, a shoulder at 270 nm and a negative peak
at 235 nm, in agreement with previous studies [280, 282, 401].
The binding of Berberine takes to decreased intensities at 290 nm
and 270 nm while the band at 235 nm becomes less negative. A
ligand-induced band is also observed around 360 nm, similarly
to other G4 binders [280, 282]. As regard the derivatives, spectra
of NAX039 resemble those of Berberine, excepting for a slight in-
crease in the 290 nm band intensity. On the other hand, a different
profile is displayed by the NAX035 spectra where a decrease of the
290 nm band and a less evident lowering of the shoulder at 268 nm
can be appreciated. NAX042 and NAX053 show, conversely, quite
comparable spectra in which the appearance of a broad negative
band at around 340 nm, the increase in the 290 nm band intensity,
the decrease in the shoulder at 268 nm and the contemporary rise
of a positive band around 245 nm are recognized. On the basis
of these findings, NAX042 and NAX053 are the derivatives which
more strongly bind to Tel24 and they induce even a topological
conversion from hybrid to antiparallel G-quadruplex, as already
evidenced for strong G4 binders as TMPyP4 [342–346, 402].

Thermal melting experiments were carried out in order to sup-
ply further indications of the stabilization of Tel24 upon ligand
binding (table 18). The melting transitions were monitored at 290

nm through CD spectroscopy, using analogous experimental con-
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Figure 51: CD spectra at 25
◦C of 56.3 µM Tel24 in the presence of

1-4 equivalents of Berberine (a), NAX039 (b), NAX042 (c),
NAX035 (d) and NAX053 (e). Solutions prepared in 90 mM
LiCl, 10 mM KCl and 10 mM lithium cacodylate (pH 7). The
concentration of DMSO, due to the additions of ligand stock
solutions, was kept constant at 3.75% v/v.
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ditions as those employed for the room temperature experiments.
Tel24 showed a single thermal transition at about 50

◦C, in agree-
ment with previous calorimetric studies which have pointed out
also the presence of a second transition at about 66

◦C [280, 282,
340, 403]. Tel24 is thermally stabilized upon Berberine binding
and ∆Tm ≈ 11

◦C was found. Similar results have been obtained in
Prof. Sissi laboratory in Padua (figure 34) whereas different values
(3◦C 6 ∆Tm 6 8

◦C) have been reported in other works, most likely
because of the alternative experimental conditions used [278, 294–
296]. Anyway, the semi-synthetic derivatives, with the exception
of NAX035, induce thermal stabilizations comparable to Berber-
ine, ∆Tm = 11-12

◦C. The Berberine derivatives do not improve
significantly the thermal stability of the telomeric G-quadruplex
with respect to the natural precursor thus suggesting an analo-
gous binding mode for the ligands, at least for NAX039, NAX042

and NAX053. The relatively low stabilization of Tel24 by NAX035

in the conditions explored is still matter of investigation.

Table 18: Analysis of CD thermal melting curves of Tel24 (56.3 µM) in
the presence of saturating concentration of Berberine and its
13-phenylalkyl and 13-diphenylalkyl derivatives at constant
quadruplex:ligand stoichiometric ratio of 1:4. Solutions were
prepared in 10 mM lithium cacodylate pH 7, 90 mM LiCl and
10 mM KCl. The concentration of DMSO, due to the additions
of ligand stock solutions, was kept constant at 3.75% v/v.

Ligand Tm [◦C] ∆Tm

Tel24 alone 49.9 /
Berberine 61.2 11.3
NAX035 56.2 6.3
NAX039 61.8 11.9
NAX042 61.2 11.3
NAX053 61.4 11.5
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4.2.2 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by the 13-monophenyl and 13-diphenylalkyl Berberine derivatives
and the human telomeric sequences Tel12 d[TAG3TTAGGGT] and
Tel23 d[TAG3(TTAGGG)3] with the purpose to shed light on the
interactions of the ligands and telomeric G-quadruplexes. Suit-
able crystal for X-ray diffraction have been obtained for the Tel12-
NAX053 (figure 49) adduct whose crystal structure was success-
fully solved (table 19).

Table 19: Crystal data and refinement statistics for the Tel12-NAX053

structure.

Space group P 41212
Crystal system tetragonal
Cell dimension (Å) a=b=41.13, c=71.20

Cell angles (◦) α=β=γ=90

Resolution range (Å) 35.62-1.70

Rfactor 0.231

Rfree 0.284

RMSD bonds (Å) 0.006

RMSD angles (◦) 1.813

PDB code 5CDB

The structure shows bimolecular parallel G-quadruplex units
and ligand molecules in 1:1 stoichiometric ratio (figure 52). Anal-
ogously to the Tel12-Coptisine structure, the G4 units are head-to-
tail disposed and form columns growing along the 4-fold crystal-
lographic axis. The tetraplexes are originated by two symmetry
independent strands and feature three planar G-tetrads stacked at
3.4 Å apart from one another as well as TTA propeller loops which
can be described as type 5 and type 1 (subtype 2), according to the
analysis reported by Neidle and coworkers [379]. Potassium ions
are found in the internal channel at 2.6-2.9 Å from the O6 atoms
of guanines in an overall anti-prismatic coordination, in according
with previously reported structures [380].
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Figure 52: Crystal structure of the Tel12-NAX053 adduct. The ligand is
found between the 3′ end G-tetrad and the TATA tetrad orig-
inated at the 5′ end. Guanine, thymine and adenine coloured
in green, red and blue, respectively.
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Figure 53: NAX053 shown within the electron density map [Fo-Fc] at
2.0σ level.

As shown in figure 52, NAX053 (omit map, figure 53) is located
between the 3′ end G-tetrad and the TATA tetrad that is formed
by flanking residues at the 5′ end. In more detail, the ligand is
sandwiched between the quartets at about 3.9 Å on average and
it is involved in π-π stacking interactions with all the bases be-
longing to the quartets (figure 54). The conformation assumed
by Berberine (quinoline and benzodioxolo groups form a dihe-
dral angle of about 24

◦) together with the significant deviation
from planarity displayed by the phenyl pendant groups (dihe-
dral angle of about 46

◦ between the rings) are responsible for the
non-optimal distances of stacking. The conformation assumed by
the derivative also affects the geometry of the tetrads, especially
the 3′ end G-tetrad towards which the alkyl chain is directed. In
fact, such tetrads display non-negligible deviations from planarity
most likely due to steric hindrance produced by the derivative (di-
hedral angles for TATA and GGGG tetrads in the range 7-14

◦ and
14-19

◦, respectively).
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Figure 54: Binding site of NAX053 defined by the 3′ end G-tetrad and
the 5′ end TATA quartet.

The comparison of the NAX053-Tel12 structure with the crystal
structure previously reported for Berberine bounded to the hu-
man telomeric sequence Tel23 [288] supplies further interesting
information (figure 55). Berberine was found to stack at two dif-
ferent binding sites, one defined by two 5′ end G-tetrads and the
other defined by the 3′ end G-tetrad and a TA base pair from
a symmetry related G-quadruplex. Both binding sites host two
coplanar Berberine molecules, each interacting with a couple of
guanines. It is noteworthy how the Berberine core is located in a
strictly analogous manner on the 3′ end G-tetrad in both the crys-
tal structures. The alkaloid skeleton is able indeed to interact via
π-π stacking with two guanines and its positively charged nitro-
gen atom is oriented toward the TTA loops. The stacking distances
observed for Berberine are however different in the structures (3.4-
3.5 Å in the Berberine-Tel23 adduct vs 3.9 Å in the NAX053-Tel12

adduct) thus suggesting that the addition of the pendant group
is determinant for increasing the aromatic surface available for
the stacking, even though it induces a certain degree of steric hin-
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drance and the binding is optimized only at the expense of the
target’s external tetrads planarity.

Figure 55: Binding site of NAX053 (a) and Berberine (b) at the 3′ end
G-tetrad in their respective crystal structures with Tel12 and
Tel23.

4.2.3 Cytotoxic activity on cancer cells

MTT assays were performed by Doctor Ivana Scovassi from the
CNR in Pavia to assess the cytotoxicity of the promising NAX042

and NAX053 Berberine derivatives (figure 49) on selected cancer
cell lines characterized by telomerase reactivation [303, 304] (fig-
ure 56). The derivatives have shown the most interesting improve-
ments in terms of G4 binding ability with respect to the natural
precursor and not coincidentally NAX053 has been recently re-
ported to have a strong impact on the viability of human colon
cancer cells with significant better properties than Berberine [303,
304]. The investigation on the biological activity of NAX053 was
extended to HeLa and MCF-7 cancer cells lines (respectively de-
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rived from uterine cervix and breast carcinomas) which have been
previously used by other authors to test the effects of Berberine
[404, 405]. The results shown in figure 56 highlight the greater
efficiency of NAX053 in affecting the viability of both cancer cells
lines in a dose-dependent manner in comparison with Berberine
(not shown). The IC50 values for NAX053 are 2.56±0.10 µM and
2.27±0.02 µM for HeLa and MCF-7 cells, respectively, compared
to 18.82±1.27 µM and 11.75±1.14 µM of Berberine. On the other
hand, the cytotoxicity of NAX042 was tested on a panel of human
cancer cell lines, including MCF-7, melanoma A375 and two colon
carcinoma cells (SW613-B3 and HCT116). NAX042 exerts a dose-
dependent effect on the viability of all the tested cancer cell lines,
which are characterized by telomerase reactivation, having an ep-
ithelial origin like HeLa cells. Overall, NAX042 and NAX053 dis-
play anticancer activities which are effectively more potent than
Berberine.

