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Abstract

G-quadruplexes (G4s) are non-canonical four-stranded DNA helical structures
formed through the stacking of four in-plane Hoogsteen-paired guanine bases.
Conformational triggers of G4s have a huge potential in many areas, from nan-
otechnology to biomedicine. The aim of this thesis is to investigate the G4 confor-
mational changes upon ligand complexation and by light activation. Firstly, a few
small molecules were selected and tested as DNA ligands proving their capability
to induce G4 secondary structure rearrangements and stabilisation. Among them,
two photosensitive ligands were chosen: TMPyP4 porphyrin and photo-isomer
pyridinium-decorated dithienylethene (DTE). Irradiation is a precise method in
which timing, location, and strength of light can be easily controlled. Therefore,
the use of photosensitive ligands could represent a molecular tailoring method
for controlling changes in morphology and stability of G4s by non-invasive irra-
diation. Although several classes of drugs able to form complexes with G4s have
been identified, the investigation of the G4-ligand interaction under different ex-
perimental conditions is still a challenge requiring the use of many techniques
operating on different spatial and temporal scales.

Here, the results from a multi-technique approach combining structural and
molecular information to get access to the G4s properties are reported. In-house
techniques, such as UV-Visible absorption, circular dichroism and fluorescence
spectroscopy, were combined with small-angle X-ray/neutron scattering meth-
ods and UV-resonant Raman spectroscopy available at large-scale facilities. To
provide new insights from the experimental data, a multivariate singular value
decomposition method was employed to extract quantitative information from
complex datasets.

Overall, the proposed strategy allowed obtaining an experimental scheme to
trigger conformational variations in the G4-drug complexes and to define the
photo-physical parameters of the irradiation process (photo-reaction efficacy, ir-
radiation time, photo-product stability) according to specific applications. One
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Abstract

of the most important results of the work concerns the irradiation of the com-
plex formed by the human G4 telomeric sequence AG3(TTAG3)3 (Tel22) and
TMPyP4. At DNA concentration of tens of micromolar, irradiation with 430 nm
partially destroys the Tel22 structure, possibly by oxidising the guanines. In-
terestingly, at a concentration one order of magnitude larger, porphyrin binding
promotes Tel22 dimerisation and light irradiation increases dimer fraction.

In the future, the synergistic use of information at different structural levels
will serve as a diagnostic strategy to carry out photo-control of G4 dimerisation
and stabilisation or tetrad disruption. Apart from applications in biomedicine,
the use of photosensitive ligands to modulate the conformation of G4 complexes
could be employed to tailor DNA nanometric bricks for light-switching reversible
applications and biosensing technologies. This aspect was highlighted in the case
of the interaction between Tel22 and DTE.

This thesis is divided as follows: the first chapter is a brief introduction to
the polymorphic world of G4s, focusing the attention on their structure, possible
applications, and finally on the specific case of Tel22. The second chapter gives
an overview of the techniques employed for the experiments: UV-Vis absorption,
circular dichroism, UV resonant Raman, and fluorescence spectroscopy and small-
angle X-ray/neutron scattering. An additional section is dedicated to the singular
value decomposition method. The third chapter collects the results obtained for
Tel22 alone. This sequence is highly polymorphic, so it is essential to define its
conformational structural properties in different environmental conditions. The
fourth chapter is about the conformational changes induced on the Tel22 structure
by the complexation with a set of small molecules. The fifth chapter extends the
analysis to photosensitive ligands (DTE and TMPyP4) interacting with Tel22.
Both dark and light conditions were taken into account. The last chapter is
focused on the Tel22 conformational changes induced by complexation with por-
phyrin TMPyP4 in the high-concentration regime. These conditions allowed the
use of small-angle scattering techniques at the characterisation of the quaternary
structure level. At the end, conclusions and perspectives are discussed.
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Danish abstract

G-kvadruplexer (G4’ere) er ikke-kanoniske firestrengede DNA-helixstrukturer,
der dannes ved at stable fire Hoogsteen-parrede guaninbaser. Konformation-
safhængige aktivatorer af G4’ere har et enormt potentiale inden for mange om-
råder, fra nanoteknologi til biomedicin. Formålet med denne afhandling er at
undersøge konformationsændringer af G4 ved ligandkompleksdannelse og ved lys-
aktivering. Først blev nogle små molekyler udvalgt og testet som DNA-ligander,
for at vise deres evne til at inducere ændringer i sekundærstruktur og stabilitet
af G4. Blandt dem, blev to lysfølsomme ligander valgt: TMPyP4-porfyrin og fo-
toisomer pyridinium-dekoreret dithienylethen (DTE). Lys-aktivering er en præcis
metode, hvor timing, placering og styrke af lys-strålen let kan kontrolleres. Derfor
kunne brugen af lysfølsomme ligander udgøre en molekylær skræddersyet metode
til at kontrollere ændringer i G4’s morfologi og stabilitet ved ikke-invasiv be-
stråling med lys. Selv om flere klasser af lægemidler, der kan danne komplekser
med G4er er blevet identificeret, er undersøgelsen af G4-ligand-interaktionen un-
der forskellige eksperimentelle betingelser stadig en udfordring, der kræver an-
vendelse af mange teknikker, der opererer på forskellige rumlige og tidsmæssige
skalaer. Her præsenteres resultaterne af en multiteknisk tilgang, der kombinerer
strukturel og molekylær information om G4’s egenskaber. In-house teknikker,
såsom UV-Vis absorption, cirkulær dichroisme og fluorescensspektroskopi, blev
kombineret med småvinkelrøntgen-/neutronspredningsmetoder og UV-resonans
Raman-spektroskopi, som er tilgængelige på store forskningsfaciliteter. For at
give ny indsigt fra de eksperimentelle data blev der anvendt en multivariat sin-
gulærværdi dekomponeringsmetode til at udtrække kvantitativ information fra
komplekse datasæt. Samlet set har den foreslåede strategi gjort det muligt
at opnå en eksperimentel fremgangsmåde til at påvirke konformationelle vari-
ationer i G4-lægemiddelkomplekserne og at definere de fotofysiske parametre
for lys-bestrålingsprocessen (fotoreaktionseffektivitet, bestrålingstid, fotoproduk-
tstabilitet) i henhold til specifikke anvendelser. Et af de vigtigste resultater af
arbejdet vedrører bestråling af det kompleks, der er dannet af den humane G4-
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Danish abstract

telomersekvens AG3(TTAG3)3 (Tel22) og TMPyP4. Ved en DNA-koncentration
på et tocifret antal mikromolær ødelægger bestråling ved 430 nm delvist Tel22-
strukturen, muligvis ved oxidering af guaninerne. Interessant nok ved en koncen-
tration, der er en størrelsesorden større, fremmer porfyrinbinding Tel22-dimerisering,
og lysbestråling øger dimerfraktionen. I fremtiden vil den synergistiske anven-
delse af information på forskellige strukturelle niveauer tjene som en diagnostisk
strategi til at foretage fotokontrol af G4-dimerisering og -stabilisering eller split-
telse af tetrameren. Ud over anvendelser inden for biomedicin kan brugen af
lysfølsomme ligander til at modulere konformationen af G4-komplekser anvendes
til at skræddersy nanometriske DNA-blokke til reversible lysskiftende applika-
tioner og biosensorteknologier. Dette aspekt blev fremhævet i eksemplet med
interaktionen mellem Tel22 og DTE.
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Chapter 1:

G-quadruplex: non-canonical DNA struc-
ture

1.1 Introduction

Non-canonical DNA structures, especially G-quadruplexes (G4s), have gained a
lot of attention in the last two decades. Even though at first they were seen
as structural curiosities, they are now recognised to be involved in a number of
key genome functions. This chapter is not meant to be an in-depth review of
G4 structure and functions but it is a short overview with the basic knowledge
required to better understand this work. For excellent reviews see [1–6].

1.2 Brief history of G-quadruplex

DNA structure was solved in 1953 by Watson, Crick, and Franklin [7]. This event
was the first milestone to study and visualise DNA topologies. At that moment,
probably, nobody suspected that a "non-canonical" DNA structure could occur.
After less than one decade, in 1962, Guedin et al. [8] revealed a DNA struc-
ture composed of two or more G-tetrads, i.e. four guanines (G) held together by
Hoogsteen hydrogen bonds, stacked on top of each other. This structure, called
G4, is shown in figure 1.1. The four guanines are held together by Hoogsteen
hydrogen bonds [9]. The hydrogen bond network is not enough to guarantee a
stable structure, therefore the G4 is primarily stabilised through the overlap of π
orbitals of stacked guanines and by the presence of a monovalent cation centrally
coordinated to O6 of the guanines [10]. DNA and RNA G4s can adopt very poly-
morphic structures having specific and crucial roles for many biological functions.
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Chapter 1. G-quadruplex: non-canonical DNA structure

Preferentially, the folding of G4s is promoted by the presence of cations, such as
K+ (placed in between G-tetrads) and Na+ (sitting in the tetrad plane) [11].

Figure 1.1: G4 schematic view: a) G4 tetrad, composed of four guanines held together
by Hoogsteen hydrogen bonds and a central cation. b) Lateral and c) top view of G4.

In each plane, the guanines making up the tetrad are coloured differently.