In summary, the addition of phenylalkyl and diphenylalkyl gro-
ups at the 13-position of the Berberine skeleton takes to improve-
ments in telomeric G-quadruplex binding ability of the natural
compound. NAX042 and NAX053 have shown the greatest im-
provements, as highlighted by UV-Vis absorption and CD experi-
ments. The effect of ligand binding on G4 thermal melting how-
ever pointed out that the derivatives do not stabilize Tel24 to
a greater extent with respect to Berberine, although the correla-
tion between increase in melting temperature and ligand binding
strength is not completely correct [406]. Anyway, X-ray crystallog-
raphy has confirmed the analogous interaction of the Berberine
core of NAX053 on the 3′ end G-tetrad of telomeric G-quadruplexes
with respect to the natural precursor and also suggested that the
increase in binding strength observed by spectrophotometry is as-
sociated to the greater aromatic surface of the derivative, despite
the evident steric hindrance related to the alkyl moiety.
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Figure 56: Effect of NAX053 and NAX042 on cancer cell viability. Four
increasing concentrations of NAX053 (upper panel) and
1µm/10µm of NAX042 (lower panel) were used for 24 h treat-
ments in quadruplicate (three independent MTT experiments
were carried out). Data obtained from untreated control
cells were considered as 100% to normalize the absorbance
of treated samples and are expressed as mean±SD. **P<0.01;
***P<0.001. Adapted from reference [351].
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It is likely that the alkyl groups adopt different conformations in
solutions where the pendant chains could be able to bind further
G-quadruplexes, as indicated by the G4:ligand stoichiometries cal-
culated for the titrations (table 17). The ability to bind multiple
G4 structures is probably the most interesting consequence of the
modifications on the Berberine skeleton as telomeres are actually
composed of dozens of TTAGGG repeats and so can form mul-
tiple tetraplexes [166, 203, 204]. The stimulating cytotoxic activ-
ity shown by NAX042 and NAX053 confirms the idea that these
modifications are promising for the identification of potential an-
ticancer drugs able to target human telomeres. Nevertheless, the
compounds should be further modified in order to improve the
overall lipophilicity, which could prevent significant bioavailabil-
ity, and also in order to increase their selectivity over alternative
nucleic acids foldings that appears to be not too great [374–376,
407].

4.3 pyridil berberine derivatives
In a second phase, different functionalizations at the 13-position
of the Berberine skeleton were considered. Pyridine groups were
added through alkyl linkers of different length in order to investi-
gate how groups carrying hydrogen bond acceptors and possibly
positive charges could interact with human telomeric G-quadru-
plex foldings (figure 57). Up to now, only crystallographic exper-
iments have shed light on the interaction of the derivatives with
telomeric G-quadruplex, although solutions studies are currently
being performed in the research group of Prof. Gopinatha Suresh
Kumar from the Indian Institute of Chemical Biology, thanks to
the established collaboration.
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Figure 57: Natural alkaloid Berberine and the pyridil derivatives stud-
ied as G4 binding ligands.
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4.3.1 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by the derivatives and the human telomeric sequences Tel12 d[TA-
G3TTAGGGT] and Tel23 d[TAG3(TTAGGG)3]. Recently, the crys-
tal structures of Tel12 bounded to NAX075, NAX077 and NAX120

have been successfully solved allowing a more extensive analysis
of the interaction of Berberine 13-derivatives (table 20).

Table 20: Crystal data and refinement statistics for the structures of
Tel12 bounded to NAX075, NAX077 and NAX120.

Tel12-NAX075 Tel12-NAX077 Tel12-NAX120

Space group P 41212 P 42212 P 42212
Crystal system tetragonal tetragonal tetragonal
Cell dimension (Å) a=b=41.11, c=68.39 a=b=42.10, c=34.15 a=b=41.68, c=34.31

Cell angles (◦) α=β=γ=90 α=β=γ=90 α=β=γ=90

Resolution range (Å) 35.23-1.60 29.77-2.04 29.47-2.04

Rfactor 0.256 0.269 0.249

Rfree 0.290 0.312 0.295

RMSD bonds (Å) 0.015 0.015 0.009

RMSD angles (◦) 2.582 2.805 1.898

The crystal structures of the adducts are strictly similar so they
are discussed collectively. Bimolecular parallel G-quadruplexes
and ligand molecules are found in 1:1 stoichiometric ratio and give
rise to columns growing along the four-fold rotation axis (figure
58). As a consequence of the different screw symmetries related
to such axes, that are 41 for NAX075 while 42 for NAX077 and
NAX120, the quadruplex units are either originated by symmetry
independent (NAX075) or symmetry related strands (NAX077 and
NAX120). The tetraplexes feature three G-tetrads stacked at 3.4 Å
apart from one another. On the basis of the analysis performed
by Neidle and coworkers [379], the TTA propeller loops can be
described as type 1 (subtype 2), albeit NAX075 adduct shows also
a type-5 loop. Potassium ions are found in the internal channels
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at 2.6-3.0 Å apart from the guanine O6 atoms leading to an overall
antiprismatic coordination sphere.
The binding sites of the ligands are found between the 3′ end G-
tetrad and the TATA tetrad formed by flanking residues at the 5′
end (figure 58, omit maps figure 59). The derivatives are involved
in π-π stacking interactions with three bases per quartet by means
of the Berberine core and the pyridine pendant group (inter-planar
distance around 3.6 Å). No hydrogen bond interactions are ob-
served between the pyridine groups and DNA residues. It is note-
worthy how NAX077 and NAX120 are disordered and for both
two symmetry related molecules (42 screw symmetry) have been
found in the binding site sharing the same position. The Berber-
ine core is bent in all the analogs, however the dihedral angle
between quinoline and benzodioxolo groups is notably greater in
the case of NAX075 (about 25

◦ in NAX075 vs 9
◦ in NAX077 and

NAX120). In all the structures, the pyridine groups are well dis-
posed for the stacking interactions and they are quite in-plane
with the Berberine core. Similarly, the alkyl linkers stand on the
plane of the molecule, in particular in the case of NAX120 which
features the shortest linker, and are oriented toward the end G-
tetrad, as clearly observed for NAX075.

The comparison of the crystal structures obtained suggests that
the length of the alkyl linker is determinant for improving the
Berberine binding properties and short and even-numbered link-
ers appear to be valuable for the purpose. Among the derivatives
crystallized with the human telomeric G-quadruplex, NAX120

seems to be the most suitable for the stacking on the 3′ end G-
tetrad. The ligand displays indeed the shortest alkyl linker, com-
posed of two carbon atoms, which appear to favour the planarity
of the Berberine core as well as the planarization of the entire
molecole and so the overall strength of π-π stacking interactions.
It is no coincidence that the smaller deviations from planarity for
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Figure 58: Crystal structures of the Tel12 human telomeric G-quadru-
plex bounded to Berberine derivatives NAX075 (a), NAX077

(c) and NAX120 (e) with a focus on the binding site of the
ligands (b,d,f, respectively).
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Figure 59: NAX075 (a), NAX077 (b) and NAX120 (c) shown within the
electron density map [Fo-Fc] at 3.0σ, 2.0σ, 2.5σ level, respec-
tively.
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the tetrads have been observed in the NAX120 crystal. On the
other hand, the derivative NAX075, featuring three carbon atoms
in the alkyl chain, and the derivative NAX077, characterized by
a linker of four carbon atoms (figure 57), exhibit less planar con-
formations which are associated to higher deviations from pla-
narity for the 3′ end G-tetrad due to steric hindrances, especially
in the case of NAX075. These observations suggest that the inter-
action trend of the derivatives should follow the order NAX120 >
NAX077 > NAX075, in agreement with preliminary spectroscopic
and calorimetric titrations performed in the research group of
Prof. Gopinatha Suresh Kumar from the Indian Institute of Chem-
ical Biology (table 21), thanks to the established scientific collab-
oration. Further studies will be however carried out in the next
months in order to fully confirm the hypotheses formulated. Any-
way, the comparison of the dissociation constants reported with
those previously evaluated for the phenylalkyl and diphenylalkyl
Berberine derivatives studied (table 17) shows how the binding
strength of these ligands is largely determined by the length of
the alkyl linker on the 13-position (NAX035, NAX039 vs NAX075

and NAX042, NAX053 vs NAX077), despite some discrepancies
likely due to the different human telomeric sequences taken into
account for the experiments.

Table 21: Spectroscopic and calorimetric titrations carried out for the
interaction of the human telomeric sequence Tel12 with the
Berberine derivatives NAX075 and NAX077. Kd dissociation
constant and n ligand:G4 stoichiometry.

Ligand
UV-Vis absorption Fluorescence Isothermal titration

spectroscopy spectroscopy calorimetry

Kd (µM) n Kd (µM) n Kd (µM) n

NAX075 3.13 1:1 3.06 1:1 3.16 1:1
NAX077 1.92 1:1 1.98 1:1 1.99 1:1
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The crystal structures obtained for the Berberine analogs featur-
ing pyridinealkyl groups have been compared with those obtained
for the derivative NAX053 and the natural precursor Berberine
(figure 60) [288]. In particular, the binding of the compounds at
the 3′ end G-tetrad has been examined. In all the structures, the
Berberine core binding is largely driven by π-π stacking interac-
tions involving two guanines. The addition of aromatic groups
result in a greater extent of ligand-DNA interactions although
the presence of non-planar moieties, as a diphenyl group or alkyl
chains of a certain length, induces significant deviations from pla-
narity in the interacting quartets along with increased stacking
distances. This scenario has been clearly observed in the Tel12-
NAX053 structure. On the other hand, pyridinealkyl modifica-
tions lead to ligands which better allocate in the binding sites be-
cause of the more planar character of the molecules. The Berberine
core interacts in a similar fashion in the structures with the posi-
tively charged nitrogen atom oriented outward from the channel
of the quadruplex, where a negative electron density is present.
Actually, the Berberine cores of NAX053 and NAX077 are nearly
superimposable and also the NAX075 structure displays good sim-
ilarities, although the skeleton of the natural alkaloid is found to
stack on different guanines of the tetrad. Conversely, the Berber-
ine core of NAX120 is disposed along the diagonal of the quartet,
most likely in order to favour the stacking of the pyridine moiety
on a guanine. Overall, these findings might be of great help in
the design of Berberine derivatives with enhanced telomeric G4

binding properties in comparison to the natural precursor.
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Figure 60: Comparison of the binding of Berberine derivatives NAX075

(a), NAX077 (b) and NAX120 (c) at the 3′ end G-tetrad of
Tel12 tetraplex. The localization of natural precursor Berber-
ine at the 3′ end G-tetrad of Tel23 is reported as well (d).
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4.4 auI n-heterocyclic carbene
complexes, aunhc i

Gold complexes are attractive compounds in anticancer drug dis-
covery. From the times when gold was just an alternative to platin
for the covalent binding of DNA, great advancements have been
made for the identification of complexes able to interact with dif-
ferent biological targets and exert interesting anticancer activity
[308–310, 313]. The promising ability of some compounds to in-
teract and stabilize the human telomeric G-quadruplex folding
caught the interest of the research activity and led to the study
of selected AuI and AuIII complexes. The present section con-
cerns AuI complexes, while the following deals with an AuIII com-
pound.
N-heterocyclic carbene (NHC) groups are promising ligands for
the stabilization of AuI in a linear bicoordinated geometry that is
ideal for the synthesis of planar, aromatic and positively charged
G4 binders [314]. The AuNHC I complex (figure 61) has indeed
shown promising telomeric G4 binding properties with a very
good selectivity with respect to the interaction with double-strand-
ed DNA [314–316]. These valuable features raised the interest for
a more detailed investigation of the interaction of the compound
with human telomeric G-quadruplex. At first stage, crystallo-
graphic and ESI-MS experiments were carried out. Lately, spec-
trophotometric characterization and in silico calculations supplied
further information on the behaviour of ligand-G4 adducts in solu-
tion. The inhibition activity of the compound towards telomerase
was also evaluated by Prof. Donato Colangelo from the Università
del Piemonte Orientale, thanks to the established collaboration.
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Figure 61: The AuNHC I complex studied as G4 binding ligand.

4.4.1 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by AuNHC I and the human telomeric sequences Tel12 d[TAG3-
TTAGGGT] and Tel23 d[TAG3(TTAGGG)3]. Suitable crystals for X-
ray diffraction analysis were obtained for the Tel23 adduct whose
crystal structure was then successfully solved (table 22).

Table 22: Crystal data and refinement statistics for the Tel23-AuNHC I
structure.

Space group I 212121
Crystal system orthorhombic
Cell dimension (Å) a=47.13, b=51.29, c=58.77

Cell angles (◦) α=β=γ=90

Resolution range (Å) 30.00-1.89

Rfactor 0.225

Rfree 0.260

RMSD bonds (Å) 0.006

RMSD angles (◦) 1.133

PDB code 5CCW

The asymmetric unit contains a monomolecular parallel G-quad-
ruplex and ligand molecules. The overall G4:ligand stoichiomet-
ric ratio is 1:3 (figure 62). G-quadruplexes feature three stacked
G-tetrads (inter-planar distances 3.4 Å) and potassium ions in the
internal channel (2.7-3.1 Å apart from the guanine O6 atoms). TTA
propeller loops can be described as type 9 on the basis of the clas-
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sification made by Neidle and coworkers [379], as the thymine
residues are directed outward from the guanine core almost ly-
ing on a same plane while the adenines are protruded towards
the guanines. The G4 units, which are symmetry related by two-
fold rotation axes, form columns growing along the [010] direction.
AuNHC I molecules are found at the interface between adjacent
tetraplexes in two different binding sites defined by symmetry re-
lated 3′ end and 5′ end G-tetrads, respectively. Interestingly, the
binding sites host a different number of ligand molecules. Two
coplanar complexes lie in the 5′-5′ binding site, defined by almost
perfectly planar G-tetrads, while tilted 3′ end G-tetrads make the
3′-3′ binding site to accommodate just a ligand molecule (dihedral
angle of about 38

◦ between symmetry related G17-G23 base pairs,
figure 62).

The complex stacks on the external 3′-3′ and 5′-5′ tetrads at
about 3.4 Å and it is involved in π-π interactions with bases from
these quartets. AuNHC I adopts a linear geometry in according to
the crystal structure of its BF−

4 salt [315]. The presence of two-fold
symmetry also applies to the ligand which displays in fact dou-
ble positions for the caffeine moieties at the 3′ end G-tetrad, the
gold atom being located on the two-fold rotation axis, whereas
each complex is found in a pair of disordered positions at the
5′ end G-tetrad (figure 63, omit maps figure 64). The disorder
shown by the gold complexes is actually a quite common feature
of small molecules crystallized in ligand-quadruplex adducts [288,
408–410]. This observation supports the idea that the binding pro-
cess is largely driven by non-directional forces, such as electro-
static, Van der Waals and π-π stacking interactions.

Nevertheless, a closer look at the binding sites draws the atten-
tion on the reduced overlap between the caffeine moieties of the
metal complex and guanines belonging to the quartets. In fact,
only one caffeine out of two is involved in significant stacking
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Figure 62: Crystal structure of the Tel23-AuNHC I adduct. Binding sites
of the ligand at the 5′ end (a) and at the 3′ end G-tetrads (c).
Columnar disposition of the adducts along the [010] direction
is shown in (b).



170 results and discussion

Figure 63: Localization of AuNHC I molecules at the 5′-5′ (a) and 3′-3′
(b) binding sites. The black straight lines represent two-fold
symmetry axes.
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Figure 64: AuNHC I shown within the electron density map [2Fo-Fc] at
1.5σ level.
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interactions as the other one protrudes outward from the G-core.
The AuNHC I length is too greater with respect to the G-tetrad
side (16 Å vs 11 Å) although a good dimensional matching could
be achieved with the tetrad diagonal. Presumably, the position-
ing of the metal complex on the G-tetrad diagonal is prevented
by the bent 3′ end quartet (most likely caused by crystal packing
forces), while it can be supposed that the overall extent of stabi-
lization achieved by the binding of two ligand molecules at the 5′
end quartet is greater than that possibly achieved by the binding
of a single molecule diagonally placed with respect to the tetrad.
Hypothetically, the diagonal binding mode could be present in
solution for lower G4:ligand stoichiometric ratios. The elongated
shape of AuNHC I is the most probable cause of the low degree
of interaction displayed towards double-stranded DNA [314]. De-
spite having a diameter of similar length with respect to the G-
tetrad side, duplex DNA features indeed a reduced aromatic sur-
face accompanied by a more hindering DNA backbone, which
presumably prevent the ligand from intercalation.
The crystal structure obtained for AuNHC I is the first one ever
reported for a gold compound interacting with a G-quadruplex
folding and one of the few with evidences of G4:ligand molar ra-
tios higher than 1:1. Among the reported structures, the adducts
of copper(II) and nickel(II) salphen complexes bounded to human
telomeric DNA have drawn the attention for a comparison regard-
ing where heavy metal atoms are found with respect to the G-
tetrads. Copper and nickel atoms were localized above the chan-
nel of tetraplex, in according with studies which have highlighted
the presence of a negative electron density in there [57–59]. Con-
versely, gold atoms are found in proximity of pyrimidine rings at
about 3.5 Å from N1 atoms suggesting the presence of favourable
interactions between the soft AuI atoms and the π orbitals of gua-
nines (figure 63).
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4.4.2 ESI-MS spectra

The crystallographic results prompted us to further investigate the
Tel23-AuNHC I adducts in solution. Electrospray ionization mass
spectrometry (ESI-MS) experiments were carried out by Doctor
Lara Massai and Professor Luigi Messori from the University of
Florence (figure 65), thanks to a scientific collaboration. Upon an-
nealing in presence of NH+

4 ions, Tel23 was found to form adducts
at saturating concentration of the ligand with different stoichiome-
tries, namely 1:1, 1:2 and 1:3 Tel23:ligand molar ratios (the metal
complex was not broken by the ionization). Thus, AuNHC I is
able to bind human telomeric G-quadruplex up to the stoichiome-
try observed at the solid state.