At the end of the 80s, it was revealed that guanine-rich telomere sequences
spontaneously formed G4 structures in vitro under physiological conditions [12–
14]. However, only in the twenty-first century, thanks to the use of G4-targeting
antibodies [15–19], they were first observed in cells. Since their first appearance,
many G4 structures have been resolved, and X-ray crystallography and NMR
spectroscopy have offered insights into their topology characterisation with the
main focus on the human telomeric or promoter sequences [20–23]. In order to
predict potential G4 structures in the genome, algorithms employing sequence
motifs like G≥3NxG≥3NxG≥3NxG≥3 were designed and implemented based on
biophysical investigations and employing on various G4 structures [4, 24]. For
the first models, the necessary requisite was to have four continuous stretches of
guanines and at most seven nucleotides long loops. As a result of the observation
of many G4s with different properties, like longer loops and discontinuities in G-
stretches causing bulges [25, 26], new predictive models were developed. Later,
machine learning came to the aid on the G4 prediction formation thanks to the
recent availability of massive experimental datasets on G4s [27].
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Chapter 1. G-quadruplex: non-canonical DNA structure

1.3 Topology and structure

One, two, or four distinct strands of DNA (or RNA) can be combined to pro-
duce quadruplexes, which can be unimolecular or intermolecular. G4s can have
a wide range of topologies due to the many possible combinations of strand di-
rection, loop size, and sequence. As said before, they are composed of a core of
at least two stacked G-tetrads that are joined by loops made of mixed-sequence
nucleotides. Many factors affect the G4 arrangement: type of monovalent ion,
pH, concentration, molecular crowding, temperature, and other environmental
conditions. It was experimentally found that a variety of G4 structures can form
[3]. Propeller-like loops result from adjacent linked parallel strands and bridge
the bottom G-tetrad with the top G-tetrad, giving rise to the G4 topology usually
known as "parallel". Along with the propeller, also the lateral and the diagonal
loops are present in G4s, the former connecting adjacent G-strands, while the
latter the opposite G-tetrads. Lateral and diagonal loops are present in the G4
topologies called "antiparallel" and "hybrid". Even if it is a simplified view, it is
often convenient to divide the G4s into these three mentioned families: parallel
(↑↑↑↑), antiparallel (↑↓↑↓), and hybrid (↑↑↓↑ or ↑↓↑↑), each arrow indicates the
phosphodiester backbone direction from 5’ to 3’. A schematic cartoon of the three
G4 topologies and the corresponding loops is present in figure 1.2.

Figure 1.2: Cartoon of the parallel, hybrid, and antiparallel topologies and of the
propeller, lateral, and diagonal loops.

Four grooves, which are the cavities delimited by the phosphodiester back-
bones, are present in all quadruplex structures. Variable groove dimensions, such
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Chapter 1. G-quadruplex: non-canonical DNA structure

as narrow, medium, and wide, are determined by the overall topology and the
type of loops. The depth of the grooves is the result of different orientations
of the glycosidic bond. The glycosidic bond angle (GBA) χ can be in two di-
verse conformations (see figure 1.3): syn when −90◦ < χ < 90◦ or anti when
90◦ < χ < 180◦.

Figure 1.3: Chemical structure of syn and anti glycosidic bond angles.

Since guanine segments provide the possibility for a wide range of different
hydrogen bond alignments, a more specific classification is needed to describe the
G4 structural diversity. The Webba da Silva group suggested a new exhaustive
description including the number of guanines in the stem, the kind of loops con-
necting the G-tracts, and the GBA relative to the starting nucleotide closest to
the 5’ end [3, 28, 29]. The types of loops are identified with their initials "p,l,d"
(propeller, lateral, and diagonal) and a +/- is placed before the initial, + (-)
indicates clockwise (anti-clockwise) direction with respect to 5’ end. The latter is
the most common in G4s. For even greater specificity, an additional description
can be provided for lateral loops. After the letter l the subscripts m, n or w can
be added to indicate the grooves type (medium, narrow, wide).

To better explain this nomenclature, two examples follow. Figure 1.4 shows
the schematic cartoon of the 22 bases human telomeric G4 in two different con-
formations. On the left the representation of the 1KF1 structure, which is a
−p− p− p, and on the right the 143D one, which is +lwd− ln. When compared
to the common description, it is obvious how effective this naming approach is to
describe the several possible G4 structure combination; however, for the sake of
simplicity, the expression parallel, antiparallel, and hybrid will often be used in
this work.
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Chapter 1. G-quadruplex: non-canonical DNA structure

Figure 1.4: Schematic representation of the folded structures of Tel22 in two different
topologies. The green and purple squares represent the guanine bases in the

corresponding anti and syn conformations, respectively. The red circle is the reference
starting point.

1.4 G-quadruplex applications

G4s are extensively studied and can have several applications, from the develop-
ment of new nanodevices to the medical-pharmaceutical field. From the biological
point of view, more than 400000 G4s have been predicted in the human genome
[30]. Their location is often related to cancer biology and genome activities like
transcription, replication, genome stability, and epigenetic regulation [31, 32].
Usually, they are found in telomeres, promoter regions, 5’-UTR and 3’-UTR, ri-
bosome binding sites, and in long non-coding RNA. From the beginning, many
efforts were made to study telomeric G4s. It is well known that in the terminal
part of chromosomes the telomeres are composed of single-strand DNA rich in
guanines and it was demonstrated that G4 formation can occur in these regions
[14]. The stabilisation of the G4 structure can block the activity of the telomerase
[33]. This enzyme, which is present in stem cells but not in the somatic ones, is
in 85% of tumour cells and it elongates the telomeres when they are cut during
each cell division, giving cancer cells an infinite lifespan [34, 35]. A stable G4 can
inhibit the telomerase action and make cancer cells no longer immortal.

Many investigations are related to the use of G4 as a new and promising
anticancer target. Moreover, G4s are present in the promoter of oncogenes and
it seems that they are a key regulatory checkpoint [36]. In fact, in the literature,
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Chapter 1. G-quadruplex: non-canonical DNA structure

there are examples where the G4 acts as a transcription repressor [37–41]. Clearly,
also in this context, the anti-cancer application of this non-canonical DNA comes
to light, not only because the G4 alters the transcription, but also because it is
present in 67% of genes involved in cancer.

In addition to their biological role, G4s can have many applications in ther-
apeutics and nanotechnology fields. In fact, they have also entered clinical use
as aptamers [42], which are short oligonucleotides employed as medicines that
bind to certain biological targets to carry out their tasks. G4 aptamers are now
being developed for a range of human ailments, including inflammatory diseases,
prion diseases, and thyroid disorders. G4 aptamers can function as anticoagu-
lant, anticancer, antiviral, antibacterial, and antifungal drugs. In 1910 it was
observed that concentrated guanosine in monophosphate solutions were able to
form "gels" [43]. Now we know that it was the first identification of G4-wires,
which are lengthy stacking interactions of hundreds of G-tetrad units. G4-wires
are now being evaluated for their usage in nanoelectronics applications due to
their substantial π overlap, structural rigidity, and guanine low ionisation poten-
tial [44]. Due to its high polymorphism and, in some cases, the ability to control
topology switching or structure formation and destruction, G4 is considered a
new possible component of nanodevices, as biosensor logic gates [45, 46].

1.5 Human telomeric G-quadruplex

Telomeres are guanine-rich sequences made up of tandem DNA motif d(TTAGGG)
[47] and G4 can occur in their terminal 150-250 nucleotides where DNA is in
single-stranded form [12]. Since the telomeric quadruplex could be used as a fu-
ture target for cancer therapeutics, the human telomeric sequence AG3(TTAG3)3

(Tel22) has gained a lot of attention in the past decades. Due to its polymorphic
nature and propensity to switch from one conformation to another when placed in
different experimental conditions, its structure in physiological conditions is still
an open question. In 1993 Wang and Patel solved the nuclear magnetic resonance
(NMR) solution structure in Na+ environment and in those conditions the Tel22
is in the antiparallel topology [48]; in figure 1.5 its PDB.
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Figure 1.5: Cartoon representation of the PDB structures of Tel22 with different
cations. On the left: Tel22 crystal structure in K+, PDB 1KF1 [20]. On the right:

Tel22 NMR structure in Na+, PDB 143D [48].

After almost ten years, the crystal structure in K+ was solved by Parkinson
et al. [20] and, in this case, the same sequence is in a parallel topology, shown
in figure 1.5. Even if the two techniques investigate two different conditions and
DNA concentration, this result was unexpected and has brought attention to
Tel22 conformation in the K+ solution. As a matter of fact, gaining knowledge of
the Tel22 structure under physiological conditions is relevant for G4 drug design.
For this purpose, circular dichroism and NMR are remarkably sensitive to inves-
tigate the G4 conformational topologies in solution. Ambrus et al. revealed that
the polymorphism of the human telomeric sequence is not just the effects of the
two cations but it is also related to the DNA environmental conditions. In fact,
the Tel22 in K+ solution is in a hybrid-type mixed parallel/antiparallel-stranded
structure [21, 49, 50] while, as said before, its crystal structure is in the paral-
lel configuration. They also investigated the effect of the addition of potassium
ion on the G4 structure in sodium, discovering that even small quantities of K+
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lead to conformational rearrangement and, thus, shift toward the hybrid topol-
ogy. Surprisingly, the Tel22 topology in K+ is also affected by changing the DNA
concentration: circular dichroism showed the propensity to switch from hybrid to
parallel conformation as concentration increases from ∼ 40 µM to 4.5 mM [51].
However, not all telomere topologies are biologically significant and some factors
can alter the predominant conformation in physiological conditions such as crys-
tal packing, dehydration, crowding, and non-physiological cation. In 2019 using
19F-NMR technology to monitor the folding of Tel22 in HeLa cells, it was dis-
covered that just the hybrid conformations occur [52]. For this reason, studying
DNA in hybrid configurations is also relevant to mimic in-vivo conditions.

1.6 Interaction with small molecules

Since G4 has been proposed as a powerful target for anticancer therapeutics and
for many other clinical applications, many efforts have been made to optimise the
performances of the binders according to their use. The G-Quadruplex Ligands
Database now has about 1000 small compounds that target G4 structures [53].
Small molecule G4 binders often contain similar features, such as a steric bulk
to prevent intercalation with double-stranded DNA, an aromatic surface for π-
stacking on the top of G4s, or a positive charge to interact with the loops [54].
However, the rational design of new G4 ligands is not easy and can be challenging
due to its intrinsic polymorphic nature. In principle, the ligands must have a
strong G4 affinity but also to be selective as compared to the duplex DNA and,
nowadays, more G4 topology specificity is requested to optimise the quadruplex
functions. Despite a huge literature on the development of new G4 binders and
many ligands have been shown to inhibit the telomerase action [55–58], a molecule
able to pass all the clinical trials and to be used for therapeutic applications has
not yet been identified due to the poor drug-like properties. Quarfloxin, for
instance, did not proceed with phase III [59], despite having completed phase II
[60] as a prospective therapeutic treatment against various malignancies due to
its strong albumin binding. The next steps will be to find ligands able to target
just specific G4 topologies and to improve pharmacokinetic properties.
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1.7 Photosensitive ligands and light stimuli

It has been demonstrated that a wide variety of small-molecule ligands bind with
G4s, causing significant modifications to the DNA folding topology or even its
unfolding. The goal is to find a ligand, an external agent capable of modifying
the properties of the G4 but not interfering with the environment. Several exter-
nal stimuli were used to regulate material reactions, including temperature, pH,
electrical field strength, and molecular recognition. The external trigger for bio-
logical processes with the higher potential is likely photo-irradiation. In fact, in
contrast to the irreversible addition of chemical stimuli, which tends to build up,
irradiation generally does not contaminate the system, making it a traceless tech-
nique once irradiation has stopped. For this reason, in this thesis, it was decided
to employ photosensitive ligands and light stimuli to trigger DNA conformational
changes. As a spatio-temporally controllable non-invasive tool for biological ap-
plications, light presents unmatched perspectives. To date, the requirement to
induce switching with UV light, which is frequently harmful and penetrates most
milieux only partially, restrains the development of effective photodynamic sys-
tems in significant ways. Many efforts have been made in a variety of fields to
individuate natural compounds or to create artificial photosensitive systems that
react predominantly to visible and near-infrared light (400-1000 nm).

In this work, the irradiation effects on Tel22 upon complexation with two rel-
evant photosensitive ligands were studied. The former is the TMPyP4 porphyrin,
which is able to downregulate the expression of genes by quadruplex formation
in the promoter region. Porphyrins produce singlet oxygen (1O2) when exposed
to radiation, a feature that is frequently employed in photodynamic therapy.
In particular, it has recently been demonstrated that singlets preferentially oxi-
dise guanines at the exterior faces when interacting with G4s, producing a large
number of radicals. The latter is a recently synthesised pyridinium-decorated
dithienylethene (DTE) ligand, which has been shown to selectively target G4 with
discrimination against duplex DNA, and to produce reversible photo-switching
between the open (1o) and closed (1c) isomers by alternating blue/red visible
light exposure [61].
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Chapter 2:

Materials and methods

2.1 Introduction

In this chapter, the fundamental principles and methods adopted in this work
are briefly explained. Contextually, the environmental conditions of each exper-
iment are described. It is worth mentioning that in potassium environment the
human telomeric Tel22, due to its high polymorphic propensity, and its hetero-
geneity in solution, is difficult to characterise. As evidence of this, the reported
NMR measurements in the literature show guanine imino spectral overlap with
the consequent impossibility of resolving the structure. The lack of information
on structural characterisation is a huge limitation in developing new selective
anticancer drugs. In this context, this work has the aim of providing a methodol-
ogy to investigate G4 conformational changes and drug interaction employing a
multi-scale approach combining in-house techniques such as UV-Vis absorption,
circular dichroism and fluorescence with UV resonant Raman spectroscopy and
small-angle neutron/X-ray scattering available at the large scale facilities.
This chapter is based on few extensive reviews [62–73].

2.2 UV-Visible absorption spectroscopy

One of the most common techniques for sample characterisation in material sci-
ence is UV-Vis absorption (ABS) spectroscopy. ABS is helpful for investigating
the electronic properties of materials and biological samples. It measures the
attenuation of a beam of light after it passes through a sample, the absorbance
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A is defined as the logarithm of the reciprocal of the transmittance T :

A = − log(T ) = log(
I0
I
) (2.1)

where I0 and I are the incident and the transmitted intensity, respectively. As-
suming that there is a linear relationship between the absorber concentration
and the absorbance, ABS is used to get quantitative information on the sample
concentration through the Beer-Lambert law:

A = lcϵ (2.2)

where l is the path length, c is the absorbing species concentration, and ϵ is the
extinction coefficient, a measure of the degree of light absorbance of a chemical
species at a specific wavelength.

Therefore, UV-Vis absorption was employed not only for estimating G4 and
ligands concentration but also to get information on the DNA-drug interaction.
Indeed, the G4 binders usually have an absorption peak far from that of the G4s
(260 nm) and, by monitoring their intensity changes and their peak shifts during
a titration experiment, it is possible to estimate the number of binding sites and,
sometimes, also the kind of interaction and the binding constant. UV-Vis ab-
sorption measurements were performed using a Jasco V-570 Spectrophotometer,
with a quartz cuvette path length of 1 mm. The UV-Vis investigated spectral
range was from 190 to 800 nm.

2.3 Circular Dichroism spectroscopy

Circular Dichroism (CD) is a really useful tool for investigating the secondary
structure conformational changes of proteins and nucleic acids. It provides a
method for determining the effect of a mutation or a change of environment
(temperature, pH, ionic strength) on the overall molecular structure. Moreover,
it is widely used because it needs only small amounts of samples and it does not
damage them. CD signal is not produced by all the molecules, but just from
those that are optically active. For this purpose, an important property is the
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rotational strength (Roa) defined as follows:

Roa = µe · µm (2.3)

where µe is the electronic dipole moment and µm is the magnetic moment. The
Roa is the imaginary part of the scalar product of the electric dipole and the
magnetic dipole induced by the light. A molecule is optically active if the ro-
tational strength is different to zero. If a molecule has a plane or centre of
symmetry, the rotational strength is zero and there is no optical activity. In-
stead, when the magnetic and electric fields are not orthogonal, the molecule is
optically active, and it happens when there is an asymmetry in the system. Sub-
stances are optically active when they rotate the plane of polarisation of a beam
of light passing through it. Chiral molecules have covalent bonds that cannot
be superimposed on their mirror images and they are optically active. CD is
a light absorption spectroscopy, which measures the difference in absorption of
left-handed and right-handed circularly polarised light:

CD = ∆A = Al − Ar = lcϵL − lcϵR = lc∆ϵ (2.4)

where l is the path length, c is the absorbing species concentration, and ϵ is the
extinction coefficient.

2.3.1 Circular Dichroism of G-quadruplexes

Chromophores are the functional groups in molecules that absorb light and pro-
duce electronic transitions. The amide group and some groups in the aromatic
amino acids are the chromophores of proteins, while the nucleobases are those
of oligonucleotides. These moieties are the ones that produce a CD signal. In
particular, guanine possesses two absorption bands in the 240–290 nm region,
which are connected to two π → π∗ transitions at about 279 and 248 nm [74,
75]. In G4s the G-tetrads are stacked on top of the other and turned one with
respect to the adjacent. This rotation generates the chiral exciton coupling be-
tween transition dipole moments of guanines. This effect is generated by two or
more chromophores that are chirally oriented [76] and gives rise to two bands
with opposite signs, where the wavelength of the zero CD signal corresponds to
the one where there is the maximum in the absorption spectra. The G4 CD

19



Chapter 2. Materials and methods

signal strongly depends on the exciton coupling that is generated by the orien-
tation of the glycosidic bonds (syn and anti), which change the overlapping of
molecular orbitals. The different combinations of syn/anti configurations give
rise to different G4 topologies. This is the reason why CD is so sensitive to G4
secondary structure changes. In a three-tetrad G4 system, the number of possible
G-tetrad glycosidic bond and the loop combinations makes 32 possible configu-
rations but, to simplify, they can be grouped into three main topology families:
parallel, antiparallel, hybrid. Chaires’ group created a library of CD spectra of 23
well-characterised G4s with a known structure [77], most of them can be placed
into these three secondary structure topologies. As a rule of thumb, they can be
distinguished by their maximum and minimum, the parallel maximum is at ∼ 260
nm and the minimum at 245 nm, while the antiparallel has two maxima at ∼ 295
nm and 245 nm and a minimum at 260 nm, lastly the hybrid with maxima at 295
nm and 260 nm and minimum at 245 nm. Figure 2.1 shows the CD signature of
these three configurations: spectra are obtained by averaging the 23 CD signals
forming the library [77].

Figure 2.1: Average CD spectra of the three main topology families. In black the
parallel group, in red the hybrid, and in green the antiparallel. Figure taken from [77].

2.3.2 Spectropolarimeter Jasco J-810

Circular Dichroism experiments were carried out with a Jasco J-810 spectropo-
larimeter. When it is not specified, to achieve the best signal to noise ratio, a 1
mm path-length quartz cuvette was employed with tens of micromolar of DNA
concentration. The CD experiments of chapter 6 were carried out by utilising
a 0.1 mm path-length quartz cuvette and a DNA concentration of hundreds of
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micromolar. For Tel22 the investigated CD range was between 220 nm to 350
nm, sometimes extended up to 500 nm to look at the induced CD spectra of the
ligands, and the scan speed was set at 50 nm/min. The melting experiments were
achieved through a thermal bath.