Figure 65: Section of the ESI-MS spectrum of Tel23-AuNHC I (25 µM
in water in the presence of 60% EtOH, 1:3 G4:metal complex
molar ratio). Adapted from reference [353].
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4.4.3 Solution studies, CD spectroscopy

The formation of adducts with different stoichiometries emerged
from ESI-MS spectra was quite interesting, hence solution studies
were then performed to better characterize the Tel23-AuNHC I in-
teraction in solution (figure 66). UV-Vis absorption spectroscopy
was, unfortunately, not suited for the purpose because of the ex-
tensive overlap of DNA and metal complex bands. CD spec-
troscopy was so used for the investigations.
The CD spectrum of Tel23 shows a positive band at 286 nm with
a shoulder at 268 nm and a negative band around 236 nm, hence
indicating the formation of hybrid G-quadruplex structures [184,
187, 411–413]. Upon addition of a saturating amount of AuNHC I,
the CD profile displays progressive changes which lead to a final
spectrum characterized by two positive bands centred at 245 and
290 nm and a negative band at 260 nm. On the basis of current
knowledge [342–346], the final profile was assigned to an antipar-
allel topology. The binding of the ligand hence induces a tran-
sition from hybrid to antiparallel topology, as already observed
for other strong-interacting G4 ligands as TMPyP4 [402]. Interest-
ingly, the binding process was associated to a slow kinetics and the
completion was attained only after 72 hours of incubation at 25

◦C,
although significant modifications in the overall spectral appear-
ance were already evident after one hour. Two isoelliptic points
were observed at about 280 nm and 250 nm suggesting the pres-
ence of multiple adduct species in equilibrium.

A second set of experiments was subsequently carried out to
shed light on the interaction between Tel23 and AuNHC I at vari-
ous ligand concentrations. In more detail, a CD titration was per-
formed using a number of independent samples, prepared with a
fixed concentration of Tel23 (60 µM oligonucleotide) and increas-
ing amounts of AuNHC I (figure 67). CD spectra were recorded
after 72 hours of incubation at 25

◦C, after a careful check of the
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Figure 66: CD spectra of 60 µM Tel23 upon addition of AuNHC I (1:4
G4:ligand stoichiometric ratio) after incubation at 25

◦C for 1,
3, 5, 7, 24, 48, 72 and 120 hours. Experiments carried out in
10 mM lithium cacodylate buffer pH 7.2, 90 mM LiCl, 10 mM
KCl (temperature 25

◦C).

actual achievement of reaction equilibrium for all the samples.
Upon inspection of spectra, it emerges how the ligand produces
distinct spectral changes in dependence of the applied ligand:G4

stoichiometry. In particular, at 1:1 molar ratio the CD spectrum
suggests the conservation of hybrid G4 topology, as two positive
bands of similar intensity, centred at 268 and 286 nm, are easily
recognized. It is noteworthy how the band at 268 nm is the most
affected upon ligand binding, showing a far greater intensity with
respect to the native form. Increasing the ligand concentration up
to 1:5 molar ratio results in a progressive dramatic change in the
spectral shape as the bands at 245 and 290 nm become more in-
tense while the positive band at 268 nm disappears in favour of
a negative band with maximum at 260 nm. As shown in figure
67, plots of the data at 286 nm and 236 nm display monotonic in-
creasing trends in this regard. Conversely, data at 268 nm show an
increased intensity up to 1:1 Tel23:AuNHC I stoichiometric ratio,
followed by a decrease that leads to the appearance of the negative
CD band characteristic of the antiparallel G4 topology.



176 results and discussion

Figure 67: Representative CD profiles of 60 µM Tel23 in presence of dif-
ferent equivalents of the gold metal complex AuNHC I after
72 hours of incubation at 25

◦C (a); changes in intensity at
selected wavelengths upon increasing ligand concentration
(b). All the experiments were carried out in 10 mM lithium
cacodylate buffer pH 7.2, 90 mM LiCl, 10 mM KCl (tempera-
ture 25

◦C).
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On the basis of the spectra, it can be speculated that the ligand
bind Tel23, as in hybrid structure, with a stoichiometry of 1:1. As
the concentration of the metal complex is increased, adducts char-
acterized by higher Tel23:AuNHC I stoichiometries emerge in so-
lution. Additionally, the conversion from hybrid to antiparallel G4

topology is triggered, as highlighted by the discontinuity visible
in the plot of 268 nm data at the overcoming of 1:1 molar ratio. The
Tel23 conversion is quantitatively attained for molar ratios greater
than 1:3. Hybrid G4 structures interacting with two molecules
are likely to be found at the intermediate 1:2 Tel23:AuNHC I sto-
ichiometry. Thus, it can be hypothesized that AuNHC I binding
takes place through several reaction steps involving the formation
of different species in solution, in according to ESI-MS spectra
which were performed on solutions where the completion of re-
action was most likely not achieved. This hypothesis can also
explain why a definite isoelliptic point at about 280 nm is lack-
ing in the spectra shown in figure 66. Probably, in the first set of
experiments the saturating amount of the ligand quickly induced
the conversion from hybrid to antiparallel topology and, as a con-
sequence, the isoelliptic point at 280 nm was not clearly observed.
Spectral changes at 268 nm were subsequently analysed according
to the formalism of the Benesi-Hildebrand (BH) plot to gain infor-
mation on the associated binding constants [347–350] (figure 68).
The BH plot was chosen due to the peculiar changes of the signal
at 268 nm which prevented us from treating data by other estab-
lished methods [339, 414, 415]. Although not extremely accurate,
the BH plot is a robust method that has allowed the estimation of
dissociation constants for the three distinct binding events associ-
ated to the formation of 1:1, 1:2 and 1:3 Tel23:AuNHC I adducts
(table 23). From inspection of these values, it clearly emerges that
the binding process, although not significantly strong, is highly
cooperative.
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Figure 68: Benesi-Hildebrand plots of CD data at 268 nm for the estima-
tion of dissociation constants for the adducts with G4:ligand
molar ratio 1:1 (a) 1:2 (b) and 1:3 (c).

Table 23: Dissociation constants for the binding steps of gold metal com-
plex AuNHC I to the human telomeric sequence Tel23. Re-
sults obtained by fitting CD data at 268 nm in the Benesi-
Hildebrand plot. Estimated fitting errors are reported as well.

Tel23:AuNHC I molar ratio Dissociation constant

1:1 (2.5 ± 0.8) · 10
−4 M

1:2 (1.0 ± 0.3) · 10
−4 M

1:3 (5.2 ± 1.0) · 10
−5 M
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In order to verify if the ligand stabilizes the G-quadruplex struc-
ture, thermal melting curves were recorded by means of CD spec-
troscopy (figure 69). The experiments highlighted a modest ther-
mal stabilization, but they confirmed the final 1:3 Tel23:AuNHC
I stoichiometric ratio for the adducts, in agreement with data al-
ready found both at the solid state and through ESI-MS. The ther-
mal stabilization observed was not in good agreement with previ-
ously reported data which indicated a more pronounced stabiliza-
tion, most likely because of the different telomeric sequence and
experimental conditions adopted by other authors [314].

Figure 69: Increase in melting temperature for Tel23 G-quadruplex (60

µM) upon raising AuNHC I concentration. Melting observed
by CD signal at 290 nm. All the experiments were carried out
in 10 mM lithium cacodylate buffer pH 7.2, 90 mM LiCl, 10

mM KCl.
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4.4.4 In silico calculations

Taking into account the results of the spectrophotometric charac-
terization, in silico calculations were performed in order to sup-
ply structural models of the Tel23-AuNHC I interaction in solu-
tion. The starting coordinates for the metal complex were obtain-
ed from the crystal structure of [Au(9-methylcaffein-8-ylidene)2]
BF4 (CCDC code 885458) [315]. On the other hand, the tetraplex
models were selected as for hybrid-1 (Tel26 d[A3G3(TTAGGG)3A2],
PDB code 2HY9 [185]), hybrid-2 (wtTel26 d[(TTAGGG)4T2], PDB
code 2JPZ [190]) and antiparallel-1 basket (Tel22 d[AG3(TTAGGG)3],
PDB code 2MCC [372]) topologies which were modified accord-
ing to the Tel23 human telomeric sequence, d[TAG3(TTAGGG)3].
While the chosen hybrid structures concerned native telomeric G-
quadruplexes, the antiparallel structure used for the simulations
was a ligand-G4 adduct where, similarly to what observed for
AuNHC I, both external tetrads were able to accommodate ligand
molecules.
Firstly, the ligand was QM optimized at the B3LYP/LACV3P∗ ∗+
level of theory and the atomic electrostatic charges were calculated
and used in the following steps. Rigid docking calculations were
carried out using grids centred on external tetrads and grooves
of the targets. Subsequently, molecular dynamics with frozen lig-
ands and QM/MM optimizations (ligand only as the QM region)
were recursively applied in order to favour a better disposition of
DNA residues in the proximity of the binding sites. In fact, while
the force field used can well simulate the behaviour of DNA, it is
not suited for the treatment of heavy metals as it induces large dis-
tortions in the coordination geometry. Quantum mechanical ap-
proaches are more appropriate in this regard. In the end, the final
coordinates were optimized by pure QM calculations. Clearly, the
procedure has been repeated for the addition of further AuNHC I
molecules on the targets.
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The interaction of three AuNHC I molecules and the Tel23 an-
tiparallel G-quadruplex was investigated in the first place. The
calculations led to an antiparallel tetraplex displaying two bind-
ing sites, one on the external quartet in the proximity of the lateral
loops where two molecules are present, and a second one on the
G-tetrad close to the diagonal loop where just a ligand molecule
is located (figure 70).
Looking at the former, AuNHC I adopts a similar configuration
to that observed in the crystal structure previously solved and it
is involved in π-π stacking interactions with two guanines (inter-
planar distance around 4.0 Å). Additionally, the T7 residue from a
TTA lateral loop stacks on the closest caffeine moiety at about 4.0
Å apart. In according to the binding mode evidenced in the crys-
tal structure, only one caffeine moiety per metal complex interacts
efficiently with the aromatic surface of the tetrad as the other one
partially protrudes outside from the guanine platform. The gold
atoms are placed just above pyrimidine rings of guanines in an
analogous manner with respect to that observed at the solid state.
Despite the overall resemblance with the crystallographic binding
site, the presence of lateral instead of propeller loops takes to a
different localization of AuNHC I molecules in the binding site,
as they are more distant from each other (difference in Au-Au dis-
tance 1.0 Å) and one molecule is translated of 2.3 Å along its axis
due to the steric hindrance determined by A8 and T18 residues.
Furthermore, ligand molecules experience a slight deviation from
planarity (dihedral angles between the planes defined by the caf-
feine moieties lower than 15

◦).
The other binding site confirms the hypothesis that, at least in
solution, AuNHC I can stack along the diagonal of a G-quartet,
as suggested by the inspection of the crystallographic structure.
Actually, the NMR structure chosen for the calculations displays
a binding site not hindered by loops and flanking residues and
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allowed to successfully test this supposition. AuNHC I is sand-
wiched between the G-tetrad and the TTA diagonal loop where,
thanks to its high degree of planarity, it is involved in π-π stacking
interactions especially with G3 and G23 residues (inter-planar dis-
tances about 3.8 Å). Additional CH· · ·π interactions are observed
for a methyl group belonging to a caffeine moiety with the A14

residue (carbon-centroid distance 3.5 Å). In spite of the different
positioning, the gold atom is still not placed above the G4 channel
and a displacement of 2.2 Å from the K· · ·K line is observed.

Analogous calculations have been performed for hybrid-1 and
hybrid-2 G4 structures bounded to two AuNHC I molecules (fig-
ure 71). The final structures pointed out the binding of a metal
complex at the 3′ end and a second complex at the 5′ end G-tetrad.
The molecules are almost perfectly planar and interact through
π-π stacking with bases belonging to the quartets (inter-planar
distances around 3.8 Å). The ligand binding is strengthen by in-
teractions in which flanking residues and TTA loops are involved
(propeller loop in the hybrid-1 adduct whereas lateral loop in the
hybrid-2 adduct). Ligand molecules are planar and involved in
π-π stacking interactions with bases from the quartets and from
the close lateral loops.

Overall, AuNHC I molecules can interact with two guanines
per G-quartet, although the stacking is significant for just a caf-
feine moiety, as already observed in the X-ray crystal structure. In
all the calculated structures, the gold atoms are likewise not found
above the channel of the G-quadruplex. The disposition of ligand
molecules along the diagonal of the tetrads has been recognized,
hence supporting the reliability of such binding mode for the lig-
and, at least in solution and when additional ligand molecules are
not present. The inspection of the calculated structures suggests
that the organization of the loops is determinant for the formation
of ligand-G4 adducts. The G-quadruplex topology transition from
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Figure 70: Calculated structure of the antiparallel Tel23 G-quadruplex
bounded to three AuNHC I molecules. Overall structure (a)
together with focuses on the lateral (b) and diagonal loops (c)
end binding sites.
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Figure 71: Calculated structures of hybrid-1 (a) and hybrid-2 (d) Tel23

G-quadruplex bounded to two AuNHC I molecules with fo-
cuses on the 5′ end G-quartet (b,e) and on the 3′ end G-
quartet (c,f) binding sites.
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hybrid to antiparallel is most likely caused by the rearrangement
of loops which allows a better allocation of the ligand on the ex-
ternal G-tetrads. In more detail, the lateral loops of the hybrids,
which protrude on the tetrad platform, act as G4 caps and hinder
the approach of ligand molecules to the external G-quartets to a
greater extent than the loops of the antiparallel structure. Thus,
the binding of a third ligand molecule on the 5′ end G-tetrad is
energetically favoured and compensates the energetic cost of topo-
logical rearrangement. The lack of a clear isoelliptic point at 280

nm in the first set of CD experiments (figure 66) also suggests
that the topological conversion might start occurring even at 1:2
Tel23:AuNHC I molar ratio in order to favour a better allocation
of the ligands on the guanine tetrads.

4.4.5 Telomerase inhibition assays

The interesting binding ability displayed by AuNHC I towards
Tel23 human telomeric G-quadruplex suggested the potential telo-
merase inhibition activity of the compound. Telomerase inhibition
assays were then performed by Prof. Donato Colangelo from the
Università del Piemonte Orientale on Tel23, AuNHC I and the
Tel23-AuNHC I adduct with the purpose to evaluate the effect of
the metal complex with respect to the native telomeric tetraplex
(figure 72). Cell-free tests were carried out including a true pos-
itive control, where telomerase exerted its normal elongation ac-
tivity on a synthetic telomere (TS), in order to set the reference
control activity. The active enzyme was extracted and assayed
as previously described, with minor modifications [416]. The ex-
periments demonstrated that telomerase is not able to recognize
Tel23 as a natural substrate to be elongated, although some com-
petition between TS and Tel23 could be observed. This may be
due to the fact that TS contains a consensus terminal sequence
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(GAGTT) that is specifically recognized and elongated by telom-
erase. Furthermore, AuNHC I is not able to form adducts on
the TS sequence, since normal TS extension was observed in the
presence of the compound during the elongation step of the re-
action. Interestingly, the Tel23-AuNHC I adduct interferes with
this elongation step and this interference is additive to the inter-
ference shown for Tel23 alone. It is noteworthy that telomerase is
not able to elongate the adduct. These data are interesting, but
the experiments can not give insight into the mechanism of ac-
tion responsible for the lack of elongation. Some hypotheses can
be theorized which include the stuck of the enzyme, the lack of
recognition of the sequence by telomerase or the partial recogni-
tion not sufficient to induce the elongation. Long term treatments
of cells with the metal complex will be able to show if telomerase
can be inhibited by this compound and the telomere length mea-
surements will give conclusive data on the potential of AuNHC I
on modulating telomere functions and cell proliferation.
In summary, AuNHC I has shown promising G4 binding prop-
erties associated to the formation of adducts with different stoi-
chiometries and a slow kinetics. In spite of a relatively not strong,
yet cooperative, binding (Kds of 10

−4-10
−5 M magnitude), the lig-

and is able to induce a topological transition on Tel23 in solution.
The ligand can bind to Tel23 up to 1:3 Tel23:AuNHC I molar ratio,
as observed by means of X-ray crystallography, CD spectroscopy
and ESI-MS spectra. A more extensive investigation on the bind-
ing of the ligand to different G-quadruplex topologies has clari-
fied the behaviour observed in solution. Actually, the interaction
of the compound at the external G-tetrads is quite hindered by
flanking residues and TTA loops and it is optimized when the
G-quadruplex assumes the antiparallel-1 or parallel topology. Be-
sides the possible dispositions of the ligand on the tetrads, AuNHC
I binding is mainly driven by non-directional forces as π-π stack-
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ing, electrostatic and Van der Waals interactions. In the end, telom-
erase inhibition assays have further supported the idea that AuNHC
I induce a relevant interference on the enzyme activity thus indi-
cating the compound as a promising potential anticancer drug.

Figure 72: Telomerase activity measured as the ability to elongate a syn-
thetic telomere TS in presence of AuNHC I, Tel23 or the
adduct Tel23-AuNHC I (bar 4, 5, 6, respectively). Data are
shown as the mean±SD activity respect to the untreated
control (bar 1). Bar 2, 3 and 7 represent the true negative
control (no TS), the interference control (vehicle) and telom-
erase in presence of the adduct Tel23-AuNHC I alone, respec-
tively. Bar 5 p<0.05 and bar 6 p<0.01 versus untreated control.
Adapted from reference [353].
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4.5 auI n-heterocyclic carbene
complexes, aunhc ii

The investigation of AuI metal complexes able to interact and sta-
bilize human telomeric G-quadruplex foldings was later extended
to AuNHC II (figure 73) which features NHC groups with re-
duced aromatic surfaces and bulky alkyl side chains. The com-
pound has shown valuable anticancer properties [316, 317] and
possesses structural similarity to AuNHC I, although it is signifi-
cantly shorter.

Figure 73: The AuNHC II complex studied as G4 binding ligand.

4.5.1 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by the ligand and the human telomeric sequences Tel12 d[TAG3-
TTAGGGT] and Tel24′ d[TAG3(TTAGGG)3T] which yielded Tel24′-
AuNHC II crystals suitable for X-ray diffraction analysis (table
24).

The crystal structure of the adduct was solved and it shows
monomolecular parallel G-quadruplexes that give rise to columns
growing along the two-fold rotation axis (figure 74). The G4 struc-
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Table 24: Crystal data and refinement statistics for the Tel24′-AuNHC II
structure. As regards the ligand, only gold atoms have been
added to the structure.