The schematic view of the spectropolarimeter Jasco J-810 is shown in figure
2.2. The light, emitted from a xenon lamp, is converged by the M1 mirror into
the S1 entrance slit, and then there is the optical system related to the first
monochromator, whereas the second monochromator is related to the optical sys-
tem between the S2 intermediate slit and the S3 exit slit. A double monochroma-
tor ability to reduce stray light is essential for CD measurements. The instrument
employs crystal prisms (P1 and P2) with different axial orientations, to produce
a monochromatic and also linearly polarised light that oscillates in the horizontal
direction. The modulator converts from linear polarised light into right and left
circularly polarised beams of light, which pass through the shutter (SH) to the
sample compartment. After the interaction with the sample, the light is detected
by the photomultiplier (PM).

Figure 2.2: Block diagram of the optical system of spectropolarimeter Jasco J-810.
The figure is taken from J-810 Series Hardware Function Manual.

2.4 Fluorescence spectroscopy

Fluorescence (FLUO) is the ability of some atoms and molecules to absorb light
at a specific wavelength and then to emit light at a longer wavelength after a
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short interval; the typical emission rate is 108 s−1 [62]. The fluorescence process
can be divided into three main steps: first, the molecule excitation by an incident
photon that happens in the femtosecond timescale, then, there is the vibrational
relaxation of the excited electron to a lower energy level (10−9 s), and, at the
end, a photon with a longer wavelength is emitted and the electron returns to the
ground state (10−12 s). The Jablonsky diagram, shown in figure 2.3, schematises
the process that takes place between the absorption and the emission.

Figure 2.3: Schematic of Jablonski diagram. Figure taken from [62].

Fluorescence spectroscopy measurements were carried out using a homemade
apparatus located at the Physics Department of Sapienza University of Rome.
The sample was excited with the 365 nm pulses of an Ekspla NT340 laser (repe-
tition rate 10 Hz, 5 ns pulse duration). The laser power was kept below 5 mW to
minimise photo-bleaching effects. The fluorescence emission was collected at an
angle of 90° with respect to the excitation beam and delivered to a f=3.2 Czerny
Turner spectrograph (Horiba Ltd) equipped with a 600 gr/mm diffraction grat-
ing, ensuring a spectral resolution better than 1 nm. The dispersed fluorescence
light was detected by a CCD. The spectra were processed and analysed using
LabSpec 6, Origin 9, and Matlab softwares.

2.5 UV Resonant Raman spectroscopy

Raman spectroscopy is a well-established technique to investigate the chemical-
physical properties of matter. In particular, it probes the intramolecular and in-
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termolecular vibrational modes, which can be used as markers of chemical bonds.
It is based on the inelastic scattering of electromagnetic radiation with the target
and, in conventional Raman experiments, the radiation source is typically in the
visible region, to avoid damage of biological samples. Conversely, UV Resonant
Raman (UVRR) spectroscopy exploits UV light as an exciting wavelength, which
matches the absorption band maximum of chromophores in biological samples.
If the excitation wavelength corresponds to an absorption band for a specific
vibronic, the Raman intensity for that transition is greatly enhanced. In conven-
tional Raman process, the molecule goes to an unstable and virtual excited state,
while UVRR promotes to a real vibronic excited state, therefore the cross-section
of these events can be 103 times higher. This property allows to measure sam-
ples in very diluted conditions, down to 10−8 M [66]. Moreover, the contribution
from different chromophores is less overlapped in UVRR spectra than in the con-
ventional Raman, and this is ascribable to the selective magnification of specific
signals associated with the chromophores excited. Nevertheless, self-absorption
is a UVRR limitation, since it can reduce the total scattered light, influencing
the relative Raman intensity. Photo-degradation of the sample can be avoided
by spinning systems that continuously agitate the sample.

2.5.1 UVRR on nucleobases

DNA absorption depends on its nucleobases, in figure 2.4 it is shown the absorp-
tion signal of salmon sperm DNA and the deoxynucleotide triphosphates dATP,
dCTP, dGTP, and dTTP. Human telomeric G4s are mainly composed of gua-
nines, and the dG absorption depends on two principal electron transitions, one
that involves the N7=C8 site (centred at 255 nm) and another related to the
C2=N3–C4=C5–N7=C8 group (centred at 275 nm) [78]. The absorption spec-
trum of the other deoxynucleotides are quite different: adenine shows a maximum
located at ∼ 260 nm, thymine at 266 nm, while cytosine at ∼ 275 nm with a
shoulder at ∼ 230 nm [78].

Due to the relatively varied UV absorbance pattern that nucleotides display,
one can enhance the contributions made by individual bases in the DNA UVRR
spectrum by carefully selecting the excitation wavelength in accordance with the
electronic transitions of certain nucleobases. Figure 2.5 shows the UVRR spectra
of salmon sperm DNA obtained with different excitation wavelengths.
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Figure 2.4: UV absorption spectra of salmon sperm DNA (black) and deoxynucleotide
triphosphates dGTP (green), dATP (blue), dTTP (pink), and dCTP (orange). Top

panel: chemical structures of nucleotides. Figure taken from [66].

Figure 2.5: UVRR spectra of salmon sperm DNA at different excitation wavelengths
(228, 250, 260, and 272 nm). Figure taken from [66].
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It is worth noting that the 250 nm-excited UVRR signal is mainly related to
the in-plane vibrational mode at 1485 cm−1 (bending of C8–H and stretching of
C8=N7 and N9–C8 [79]) and at 1576 cm−1. It is possible to use UVRR spec-
troscopy to gain molecular insights into the conformational modifications that
take place when G4 interacts with small molecules. The peak shifts give informa-
tion on the modification of bond strength, while the intensity increase/decrease
can be related to the binding mode. For example, a hypochromic effect indicates
a more compact G4 structure, likely induced by end-staking upon the external
G-tetrads. Instead, intercalation promotes a hyperchromic effect [79]. Moreover,
this effect can also be associated with an unstacking of the G-tetrads due to
unfolding.

2.5.2 IUVS beamline

UVRR measurements were performed at the IUVS beamline at Elettra Sin-
crotrone (Trieste) supported by a synchrotron-based set-up [66]. Samples were
placed into a 10 mm path quartz cuvette. Depending on the experiment, the
excitation wavelength was set at 220, 250, and 266 nm. The spectral resolution
was ∼ 2.6-5 cm−1/pixel. The beam power measured on the samples was set from
4 to 400 µW to optimise the better signal-to-noise conditions and, to prevent
any possible sample damage caused by prolonged UV exposure, continuous stir-
ring was employed. Tunable UV synchrotron radiation permits to map the whole
resonances of the sample.

Following, a brief description of the IUVS set-up is reported. The beamline is
made up of two separate branch lines, one for UV Brillouin scattering and one for
Raman scattering (shown in figure 2.6). The 32 mm undulator provides photons
in the tunable range of 5-11 eV (λ between ∼ 113 nm and 280 nm), and the higher
order harmonics of the undulator are cut through two mirrors. Then, 5 degree
grazing incidence silicon mirror acts to deviate the beam into the two different
set-ups. For UVRR, the beam is in the 200-280 nm range with a bandwidth of
50 nm, which has to be monochromatised. The beam is brought inside a 750
nm Czerny-Turner spectrometer furnished with three holographic UV-optimised
gratings of 1800 g/mm, 2400 g/mm, and 3600 g/mm, allowing a final bandwidth
of 10 cm−1. After the monochromator, a spherical lens collimates the beam, which
is brought to the sample for Raman scattering. A spherical lens with a diameter
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of 5.08 cm and a focal length of 100 mm serves as the focusing and collecting lens,
resulting in a backscattering configuration. The analyser system is made of three
interconnected Czerny-Turner spectrometers with different focal lengths, which
are able to increase the resolution, reduce the elastic component, and measure
Raman peaks up to ≈ 50 cm−1. The information on the experimental apparatus
was taken from the instrument website (www.elettra.eu).

Figure 2.6: Overview of the IUVS UVRR set-up.

2.6 Small-angle scattering

Small-angle scattering (SAS) is a low-resolution technique that cannot resolve
atomic dimensions but gives useful information on the shape and size of biological
samples. This scattering method describes the nano-scale size range, which can
be extended from Angstrom to micrometer. The SAS resolution depends on the
smallest angle for which data can be measured, that value is strictly related to
the longest distance that can be observed. An advantage over high-resolution
techniques is that small amount of sample is needed and it can be measured
near physiological conditions, in solution, without sample crystallisation. In the
case of Tel22, SAS methods can make the difference, since it has been shown in
the previous chapter that the human telomeric G4 is highly polymorphic and its
structure is strongly environmentally sensitive. Moreover, this technique permits
to analyse the structural conformational changes induced by external stimuli and
the construction of 3D structural models from the one-dimensional SAS profile.
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SAS takes advantage of the wave nature of X-rays and neutrons, which can
be described starting from the wavelength and the amplitude. In X-rays the
wavelength can be obtained from λ = 1.256/E where E is the photon energy,
while for neutrons the de Broglie equation is used where λ = 396.6/v, with
v the (group) velocity of neutrons. When X-rays/neutrons reach the sample,
they interact with electrons/nuclei of the atoms, which generate secondary waves.
Then, coherent scattering can interfere in a constructive or destructive way.

The main parameter that describes the SAS method is the scattering vector
or momentum transfer:

Q =
4π sin θ

λ
(2.5)

where θ is the half angle between the incident and the scattered wave and λ is
the incident radiation wavelength. The scattering intensity as a function of the
momentum transfer can be described as follows:

I(Q) = ⟨
∫

| (ρ(r⃗)− ρ̄s)e
−iQ⃗·r⃗dr⃗ |2⟩ (2.6)

where ρ(r⃗) is the scattering density of the particle at position r, ρ̄s is the solvent
scattering density and their difference (∆ρ) is called contrast. Usually, the Fourier
transform of the scattering intensity, the pair distance distribution P (r), is used
to get information on the particle structure and shape. Figure 2.7 illustrates
a few examples. P (r) represents the distribution of distances between pairs of
particles contained within a given volume, it vanishes at r = 0 and at r = Dmax,
which is the maximum linear dimension. To have good information on the longest
distances, data have to be also acquired at Q < π/Dmax. Other two parameters
related to the shape and the size of the scattering particle are the radius of
gyration (Rg) and the forward scattering intensity I(0). The latter parameter
can be estimated from extrapolation and it is also related to other quantities:

I(0) =
C∆ρ2Cv2Mw

Na

(2.7)

where C is the mass per unit volume, ∆ρ the contrast, v the specific volume,
Mw the molecular weight, and Na the number of Avogadro. Rg is a measure of
the overall size of the macromolecule, it is defined as the average square centre
of mass distances in the particle weighted by the scattering density. Rg can be
estimated from the Guinier approximation, which is valid when QRg < 1

3
for
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globular particles, while the upper limit is smaller for extended shapes. The
Guinier equation is the following:

I(Q) = I(0)e
−Q2R2

g
3 (2.8)

Figure 2.7: Scattering intensities and P (r) of geometrical objects, where s is the
scattering vector. Figure taken from [80].

To check the internal consistency and robustness of the data, Rg and I(0) can
be extrapolated also from the P (r):

R2
g =

∫
r2P (r)dr

2
∫
P (r)dr

(2.9)

I(0) = 4π

∫ Dmax

0

P (r)dr (2.10)

To assess the degree of unfolding or the flexibility of the samples, the Kratky
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plot can be evaluated, where Q2I(Q) is plotted vs Q and, at high Q in the Kratky
plot, disordered or flexible molecules exhibit a plateau, while compact/globular
samples have a bell-shaped (Gaussian) peak. It can be also used to see if the
sample has been subject to radiation damage. Different Kratky plots are shown
in figure 2.8.

Figure 2.8: Kratky plots from SAXS data of large and small globular,
modular-extended/rod-like, and completely unfolded proteins. Figure taken from [81].

SAXS and SANS can be employed as complementary techniques, the former
is characterised by a higher flux with a better signal-to-noise ratio, but has the
disadvantage that can cause sample radiation damage, while the latter can be used
as a control as it does not produce changes in biological systems and, moreover,
the contrast can be enhanced through solvent deuteration or deuterium-labelled
components of the sample.

2.6.1 D22 beamline

SANS measurements were carried out at the small-angle diffractometer D22 at
ILL (Institut Laue-Langevin, France). The experiment was conducted with the
incident wavelength of 0.60 ± 0.06 nm with two different sample-detector dis-
tances, namely 1.5 m and 5.6 m, allowing a Q 0.1-5 nm−1 range. SANS data were
reduced using Grasp software (developed by C. Dewhurst), considering transmis-
sion and incident flux scaling as well as blocked beam and empty cell subtraction.
They were scaled to absolute intensity using direct flux measurement. Data are
available here: http://doi.ill.fr/10.5291/ILL-DATA.8-03-980.
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D22 was chosen as it has the highest flux at the sample in the 0.45-4 nm wave-
length range than any classical constant-wavelength pin-hole small-angle neutron
scattering instruments. This is due to the brilliant horizontal cold source, the ve-
locity selector short rotor, its high transmission, and the quite large cross-section
of the beam (55 mm x 40 mm). Figure 2.9 shows the D22 set-up, the main com-
ponents are the velocity selector, the collimation system, the sample holder, and
the detection system. The wavelength selector consists of a long rotating drum of
25 cm, with a 28300 rpm highest speed. It is usually used in a 10 % wavelength
band, but it can be varied from 8 to 20% resolution. The collimation system
is formed by eight sections, each of them composed of three tubes: one is the
neutron guide, the second has an antiparasitic aperture, the third is equipped for
future set-up. The sample-source distance depends on how many guide sections
are used. A remotely controlled XYZ and rotation table, as well as an Eulerian
cradle for mounting devices for working in air or vacuum, comprises the sample
equipment. The sample-to-detector distances from 1.1 m to 17.6 m can cover
a Q range of 0.004 nm−1 to 5 nm−1. The detectors are made of 3He and the
multidetector area is the largest of any small-angle scattering instrument; with
0.8 cm x 0.8 cm pixels and 16 K resolution, the detection death time is 2 µs.
The information on the experimental apparatus was taken from the instrument
website https://www.ill.eu/.

Figure 2.9: Scheme of the small-angle diffractometer D22 set-up.

2.6.2 SWING, BM29, and Austrian SAXS beamlines

SAXS measurements were performed at the SWING beamline at SOLEIL syn-
chrotron (France), at BM29 beamline at ESRF synchrotron (France), and at the
Austrian SAXS beamline of Elettra synchrotron (Italy). SAXS instruments have
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a similar set-up to that of SANS, composed of a X-ray source, a beam collimation
apparatus, a sample holder, a beam stop, and a detection system. Since three
different apparatuses were used for SAXS measurements, the main instrument
parameters are summarised in the following table:

Table 2.1: SAXS parameters set-up.

SWING BM29 Austrian
Energy range (KeV) 5-16 7-15 5.4, 8, 16
Q Range (nm−1) 0.007-5 0.025-6 0.045-6
flux (photons/s) 1012-1013 1012-1013 1013

The three beamlines have many components in common, so only BM29 will
be described. A schematic view of the apparatus is shown in figure 2.10. It
can be divided into three main parts: optics, experimental, and control hutches.
First of all, to preserve the monochromator mechanics with the largest beam
size that optics can use, primary slits limit the white beam to a size of 4 mm.
Then, the beam is cleaned from any parasitic scattering by secondary slits and
three axes of white beam attenuators are present to protect the double multilayer
monochromator from lower energies. The monochromator, which scatters in the
horizontal plane with a spacing of 9 mm between the monochromatic and incident
white beams, is an almost fixed exit. The mainly used source energy is 12.5 keV
but it can vary between 7 and 8 keV, the resolution ∆E/E is around 1.6%. The
monochromator vessel has a water-cooled beamstop built into it that serves to
stop any white beam from the first multilayer from escaping while letting the
monochromatic beam pass. The X-ray beam at the monochromator entrance is
typically 4 mm x 4 mm. Then, the beam reaches the Rh-coated toroidal mirror
that focuses the monochromatic radiation in the detector plane with a spot of
0.5 mm x 0.5 mm. At the beginning of the experimental hutches, the slit blue
box for beam cleaning is located. The slits have two pairs of blades composed of
Si-crystal layer and they are made of tungsten carbide. The illuminated spot on
the sample is defined by guard slits and is typically 0.5 mm x 0.5 mm, producing
a 0.2 mm x 0.2 mm beam on the detector plane. Thanks to the flight tube, the
beam path from the capillary sample to the detector is conducted in vacuum. At
the end a beamstop is placed, composed of a hollow tungsten cylinder with an
external diameter of 3 mm, a wall thickness of 1 mm, and an integrated diode
with an active size of 1 mm x 1 mm. For each frame that is recorded, a diode
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reading and detector count are done. Moreover, in order to check the beam shape,
a beam viewer containing a fluorescent screen is placed in the beam and also a
diode counts photons. The information on the experimental apparatus was taken
from the instrument website https://www.esrf.fr/home.html and from [82].

Figure 2.10: Schematic picture of BM29 beamline.

2.7 Singular Value Decomposition

Singular value decomposition (SVD) is a procedure taken from linear algebra that
consists of factorising a matrix D (m x n with m>n) into the product of three
matrices, as follows:

D = USVT (2.11)

where VT is the transpose matrix of V (n x n) matrix and U is a m × m
matrix. U and V are unitary matrices, composed by orthonormal vectors. S is
a non-negative diagonal rectangular (m x n) matrix, the elements of which are
called singular values (si), they are uniquely determined and sorted in decreasing
order.1 The biggest index i such that sr > 0 is the rank of D. Therefore, the first
r columns of U are an orthonormal basis for D. Another crucial characteristic
of SVD is that each subset made up of the first i components of the U, V and
S offers the best i-component approximation to D in the least-squares sense.
In the analysis of experimental data, the D matrix always contains noise and
experimental errors, therefore the first n si values are unlikely to be null, so

1The vectors of U are the eigenvectors of DDT , while the vectors of V the eigenvectors of
DTD. The singular values are the square roots of eigenvalues of DDT and DTD.
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assumptions are needed to find the minimum number of vectors to describe the
whole dataset with a good approximation. This aspect is really important since
the SVD is applied in various contexts, from statistics and signal processing to
psychology. In the context of G4 unfolding, where, in most cases, the melting
pathway cannot be described with a two-step model (folded and unfolded), the
SVD analysis has the capability to find the least number of states able to describe
the whole unfolding process and to obtain thermodynamic information.

The main steps of this analysis will be briefly described taking into account
the following scientific literature [67–69]. First of all, the 3D melting curves
have to be acquired by recording the whole experimental spectra as a function of
temperature. In this work the CD and UVRR data were analysed through SVD
but, certainly, also data from other experimental techniques with many other
external stimuli can be interpreted with this methodology. Figure 2.11 shows an
outline of the data type that is used in SVD analysis.