Space group C 2

Crystal system monoclinic
Cell dimension (Å) a=36.60, b=71.37, c=27.05

Cell angles (◦) α=γ=90, β=92.42
Resolution range (Å) 35.69-1.80

Rfactor 0.231

Rfree 0.284

RMSD bonds (Å) 0.008

RMSD angles (◦) 1.650

tures are characterized by three stacked G-tetrads (inter-planar
distances 3.4 Å) and potassium ions in the internal channel (2.6-
3.1 Å apart from the guanine O6 atoms). The TTA propeller loops
appear to belong to an unclassified loop topology, in spite of a sim-
ilar configuration with respect to the type-1 loops, in according to
the analysis carried out by Neidle and coworkers [379]. In fact,
while the first thymine (TTA) stacks on the adenine, the second
thymine (TTA) is directed outwards from the G-tetrads in a differ-
ent fashion with respect those evidenced for example in the Tel12-
Coptisine and Tel12-NAX053 crystal structures. Symmetry related
G4 units stack on one another and form pairs related by the two-
fold rotation axis. The formation of such dimers is favoured by
the presence of potassium ions at the interface between adjacent
quadruplexes (figure 74).

The binding site of the ligand is defined by symmetry related
end G-tetrads apart 11 Å from one another, contrary to what ob-
served in previously described structures, all displaying an ≈ 7 Å
gap. Unfortunately, the electron density maps in the binding site
could not be clearly interpreted. Nevertheless, eight significantly
high peaks in the density maps confirmed the presence of heavy
atoms, as also suggested by the diffraction data featuring anoma-



190 results and discussion

Figure 74: Columnar disposition of stacked G-quadruplexes in the crys-
tal packing of the Tel24′-AuNHC II crystal structure. Gua-
nine, thymine and adenine residues coloured in green, cyan
and red, respectively. Gold atoms depicted in yellow.
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lous signal. In particular, two planes parallel to each other and
to the tetrads were observed (inter-planar distances 3.7 Å), each
containing four electron density peaks. Every peak was consistent
with a quarter of the electron density of a gold atom. This led
to hypothesize the presence of a metal complex per plane, spread
over four different positions (figure 75). While the electron den-
sity of gold atoms was clearly observed, the same was not true for
the lighter carbon, nitrogen and oxygen atoms belonging to the
N-heterocyclic carbene moieties. Anyway, the overall G4:ligand
stoichiometry appears to be 1:1.

Figure 75: Crystal structure of the Tel24′-AuNHC II adduct (a) with a
focus on the binding site of the ligand (b).

Despite the significant disorder affecting the ligand, the X-ray
crystal structure proved that AuNHC II interacts with the gua-
nines tetrads and its binding might be similar to that observed for
AuNHC I. Notably, the gold atoms of both complexes in their re-
spective crystal structures are localized above the pyrimidine rings
of guanines (Au-N1 distances 3.5 Å on average). The disorder ob-
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served at the solid state for AuNHC II is probably caused by the
reduced aromatic surface of the ligand, which, together with the
non-directional character of the ligand-G4 interactions, determine
an overall modest binding strength. The alkyl side groups most
likely exacerbate the disorder.

4.5.2 Corroborative in silico calculations

Taking into account the structural information achieved through
X-ray crystallography, in silico calculations were carried out with
the purpose to find the most probable ligand positions in the
Tel24′-AuNHC II adduct. The starting coordinates for AuNHC
II were obtained from the crystal structure of [Au(bis(1-butyl-3-
methyl-imidazole-2-ylidene))]PF6 (CCDC code 936581) [317]. The
crystallographic coordinates of the Tel24′G-quadruplex were used
as a frozen target in every step. The ligand was quantum me-
chanically optimized as in both cis and trans conformations at the
B3LYP/LACV3P∗ ∗+ level of theory and the atomic electrostatic
charges were calculated and used in the following steps. The lig-
and was flexibly docked on the target restraining the gold atom
positions to those evidenced by crystallography. Flexible docking
was necessary to let the alkyl chains move. One by one, all the
four gold positions close to the same G-tetrad were considered
for the calculations. The resulting adducts were then submitted
to molecular dynamics simulations with suitable constraints for
the ligand geometry (N-C-Au-C dihedral angles set to zero) and
the gold atom positions, and then optimized at QM/MM level of
theory (ligand only as the QM region).
The results of the simulations essentially indicate that the cis con-
formation is the most probable for the ligand in the adduct. In
each position, linear AuNHC II molecules are found to stack on
the external G-tetrads being involved in π-π interactions with two
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guanines (inter-planar distances 3.5 Å, figure 76). It is notewor-
thy to highlight that the aromatic moieties of the ligand are both
involved in such interactions, contrary to what observed in the
AuNHC I crystal structure where the size of the ligand did not al-
low a good matching between the caffeine moieties and the quar-
tets. The positions of gold atoms, which were not restrained in
the final QM/MM optimization, are slightly displaced from those
refined from crystallographic data (displacements in the range 0.3-
0.4 Å) and are similarly located above pyrimidine rings of gua-
nines. The alkyl chains of the molecules appear to interact with
the guanines so reinforcing the overall binding. Anyway, the sim-
ulations have supplied a reasonable binding mode of the ligand
to telomeric G-quadruplexes. Further efforts will be made in the
future in the attempt to study the interaction of the ligand with
human telomeric sequences in solution.

Figure 76: Poses calculated for the ligand in the Tel24′-AuNHC II crys-
tal structure (a). The binding site can be filled by the pres-
ence of two AuNHC II molecules at stacking distance from
one another (b).
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4.6 auIII complex auoxo6
The AuIII complex Auoxo6 (figure 77) has displayed valuable telo-
meric G4 binding properties along with poor interaction with du-
plex DNA [322]. The anticancer activity of the compound might
be indeed connected to G-quadruplex stabilization and consequent
telomerase inhibition. Structural detailed data about the ligand-
G4 adducts could be useful for a better understanding of binding
mode of such compound and could offer useful suggestions for
the development of further anticancer drug candidates. For this
reason, crystallization screenings of the adducts formed with the
human telomeric sequences Tel12 d[TAG3TTAGGGT] and Tel23

d[TAG3(TTAGGG)3] were performed, but unfortunately no crys-
tals suitable for X-ray diffraction analysis were obtained. The re-
quest of structural data about the ligand-G4 interaction was then
moved to NMR spectroscopy. Thanks to a scientific collaboration,
NMR experiments have been carried out in the research group
of Prof. Harald Schwalbe from the University of Frankfurt on the
adducts formed by the ligand and the human telomeric sequences
Tel26 d[A3G3(TTAGGG)3A2] and wtTel26 d[(TTAGGG)4T2], able
to fold into hybrid-1 and hybrid-2 G-quadruplex, respectively [185,
190]. The personal research activity within the project has been fo-
cused in the simulations of Auoxo6 bounded to such sequences
in 1:1 stoichiometric ratio, taking into account the information ob-
tained from 1D-NMR and 2D-NMR experiments. The coordinates
of hybrid-1 Tel26 (PDB code 2HY9 [185]) and hybrid-2 wtTel26

(PDB code 2JPZ [190]) were used for the simulations. The com-
bined efforts have led to the solution of the wtTel26-Auoxo6 so-
lution NMR structure which has been recently published [417],
while the investigation of the binding of Auoxo6 to the Tel26 se-
quence is still ongoing and not presented here.
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Figure 77: The Auoxo6 complex studied as G4 binding ligand.

4.6.1 In silico calculations and wtTel26-Auoxo6 NMR structure

NMR experiments have pointed out the binding of Auoxo6 on the
5′ end G-tetrads of the hybrid structures, especially with the G10

and G22 residues of Tel26 whereas the G12 and G16 residues of
wtTel26. Thus, the ligand seems to stack on the 5′ end G-quartet
by means of its bipyridine groups having the gold atoms posi-
tioned near the internal channel.
The starting coordinates for the metal complex were obtained from
the crystal structure of [(bipy2Me)2Au2(µ-O)2](PF6)2 (CSD entry
QIYZII) [418] and were quantum mechanically optimized at the
B3LYP/LACV3P∗ ∗+ level of theory. Atomic electrostatic charges
were also calculated and used in the subsequent steps. The ligand
was rigidly docked using grids centred on the 5′ end G-tetrads.
The poses were then scored on the basis of the minimum distance
between the gold atoms of the ligand and the potassium ions of
the G4 internal channel. Molecular dynamics simulations were
then carried out by using ligand restraints in order to retain the
gold coordination geometries (N-Au-O-Au dihedral angles set to
zero). In spite of the restraints used, the MM dynamics took to
a large alteration of the ligand’s geometry, hence the QM opti-
mized metal complex was docked again on the targets centring
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the grids where the distorted molecules were found at the end of
the simulations. QM/MM calculations were then performed on
the adducts (ligand and tetrads’ guanines at stacking distance as
the QM region).
Hybrid-2 topology shows parallel/antiparallel strands along with
a lateral and two propeller loops [190]. The binding of the ligand
is coincidentally observed at the 5′ end G-tetrad, in the proxim-
ity of the lateral loop, and it takes to a reduced mobility of the
G-quartets contrary to the high flexibility of loops. Thanks to the
good degree of planarity, the ligand interacts with guanines of
the tetrad, especially with G4, G12 and G16 residues (figure 78).
Additional π-π stacking interactions involve also Auoxo6 and the
A3 residue from the 5′ flank. It is noteworthy how the [Au2O2]

2+

group is positioned above the channel of the quadruplex, where a
negative electron density is present [57–59], contrary to what ob-
served for the AuI ligands studied. It can be hypothesized that the
alternative geometry and size of Auoxo6 with respect to AuNHC
I and AuNHC II (figure 61,73) have determined a different local-
ization of gold atoms on the G-tetrad, probably also favoured by
the hard character of AuIII ions.

4.7 palladium and platinum complexes
The palladium and platinum complexes [Pd(bapbpy)]2+ and [Pt-
(bapbpy)]2+ (figure 79) have shown remarkable anticancer proper-
ties possibly associated to DNA binding. As they display good fea-
tures for the interaction with non-canonical DNA foldings, struc-
tural studies have been carried in order to supply detailed in-
formation regarding their binding properties. The information
achieved could be useful for a better understanding of the biolog-
ical activity of the complexes. Up to now, the efforts have been
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Figure 78: Superposition of in silico QM/MM calculated and NMR en-
semble structures of the wtTel26-Auoxo6 adduct, PDB code
5MVB [417] (cyan, blue and light grey, dark grey coloured,
respectively).

focused on crystallographic experiments taking into account dif-
ferent DNA sequences. In addition, in silico calculations have pro-
vided complementary data.

4.7.1 X-ray crystallography

Crystallization screenings were performed for the adducts formed
by the metal complexes with the human telomeric sequences Tel12

d[TAG3TTAGGGT] and Tel23 d[TAG3(TTAGGG)3] as well as the
oligonucleotides d[CGTACG] and d[CGATCG] able to give rise to
local non-B DNA arrangements. Up to now, suitable crystals for X-
ray diffraction analysis have been obtained only for the CGTACG-
[Pt(bapbpy)]2+ adduct whose crystal structure has been recently
solved (table 25).

The crystal structure displays double-stranded DNA units and
ligand molecules in 2:1 stoichiometric ratio. The duplex units
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Figure 79: The palladium and platinum complexes studied as binders
of non-canonical DNA structures.

Table 25: Crystal data and refinement statistics for the CGTACG-
[Pt(bapbpy)]2+ structure.

Space group P 3221
Crystal system trigonal
Cell dimension (Å) a=b=30.21, c=117.44

Cell angles (◦) α=β=90, γ=120

Resolution range (Å) 26.16-2.30

Rfactor 0.243

Rfree 0.326

RMSD bonds (Å) 0.010

RMSD angles (◦) 1.580

Twin law -h -k l
Twin fraction 0.26

stack on one another and form columns growing along the [110],
[010] and [100] crystallographic directions (figure 80). The bind-
ing site of the ligand is observed at the interface between adjacent
B-type helices where a non-canonical arrangement can be recog-
nized. The residues involved in the binding site show significant
distortion from the classical B-DNA organization as well as the
bases located at the junction between contiguous DNA units.
The binding site of the ligand is defined by an eight-bases arrange-
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ment composed of the 3′ end C5 and G6 residues (chain A,C), the
5′ end G8 (chain B,D) and additional C7 residues (chain B,D) from
symmetry related units (figure 80). The bases give rise to quite
planar CGGC quartets characterized by C5-G8 and G6-C7 base
pairs (dihedral angle between the base pairs about 23

◦) together
with hydrogen bonds formed by G6 and G8 residues interacting
through their minor groove faces (guanines form a dihedral an-
gle of 15-18

◦, inter-atomic distances 2.3-2.7 Å). Unfortunately, the
disorder observed for [Pt(bapbpy)]2+ together with the high twin
fraction of the crystal analysed (≈25%) make the electron density
maps difficult to be interpreted. Anyway, some attempts have
been made in order to identify the most probable conformations
of the metal complex at the binding site.
The binding site hosts two platinum atoms about 2.5 Å apart from
each other, which were clearly localized by analysing the anoma-
lous signal from diffraction data. As a consequence, two differ-
ent positions of [Pt(bapbpy)]2+ share the site. The best results in
terms of residual densities in the [Fo-Fc] maps and atomic ther-
mal factors pointed out two ligand configurations, indicated in
the following as complex F and complex G, almost coplanar and
approximately related by a rotation of 90

◦ along the helical axis
(omit map figure 81). The ligand molecules mainly interact by π-
π stacking with DNA bases of the binding site (mean inter-planar
distances 3.4 Å, figure 80). The binding is further strengthen by
electrostatic attraction between the positively charged platinum
ions and the negative electron density of the DNA bases.
The 5′ end C7 residue of each CGTACG strand protrudes outside
the helix and gives rise to a connection with an adjacent, symme-
try related, column in the crystal. Interestingly, this kind of con-
nection between adjacent columns reveals a structural motif which
resembles that assumed by the Holliday junction of stacked-X type
(figure 82) [34, 35, 37–39]. Despite the obvious diversity between
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the present structure and Holliday junctions (HJ), [Pt(bapbpy)]2+

is found at such connection similarly to what observed in the crys-
tal structures of previously reported adducts formed by HJ-DNA
(PDB codes 1FHY, 2GWA) [419, 420]. This finding might indicate
that the metal complex could be able to interact with this kind of
secondary DNA structure.

Figure 80: Crystal structure of the [Pt(bapbpy)]2+-CGTACG adduct.
Formation of columns of double-stranded DNA along the
[110] direction (a). Focuses on the binding site filled by com-
plex F (b) and complex G (c).
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Figure 81: The platinum complex molecules shown within the electron
density map [Fo-Fc] at 1.5σ level.

Figure 82: The crystal packing of the [Pt(bapbpy)]2+-CGTACG struc-
ture defines a motif which is similar to a Holliday junction
organization of strands.
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4.7.2 Corroborative in silico calculations

In order to obtain a more detailed view of the overall interactions,
QM/MM calculations were performed on the coordinates of each
ligand-DNA adduct obtained by X-ray crystallography. On the
whole, the simulations confirmed the crystallographic position for
each ligand (figure 83). Metal complex F is involved in π-π stack-
ing interactions with C5 and G6 residues from chain A, G8 residue
from chain B, C5 residue from chain C and G8 residue from chain
D (inter-planar distances 3.2-3.3 Å). Conversely, complex G inter-
acts with C5 and G6 residues from chain A, G8 residue from chain
B and D (inter-planar distances 3.3-3.6 Å).

Figure 83: Superposition of the crystallographic (dark grey coloured)
and in silico calculated (purple coloured) positions of com-
plex F (a) and complex G (b) in the binding site of the
[Pt(bapbpy)]2+-CGTACG structure.



5 C O N C L U S I O N S
The research project has focused its attention on ligands able to
interact and stabilize non-canonical DNA foldings. As these sec-
ondary DNA structures show high biological activity and are prob-
ably involved in various processes, their targeting might open
stimulating perspectives for the treatment of various diseases, in-
cluding cancer. Human telomeric DNA has emerged in particular
as a promising target in anticancer drug discovery because it is
able to fold into G-quadruplex structures exerting inhibition ac-
tivity on telomerase, which is an enzyme implicated in the pro-
liferation of about 85% of cancer forms. During the three years
of PhD, the interaction of non-canonical foldings with natural and
synthetic compounds has been investigated in order to select valu-
able anticancer drug candidates.
Natural alkaloids Berberine, Coptisine, Sanguinarine and Chelery-
thrine have shown notable binding properties towards telomeric
tetraplexes, with particular mention of Coptisine and Chelery-
thrine that poorly stabilize duplex DNA. The detailed analyses of
their interaction with such DNA structures have allowed to shed
light on the importance of the dioxolo groups and the overall pla-
narity of the molecules in the formation of stable adducts.
The research activity has also concerned derivatives of Berberine
featuring functionalizations at the 13-position. The analogs have
shown improved G4 binding properties accompanied by better cy-
totoxic activity towards cancer cells in comparison to the natural
precursor. Structural investigations have pointed out the determi-
nant role of alkyl chain length and kind of pendant groups in the

203
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stability of resulting adducts. These factors shape the planarity
of the ligands that seems crucial for the improvement of the G4

binding properties. Interestingly, some derivatives have shown
the ability to bind multiple G-quadruplexes in solution which is a
intriguing scenario for the targeting of human telomeres.
As regards synthetic compounds, gold metal complexes have cov-
ered an important section of the research. AuI complexes have
displayed quite singular behaviour for the interaction with hu-
man telomeric G-quadruplexes. The binding of AuNHC I has
been analysed in great detail as it is characterized by multiple re-
action steps along with a slow kinetics. The formation of multiple
adducts in solution has been experimentally observed and theo-
retically simulated revealing the important dimensional matching
between the ligand and the binding site on the G-tetrads. As a
consequence, the binding of AuNHC I appears to be greatly influ-
enced by the quadruplex topology and in particular by the dispo-
sition of loops and flanking residues in the proximity of guanine
tetrads. Interestingly, G4-AuNHC I adducts have shown valuable
telomerase inhibition activity. On the basis of such results, the
structural investigation has been extended to AuNHC II which
however has displayed significant disorder when bounded to hu-
man telomeric G-quadruplexes at the solid state. In according to
the X-ray crystal structure, the binding of the ligand has been the-
oretically predicted by in silico calculations. Solution studies will
be anyway helpful to draw more complete conclusions about the
binding properties of such compound.
The interaction of the AuIII complex Auoxo6 with telomeric G-
quadruplex has been studied by a combined in silico and NMR
investigation which has successfully led to the NMR structure of
the adduct formed by the ligand and the wtTel26 sequence. The
structure has clarified the binding mode of the ligand and also the
consequent rearrangements of loops and flanking bases involved
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in the capping of the external G-tetrads.
Furthermore, [Pd(bapbpy)]2+ and [Pt(bapbpy)]2+ complexes were
studied as ligands able to bind non-canonical DNA structures.
The platinum complex was found to interact with local non-canon-
ical arrangements of double helix DNA by both crystallography
and in silico calculations. The packing of the crystal structure
suggests also the potential binding properties of the compounds
towards Holliday junctions which will be the object of future re-
search.
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cular dichroism and guanine quadruplexes”, Methods 2012, 57, 64–75.