Figure 2.11: Structure of dataset used for SVD analysis. a) CD multidimensional
melting data. b) Data matrix structure created from data presented in panel a. c)
Column of the data matrix showing the CD spectrum at 24 °C. d) Row of the data
matrix showing the CD intensity behaviour as function of temperature at a single

wavelength.
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In this example, CD data are shown: in the columns CD spectra at each
temperature are reported, while the rows show the CD intensity trend at a single
wavelength as a function of temperature. The SVD method was applied through
an algorithm in Octave [83], which gives as output the three matrices of the
decomposition. The basis spectra in the U matrix are normalised components
with CD spectral shapes, the combination of which forms the family of spectra
of starting dataset, while the V matrix is made of the amplitude vectors as a
function of temperature (or other external variables). The S matrix is diagonal
and is formed by the singular values representing each component weight.

Figures 2.12 show the first four columns of matrix U and of matrix V.

Figure 2.12: Basis spectra determined using SVD. a) First four column of matrix U
and b) of matrix V. c) Histogram of the magnitude of the first ten singular values. d)

Reduced V matrix composed by the first three columns.

As the number of columns increases, the vectors have a progressively randomly
distributed shape. From some parameters related to these matrices, it is possible
to obtain the number of spectral species that comprise the whole experimental
dataset independently of any physical/chemical model. This is one of the most
beneficial and outstanding features of SVD analysis. The screening to determine
the number of significant vectors was done using Octave with a homemade script,
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which is composed of a few steps and it:

1. Evaluates the singular values, plotting them in a graph; a sharp slope change
is present when the magnitudes of the singular values diminish, collapsing
into noise (see figure 2.12 c)).

2. Calculates the relative variance of each singular value. A cut-off can be set
when the sum of few singular values reaches a relative variance higher than
0.99.

3. Calculates the auto-correlation of the vectors in U and V matrices. To
be significant, they have to be larger than 0.8. The shapes of the selected
vectors are non-random, while the others are usually noise-like.

From these parameters, the number of significant components can be ex-
tracted, and the whole experimental dataset is reproduced, with a good approx-
imation, just with the reduced matrices, in which only the significant diagonal
elements of the S matrix and the corresponding columns of the U and V matrices
are kept. This last step is summarised with the following equation, where U′, S′,
V′ are the reduced matrices:

D′ = U′S′V′T (2.12)

The reduced matrix V′ is shown in figure 2.12 d), where just the first three vec-
tors were selected from the screening that evaluates the number of significant
components. To reconstruct the real species and to get the thermodynamic pa-
rameters, the reduced V ′ vectors have to be fitted with specific equations related
to the physical mechanism analysed. The idea is that the whole dataset is made
of several topology species (Stj(λ)), with a specific CD signal, and their popu-
lations Mj(T, pk) change as temperature increases, pk are the model parameter,
like thermodynamic quantities. The D matrix can be decomposed as:

D(λ, Ti) =
N∑
j=1

Stj(λ)Mj(Ti, pk) (2.13)

and in matrix notation:
D = StM(pk) (2.14)
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Considering that D can be approximated with D′ without losing precious infor-
mation and that the U′ bases have just mathematical significance and that they
are orthonormal to D′, the linear combination of them can give any other set of
basis vectors, for instance, St = CU′, where C is a matrix of coefficients. Com-
bining equations 2.12, 2.14 and this last assumption, the thermodynamic model
can be founded on the hypothesis that:

V′T = CM(pk) (2.15)

Therefore, in this work, the V ′ vectors were fitted with an extension of van’t Hoff
equations (Equation 2.16, 2.17 and 2.18) and a set of rotational coefficients. From
the results, it would be possible to reconstruct the topological species Stj(λ) and
their populations Mj(T, pk). Figure 2.13 a) shows a fitting example, while in
panel b) the coefficient matrix and the thermodynamic equations used for the fit
are present.

Figure 2.13: Global fit results. a) Fit of the vectors in V′ with a linear combination of
2.16, 2.17, and 2.18. b) Schematic view of the C matrix and the thermodynamic
equations. c) Reconstructed spectra of significant species (folded, intermediate,

unfolded) and d) their relative concentrations (M1, M2, M3).
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Since in this work the van’t Hoff equations were used to fit the V ′ vectors,
the pK parameters are the temperature and the enthalpies related to each step
of the unfolding. Global nonlinear least-squares fitting of the SVD amplitude
was optimised with a custom-made script implemented in Gnuplot [84]. Once
obtained the coefficients of the C matrix, they are used to reconstruct the real
significant species (see figure 2.13 c)), which are a linear combination of the
vectors in the U′ matrix, while the extracted thermodynamic parameters serve
to build the populations (see figure 2.13 d)) relative to each species.
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Chapter 3:

Human telomeric G-quadruplex AG3(TTAG3)3

3.1 Introduction

This chapter is dedicated to the characterisation of the human telomeric G-
quadruplex AG3(TTAG3)3 (Tel22). This sequence is the one that has been used
throughout the discussion of the thesis, therefore it is the main character of this
work. Studying Tel22 is highly tricky since many factors affect its polymorphic
nature. To highlight its behaviour in different experimental conditions, a multi-
technique approach was needed. The results show that the environment is a
critical factor in regulating G4 conformational properties. Here DNA concentra-
tion, temperature, and solvent effect are taken into account.
The results presented in this chapter are mainly from two articles we published
in 2022 [73, 85].

3.2 Sample preparation

The oligonucleotide AG3(TTAG3)3 (Tel22) was purchased from Eurogentec and
used without further purification. For all the measurements in solution, the
same procedure was followed [79, 86, 87], if another procedure was used it is
specified in the text. The powder was dissolved in 50 mM phosphate buffer at
pH 7, 0.3 mM EDTA, and 150 mM KCl, heated to 95 °C for 8 minutes and then
slowly cooled down to room temperature with steps of 5 degrees in 3.5 hours.
The sample was left at room temperature overnight. The concentration of the
solution was estimated from UV absorption measurements at 260 nm, using a
molar extinction coefficient of 228500 M−1cm−1. An example of Tel22 absorption
spectrum is reported in figure 3.1 a). Each DNA stock solution was prepared
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at about 1 mM. At higher concentrations, Tel22 starts to aggregate and these
aggregates are not completely destroyed also at 95 °C [73]. In this chapter, the
spectra obtained by annealing DNA at higher concentrations will also be shown;
just for them, a different procedure was used, where the first annealing was done
at around 13 mM, and then the samples were diluted to obtain concentrations of
4.5 mM, 1.2 mM, and 0.6 mM and annealed again.

3.3 Tel22 in standard conditions

To investigate the Tel22 polymorphism, the first step was to characterise its
structure using a multi-technique approach able to observe DNA over a wide
spatial landscape. Circular dichroism, UV-Vis absorption, small angle scattering,
and UV resonance Raman spectroscopy can give insight into DNA structural and
molecular aspects. Each method is characterised by distinct markers for G4,
giving specific information that can be combined with the results obtained from
other techniques. Figure 3.1 a) shows the UV-Vis absorption of Tel22 in solution
at 40 µM, characterised by a peak at 260 nm, typical of DNA, which derives
from the conjugated double bonds in the purine and pyrimidine rings. Figure 3.1
b) shows the corresponding CD spectrum, which is the identity card of the G4
secondary structure. Under our experimental conditions, i.e. potassium buffer
and 40 µM DNA concentration, Tel22 is in a mix of antiparallel and hybrid
conformations, characterised by a maximum at ∼ 295 nm, a shoulder at 270 nm,
and a minimum at 240 nm.

Figure 3.1: a) Absorption and b) CD spectrum of Tel22 at 40 µM.

UVRR measurements were carried out at the same CD conditions, exploiting
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the advantage over the conventional Raman technique to use rather low concen-
trations of DNA due to the enhancement of the Raman intensities of the bands
assigned to the distinct chromophores of the system. A 250 nm excitation wave-
length ensures that, in the case of Tel22, the bands at ∼ 1482 cm−1 (band A), 1578
cm−1 (band B), and 1611 cm−1 (band C) are mainly related to the dG residues
vibrations, with a smaller contribution from the dA [88, 89]. Base stacking in-
teractions suppress the resonance Raman signal [90] and, therefore, the intensity
of these bands provides information on the unstacking of G-tetrads. Figure 3.2
shows the UVRR of Tel22 in the 1200-1800 cm−1 region: each band depends on
different molecular vibrations, the band A is assigned to the bending of C8–H and
the stretching of N9–C8 and C8–N7, band B arises from the stretching modes of
C4–N3, C5–C4, and N7–C5 in dG residue, while band C is mainly attributable to
the NH2 scissoring mode [88]. Both guanine and adenine exhibit these in-plane
vibrations, although the latter exhibits a much smaller enhancement since its
absorption is almost at a minimum at 250 nm.

Figure 3.2: UVRR spectra of Tel22 at 45 µM. The principal bands are highlighted
with different colours.

To complete the structural characterisation, small-angle scattering measure-
ments were performed, providing valuable information on G4 structural features
at the nanoscale. The sample can be still considered in dilute conditions, being
the Tel22 concentration ∼ 500 µM, and the whole scattering intensity derives
from the form factor, while the structure factor can be neglected since in this
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dilute regime the scattering intensity is proportional to the averaged scattering
from a single particle and the intermolecular correlations are not observed.

Figure 3.3: Comparison between the SAXS a) and SANS b) patterns (black) of Tel22
profile with the theoretical form factor of a cylinder (green).

Figure 3.3 represents the SAXS and SANS patterns: they are both charac-
terised by a flat shape at low Q, while at high Q they have a Q−4 trend. This
behaviour is typical of objects of cylindrical shapes, the form factor of a cylinder
can indeed reproduce the experimental data. Tel22 is in a monomeric state in
these conditions, therefore this cylinder can be seen as a monomeric unit. SAXS
profiles are well represented by a cylinder with radius 10 ± 1 Å and height 36 ±
1 Å, while radius 9 ± 1 Å and height 27 ± 1 Å for SANS. The discrepancy of
values depends on the fact that SAXS is sensitive to the contrast contributions
from the hydration layer and the ion cloud, while SANS is not [91, 92].