[347] H. A. Benesi, J. Hildebrand, “A spectrophotometric investigation of the interaction of
iodine with aromatic hydrocarbons”, Journal of the American Chemical Society 1949, 71,
2703–2707.



Bibliography 229

[348] D. Lin, X. Fei, Y. Gu, C. Wang, Y. Tang, R. Li, J. Zhou, “A benzindole substituted carbazole
cyanine dye: a novel targeting fluorescent probe for parallel c-myc G-quadruplexes”,
Analyst 2015, 140, 5772–5780.

[349] M. M. Islam, S. Fujii, S. Sato, T. Okauchi, S. Takenaka, “A selective G-quadruplex DNA-
stabilizing ligand based on a cyclic naphthalene diimide derivative”, Molecules 2015, 20,
10963–10979.

[350] M.-H. Hu, S.-B. Chen, B. Wang, T.-M. Ou, L.-Q. Gu, J.-H. Tan, Z.-S. Huang, “Specific tar-
geting of telomeric multimeric G-quadruplexes by a new triaryl-substituted imidazole”,
Nucleic acids research 2017, 45, 1606–1618.

[351] M. Ferraroni, C. Bazzicalupi, F. Papi, G. Fiorillo, L. M. Guamán-Ortiz, A. Nocentini, A. I.
Scovassi, P. Lombardi, P. Gratteri, “Solution and Solid-State Analysis of Binding of 13-
Substituted Berberine Analogues to Human Telomeric G-quadruplexes”, Chemistry–An
Asian Journal 2016, 11, 1107–1115.

[352] C. Bazzicalupi, M. Ferraroni, F. Papi, L. Massai, B. Bertrand, L. Messori, P. Gratteri, A.
Casini, “Determinants for Tight and Selective Binding of a Medicinal Dicarbene Gold(I)
Complex to a Telomeric DNA G-Quadruplex: a Joint ESI MS and XRD Investigation”,
Angewandte Chemie 2016, 128, 4328–4331.

[353] F. Papi, C. Bazzicalupi, M. Ferraroni, L. Massai, B. Bertrand, P. Gratteri, D. Colangelo,
L. Messori, “The [Au(9-methylcaffein-8-ylidene)2]+/DNA Tel23 System: Solution, Com-
putational and Biological Studies”, Chemistry–A European Journal 2017, 23, 13784–13791.

[354] I. Berger, C. Kang, N. Sinha, M. Wolters, A. Rich, “A highly efficient 24-condition ma-
trix for the crystallization of nucleic acid fragments”, Acta Crystallographica Section D:
Biological Crystallography 1996, 52, 465–468.

[355] N. H. Campbell, G. N. Parkinson, “Crystallographic studies of quadruplex nucleic acids”,
Methods 2007, 43, 252–263.

[356] W. Kabsch, “Xds”, Acta Crystallographica Section D: Biological Crystallography 2010, 66, 125–
132.

[357] G. M. Sheldrick, “A short history of SHELX”, Acta Crystallographica Section A: Foundations
of Crystallography 2008, 64, 112–122.

[358] A. J. McCoy, R. W. Grosse-Kunstleve, P. D. Adams, M. D. Winn, L. C. Storoni, R. J. Read,
“Phaser crystallographic software”, Journal of applied crystallography 2007, 40, 658–674.

[359] A. Vagin, A. Teplyakov, “MOLREP: an automated program for molecular replacement”,
Journal of applied crystallography 1997, 30, 1022–1025.

[360] G. N. Murshudov, A. A. Vagin, E. J. Dodson, “Refinement of macromolecular structures
by the maximum-likelihood method”, Acta Crystallographica Section D: Biological Crystal-
lography 1997, 53, 240–255.

[361] M. D. Winn, C. C. Ballard, K. D. Cowtan, E. J. Dodson, P. Emsley, P. R. Evans, R. M.
Keegan, E. B. Krissinel, A. G. Leslie, A. McCoy, et al., “Overview of the CCP4 suite and
current developments”, Acta Crystallographica Section D: Biological Crystallography 2011,
67, 235–242.

[362] P. D. Adams, P. V. Afonine, G. Bunkóczi, V. B. Chen, I. W. Davis, N. Echols, J. J. Headd,
L.-W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, et al., “PHENIX: a comprehensive
Python-based system for macromolecular structure solution”, Acta Crystallographica Sec-
tion D: Biological Crystallography 2010, 66, 213–221.



230 Bibliography

[363] P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, “Features and development of Coot”,
Acta Crystallographica Section D: Biological Crystallography 2010, 66, 486–501.

[364] Schrödinger Release 2016: Maestro, Schrödinger, LLC, New York, NY, 2016.

[365] N. W. Moriarty, R. W. Grosse-Kunstleve, P. D. Adams, “electronic Ligand Builder and Op-
timization Workbench (eLBOW): a tool for ligand coordinate and restraint generation”,
Acta Crystallographica Section D: Biological Crystallography 2009, 65, 1074–1080.

[366] Schrödinger Suite 2016, Schrödinger, LLC, New York, NY, 2016.

[367] M. Ferraroni, C. Bazzicalupi, F. Papi, P. Gratteri in G-Quadruplex Structures, Formation and
Role in Biology, Nova Science Publishers, 2016, pp. 81–102.

[368] Schrödinger Release 2016: Jaguar, Schrödinger, LLC, New York, NY, 2016.

[369] Schrödinger Release 2016: Glide, Schrödinger, LLC, New York, NY, 2016.

[370] Schrödinger Release 2016: MacroModel, Schrödinger, LLC, New York, NY, 2016.

[371] Schrödinger Release 2016: Impact, Schrödinger, LLC, New York, NY, 2016.

[372] T. Wilson, P. J. Costa, V. Félix, M. P. Williamson, J. A. Thomas, “Structural studies on din-
uclear ruthenium(II) complexes that bind diastereoselectively to an antiparallel folded
human telomere sequence”, Journal of medicinal chemistry 2013, 56, 8674–8683.

[373] Schrödinger Release 2016: QSite, Schrödinger, LLC, New York, NY, 2016.

[374] D. Bhowmik, M. Hossain, F. Buzzetti, R. D’Auria, P. Lombardi, G. S. Kumar, “Biophysical
studies on the effect of the 13 position substitution of the anticancer alkaloid berberine
on its DNA binding”, The Journal of Physical Chemistry B 2012, 116, 2314–2324.

[375] D. Bhowmik, F. Buzzetti, G. Fiorillo, P. Lombardi, G. S. Kumar, “Spectroscopic stud-
ies on the binding interaction of novel 13-phenylalkyl analogs of the natural alkaloid
berberine to nucleic acid triplexes”, Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy 2014, 120, 257–264.

[376] D. Bhowmik, F. Buzzetti, G. Fiorillo, L. Franchini, T. M. Syeda, P. Lombardi, G. S. Ku-
mar, “Calorimetry and thermal analysis studies on the binding of 13-phenylalkyl and 13-
diphenylalkyl berberine analogs to tRNAphe”, Journal of Thermal Analysis and Calorimetry
2014, 118, 461–473.

[377] F. Papi, M. Ferraroni, R. Rigo, S. Da Ros, C. Bazzicalupi, C. Sissi, P. Gratteri, “Role of
the benzodioxole group in the interactions between the natural alkaloids Chelerythrine
and Coptisine and the human telomeric G-quadruplex DNA. A multiapproach investi-
gation.”, Journal of Natural Products 2017, accepted for publication.

[378] M. Maiti, G. S. Kumar, “Polymorphic nucleic acid binding of bioactive isoquinoline alka-
loids and their role in cancer”, Journal of nucleic acids 2010, 2010.

[379] G. W. Collie, N. H. Campbell, S. Neidle, “Loop flexibility in human telomeric quadruplex
small-molecule complexes”, Nucleic acids research 2015, 43, 4785–4799.

[380] S. Neidle, “The structures of quadruplex nucleic acids and their drug complexes”, Cur-
rent opinion in structural biology 2009, 19, 239–250.

[381] N. H. Campbell, G. N. Parkinson, A. P. Reszka, S. Neidle, “Structural basis of DNA
quadruplex recognition by an acridine drug”, Journal of the American Chemical Society
2008, 130, 6722–6724.



Bibliography 231

[382] B. M. Kariuki, W. Jones, “Five salts of berberine”, Acta Crystallographica Section C: Crystal
Structure Communications 1995, 51, 1234–1240.
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