3.3.1 Tel22 unfolding

Usually, the G4 melting pathway can not be described as a two-step model, where
just the folded and unfolded populations are present. Many works have shown
that at least one intermediate is needed to complete the telomeric G4 denat-
uration pathway [68, 79]. A two-state model oversimplifies the complexity of
the denaturation process, losing precious information on the stability of different
conformers. Knowing the thermodynamic parameters of the intermediate states
offers a way to understand the switching between conformers and this is funda-
mental to increase our comprehension of telomere stability. In this work, many
melting experiments of Tel22 complexed with different drugs will be shown. Tel22
unfolding, in the experimental conditions of this thesis, was also analysed in Ref.
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[79]. There, SVD was applied to CD data, finding out that the whole unfolding
process contains two intermediate states. The reconstructed significant species
and their relative concentration as a function of temperature are shown in figure
3.4, and the obtained melting parameters are reported in table 3.1.

Figure 3.4: In the left panel the spectra of significant species for Tel22 and in the right
panel their relative concentration as a function of temperature. Figure is taken from

[79].

Table 3.1: List of parameters associated with Tel22 melting, obtained with SVD
analysis [79]. Temperature are expressed in °C and enthalpies in kcal mol−1.

Tm1 Tm2 Tm3 dH1 dH2 dH3

Tel22 38.5±0.3 60.3±0.3 68.9±0.2 -27±2 -41±3 -63±4

3.4 Conformational changes and aggregation in-

duced by DNA concentration

In the previous chapter, it was pointed out that Tel22 switches to an antiparal-
lel structure in a sodium environment. However, even more surprisingly, it was
shown a concentration-dependent conformational transition in potassium solu-
tion from a mix of systems to a parallel topology [51]. Aware of that, a campaign
of measurements was carried out to understand the impact of the concentration
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starting from the preparation procedure. This section will show samples pre-
pared by annealing at higher concentrations, see section 3.2, where aggregates
are formed so strongly that not even the dilution or a second annealing can break
them. SAXS measurements on G4 solutions at various DNA concentrations were
employed to investigate the structural properties of concentrated G4 samples.
The scattering pattern can be divided into two regions, high Q with Q> 1 nm−1,
where the signal is mainly dependent on the form factor P(Q), as happens in di-
lute conditions, and low Q, where the Tel22 multimerisation is remarkable since in
this region the scattering is more sensitive to the large length scales objects. Fig-
ure 3.5 shows the higher-order structures arising from the multimerisation of G4
units, and Tel22 monomer prepared with the standard G-quadruplex procedure
(see section 3.2).

Figure 3.5: SAXS intensities of Tel22 at different concentrations. The data are
presented in absolute scale and are normalised to each molar concentration. In the

inset, the same data are shown on a linear-log scale. Figure taken from [73].

While the form factor in the monomeric state can be described as a hard
cylinder, the other spectra need more care to be analysed. To get information on
Tel22 self-assembly, a novel computational approach was used to reproduce the
SAXS intensity through Monte Carlo simulations, by modelling the Tel22 unit as
a hard cylinder with two attractive sites at the basis (for more details see [73]).
This coarse-grained model gives information on the hydrophobic (stacking) forces
between G4 units. The stacking interaction increases along with the DNA con-
centration as well as the number of aggregate units with dimers and trimers being
the most probable forms. It was also discovered that the samples have significant

43



Chapter 3. Human telomeric G-quadruplex AG3(TTAG3)3

polydispersity with an exponential distribution of lengths, implying step-growth
polymerisation. All the parameters extracted by the model are presented in table
3.2 .

Table 3.2: List of parameters associated with the simulation that better reproduces
the SAXS intensity of the Tel22 in self-crowding conditions.

multimeric samples M
a G0

ST
b

H0
ST

c
S0
ST

d

[kcal mol−1] [kcal mol−1] [cal mol−1K−1]
0.6 mM 2.5 -0.76 -6.12 -18.3
1.2 mM 2.4 -0.70 -5.82 -17.5
4.5 mM 3.4 -1.21 -6.47 -18.0

aAverage chain length. The error on the values of M has been estimated to be of the order of
10%.bStacking free energy calculated for a 1 M standard concentration of G4s and T = 293 K.

cEnthalpic contribution to G0
ST . dEntropic contribution to G0

ST .

This approach is really useful because, although most studies on G4s have
concentrated on their monomeric state, there is evidence that G4s can take a
variety of multimeric forms [93]. The same samples were also measured by circular
dichroism, to investigate the secondary structure changes, see figure 3.6.

Figure 3.6: Circular dichroism of Tel22 at different concentrations. Samples at 0.5 mM
(black) and 0.6 mM (blue) were measured with 0.1 mm path length quartz cuvette,
while those at 1.2 mM (cyan) and 4.5 mM (violet) were recorded with the one with

0.01 mm path length. Figure taken from [73].
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The monomeric Tel22 shows its typical features, with a maximum at about
295 nm, a shoulder at 270 nm, and a minimum at 240 nm; the sample at 0.6
mM with aggregates has a similar shape with a higher shoulder. As concentra-
tion increases, the maximum shifts down and a new peak appears at 265 nm,
indicating an increase of the parallel topology. This analysis that combines ex-
periments with simulations can give a quantitative picture of human telomere
G4 multimerisation. In future, this methodology could be applied to extended
G4 telomeric sequence, offering precious information for the rational design of
anticancer drugs.

3.5 Correlation between Tel22 and solvent vibra-

tions upon melting

This section goes in more detail into the knowledge of the solvent structural
properties around the Tel22 upon thermal melting. As a matter of fact, UVRR
exploits simultaneously the vibrational behaviour of G4 and its aqueous solvent.
In general, not much is known about the hydration layer around G4. Most of
the work has been performed in crowded conditions, where it seems that their
pronounced polymorphism is strictly regulated by their hydration [94–97]. Water
molecules can go in both the medium and the narrow grooves; however, recent
research found out that the latter can accommodate extended filiform networks of
water molecules, called spines [98]. Antiparallel and hybrid topologies are indeed
more prone to host stable water spine structures. In diluted conditions, many
factors affect the G4 structure because each state is separated by small energy
barriers, therefore it is intriguing to investigate the relation between solvation
and G4 conformations.

This analysis focuses on both solute and solvent UVRR fingerprint regions
and, upon melting, their vibrational features are connected with CD secondary
structure information. In this case, to access the DNA chromophore vibrations
and acquire the OH stretching region, an excitation wavelength of 220 nm was
used. Figure 3.7 shows the UVVR spectra of Tel22 from 1000-4000 cm−1 at dif-
ferent temperatures. The Tel22 region (I) is extended from 1300–1800 cm−1 while
the vibrations associated with the intramolecular structure of the H-bond network
from 3000–3900 cm−1 (II). Experimental profiles were acquired in a temperature
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range between 26 °C to 90 °C at steps of 4 degrees. As temperature increases,
the spectra in region I exhibit a growth in intensity due to the unstacking process
caused by unfolding.

Figure 3.7: UVRR spectra of the Tel22 at 45 µM as a function of temperature. Figure
taken from [85].

3.5.1 SVD analysis

Bidimensional analysis over the Raman fingerprint regions was employed to get
access to the multistep thermal path towards the unfolding of the vibrational
bands related to stretches of ring bonds of the nucleotide basis and water vibra-
tions. The SVD was applied to both the Raman regions and three spectroscop-
ically distinct species were found in each range in agreement with [79], where
the excitation wavelength was set at 250 nm. The melting pattern is described
by a Fold-Intermediate-Unfold process (F⇌I⇌U) and, since both the zones pos-
sess this behaviour, a global fit, to get the thermodynamics parameters, of the
two datasets by sharing the Tm1 and the Tm2 was performed. The temperatures
found for each step were Tm1 (44 °C) and Tm2 (76 °C), respectively. The obtained
parameters are reported in table 3.3 and figure 3.8 shows the spectral species and
their relative populations as a function of temperature.
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Table 3.3: Melting parameters for Tel22 aqueous solution from a global fit on SVD
vectors derived for both regions I and II. Tm1 and Tm2 were shared parameters.

Tm1 (°C) 44.1 ± 2.5
Tm2 (°C) 76.0 ± 3

zone I dH1 (kcal mol−1) -56.1±3.5
dH2 (kcal mol−1) -44.6± 3.4

zone II dH1 (kcal mol−1) -18.8±3.5
dH2 (kcal mol−1) -38.5±3.5

Figure 3.8: SVD results on the two UVVR regions. In a) and c) spectral species of
Tel22 and OH stretching region respectively, in b) and d) their populations. Figure is

taken from [85].

3.5.2 Gaussian analysis

To get information about modifications induced by temperature on different vi-
brational groups, Raman spectra of the area I were fitted using Gaussian func-
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tions, three of them centred at about 1482, 1575, and 1666 cm−1. With an
excitation wavelength of 220 nm, the first is ascribed to out-of-phase stretch-
ing of the dT ring coupled to C5H3 and to the C2 carbonyls, the second to dA
N6H scissoring, with a smaller component attributed to the stretching of the
system C2=N3-C4=C5-N7=C8 of dG, and the third depends on the stretching
of carbonyl moieties of dG residues (C6=O) [88, 99]. Temperature leads to a
modification in the C5-H bond strength that can be extrapolated following the
downshift of the group vibration centred at 1482 cm−1 (ν1482), while variations on
the N6-H and C6=O bonds are consistent with an upshift of the group vibration
centred at 1575 cm−1 and 1680 cm−1(ν1575 and ν1680, respectively).

The spectra of zone II were deconvolved applying a method employed for water
in diluted solutions [100], where three different contributions were considered:

• Connective water, where the OH oscillators are phase-correlated with os-
cillators of the nearest molecules, ice-like tetrahedral water arrangements
(centred at νOH1=3200 cm−1) [101, 102].

• Close water structures, where there is no phase correlation and the H-bonds
are partially distorted (centred at νOH2=3450 cm−1) [103].

• Transient species formed during the H-bond network reorganisation, where
OH groups are feebly stabilised by H-bond interactions (centred at νOH3 =
3600 cm−1) [103, 104].

Figure 3.9 shows the agreement between the experimental and theoretical
curves. Upon melting, the behaviour of νOH1 and νOH2 frequency bands suggests
a weakening of the hydrogen bonding. Two kinks are visible in the temperature
behaviour of the frequency position related to the Tel22 peak and to the νOH1 and
νOH2. These kinks correspond fairly well to the Tm1 and Tm2 determined by the
SVD analysis. The frequencies assigned to the Tel22 bases and the OH stretching
have a linear relationship (figure 3.9 b), c), d)) and a Pearson’s r value above
0.75, which is defined as the fraction between the covariance of two variables
and the product of their standard deviations. This value confirms a correlation
between ν1482 vs νOH1 (and vs νOH2), ν1575 vs νOH1 (and vs νOH2), and ν1680 vs
νOH1 (and vs νOH2), demonstrating that the temperature-dependent vibrational
features of the G4 structure are strictly correlated with the OH stretching band,
which is mainly related to the local hydrogen-bonded network of the solvent. A
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correlation, upon melting, between solute and solvent molecular vibrations, is
brought to light.

Figure 3.9: a) Experimental and theoretical UVRR spectra of the Tel22 at 45 µM at
room temperature. b) Plot of ν1482 vs. νOH1 (left-botton) and ν1482 vs. νOH2 (right
and top), c) plot of ν1575 vs. νOH1 (left-botton) and ν1575 vs. νOH2 (right and top)
and d) ν1670 vs. νOH1 (left-botton) and ν1670 vs. νOH2 (right and top). In all three

plots, the red line shows the fit with a straight line. Figure is taken from [85].

3.5.3 OH structuring/destructuring

A parameter that can test the structuring/destructuring effect on water influ-
enced by the solute is O(T ) = IνOH1/IOHtot, where IνOH1 is the total area of
the OH stretching of the connective water, while IνOHtot the total area of the
OH stretching. In dilute conditions, O(T ) gives information on the proportion
of OH groups in ordered tetrahedral structures [100]. To understand the effect
of Tel22 on the structuring of the hydrogen bonding network, the O(T ) was esti-
mated in presence of the G4 and the buffer alone at different temperatures. The
value obtained with buffer alone has a linear trend, already observed in literature
[100], while the one with Tel22 presents a deviation from the linearity. Figure
3.10 shows these two behaviours and the first derivative of O(T ) points out two
inflection points at 44°C and 73 °C, which are in agreement with those obtained
with the SVD.
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Figure 3.10: a) O(T ) parameter as a function of temperature. The buffer is
represented by squares while Tel22 in solution by circles. The latter shows two

inflection points at about T′
m1=44 °C and at T′

m2=73 °C. b) van’t Hoff plot for the
O↔D equilibrium for the Tel22 solution and the corresponding buffer. Arrows serve as

visual guides, roughly corresponding to T′
m1 and T′

m2. Figure is taken from [85].

This analysis suggests that the major Tel22 conformational changes are also
reflected in the OH stretching structure. This finding supports the idea of a solute-
solvent mutual interaction and also suggests that changes in G4 topology have
an effect on the tetrahedral water network surrounding the solute as temperature
increased. During unfolding, it is known [87] that Tel22 increases its parallel
topology at the expense of the antiparallel one and a correlation between the
destructuring of the OH signal is related also to this conformational modulation.
This effect is in agreement with the fact that antiparallel G4s can host in their
grooves ordered water spines, in contrast to what occurs in parallel ones [85].

Moreover, the enthalpy variation connected to the shift from ordered (O) to
disordered (D) water structure ∆HO↔D during the melting can be calculated
using the temperature dependence of O↔D equilibrium. The thermodynamic
parameter was derived by using a van’t Hoff plot, defined as the logarithm of a
physical quantity plotted against the inverse of absolute temperature, and shown
in figure 3.10 b). In the plot, the O(T ) and 1−O(T ) are the ordered and disor-
dered fractions of OH oscillators [105]. For the buffer, it was found ∆H= -1.10 ±
0.02 kcal mol−1, while for the Tel22 water solution an irregular trend with a chang-
ing slope as temperature increased was observed. From these two trends, ∆H=
1.07 ± 0.02 kcal mol−1 and ∆H= 1.10 ± 0.02 kcal mol−1 were extracted. Also
in this case, a correlation between the G4 intermediate conformational changes
upon melting and the OH signal is observed.
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Tel22 and ligands

4.1 Introduction

This chapter focuses on the Tel22 conformational changes and stabilisation in-
duced by ligand complexation. Three well-known small molecules already used
in several applications were selected: Berberine (Ber), Palmatine (Palm), and
Braco-19 (B19). This chapter is divided into two main sections:

• In the first part, the effect of complexation of Tel22 with Ber and Palm
is analysed and compared. A multi-technique approach based on circu-
lar dichroism, UV resonance Raman spectroscopy, and small angle X-ray
scattering was used to get information on structural and molecular aspects
of human telomeric quadruplex-ligand interactions. The results are taken
from [87].

• The second section exploits with a set of biophysical probes the complexa-
tion of Tel22 with B19, one of the first rationally designed ligands. UV-Vis
absorption, circular dichroism, and UV resonant Raman techniques con-
tributed to gain complementary information about ligand-induced confor-
mational and molecular changes; new details about the electronic transi-
tions were further obtained by fluorescence spectroscopy, providing insights
on the vibronic structure of the complex upon binding.

4.2 Berberine and Palmatine

One aspect that has to be taken into account when studying the interaction be-
tween small molecules and Tel22 is its polymorphic nature. Finding ligands that
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stabilise and select G4s would be relevant for therapeutic purposes. Indeed, many
efforts have been made in the drug-discovery field and testing new molecules. In
this context, Ber and Palm were chosen since many encouraging results were
found in studies on the interaction with G4 and in the ability to inhibit telomere
elongation, blocking the telomerase action [106–108]. Ber and Palm are two natu-
ral isoquinoline alkaloids (schematic view in figure 4.1), with low toxicity, already
used in the pharmaceutical fields. Both of them were isolated from Chinese herbs
used in traditional medicine e.g. Coptis chinensis [109, 110]. These chemical
species are often used for their ability against digestive disease and metabolic
disorders, cardiovascular disease, antibacterial, antiviral, and anti-inflammatory
activity, and as a neuroprotective [111, 112].

Figure 4.1: Molecular prospectus of a) Berberine and b) Palmatine.

Due to their molecular structure, these compounds can proficiently interact
with DNA. Both contain flexible cyclic structure that shows high affinity for G4
[113], as well as the presence of unsaturated rings and the positively charged
N atom that can increase the interaction with G4s [114]. The effect of ligand
complexation on the structure and thermodynamics of Tel22 will be shown. These
two ligands bind to Tel22 inducing G4 structural rearrangements and influencing
its thermal pathway upon melting. The details of the conformational landscape
vised by Tel22-Ber and Tel22-Palm upon unfolding will be shown, thanks to
the support of a biophysical approach that combines CD, SAXS, and UVRR
techniques with SVD method. This methodology is able to highlight the different
effects generated from the complexation with Ber and Palm.

The G4 sample was dissolved in 50 mM MES buffer at pH 7.0, 100 mM KCl
and the Ber and Palm were added to reach a DNA:drug molar ratio of 1:1.
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4.2.1 CD profiles

Figure 4.2 a) shows the CD spectra of Tel22 (45 µ M), Tel22–Palm, and Tel22–Ber
at 30 °C.

Figure 4.2: Circular Dichroism of Tel22 (black), Tel22-Ber (pink), and Tel22-Palm
(green): a) at room temperature and b) at 82 °C. Figure is taken from [87].

Tel22 has a distinctive shape, with a maximum at 290 nm, a minimum at 233
nm, and a shoulder at 270 nm. Complexation induces changes in the ellipticity
and, in both cases, there is an increase of the maximum. Moreover, Tel22–Palm
CD spectrum has a higher positive peak at 265 nm. In figure 4.2 b) the CD
spectra of the unfolded samples are presented, and the three shapes look very
similar to each other.

Figure 4.3 shows the CD of Tel22 alone and complexed with Ber and Palm to-
ward unfolding: as for Tel22 alone [79], the other samples visit different topologies
as the temperature increases. SVD was used to identify the number of interme-
diate states and to quantify the thermodynamic parameters upon melting. Since
samples were dissolved in MES buffer with lower KCl with respect to the samples
described in [79], SVD analysis on Tel22 was repeated as G4 melting parameters
are strongly affected by salt concentration. Two intermediates are necessary to
describe the whole melting process, according to a sequential model N↔ I1 ↔ I2
↔U, where N is the native state, I1 the first intermediate, I2 the second inter-
mediate, and U the unfolded state. This model well reproduces the experimental
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data.

Figure 4.3: Circular Dichroism spectra of a) Tel22, b) Tel22-Ber and c) Tel22-Palm
toward the unfolding. Figure taken from [87].

From the global fit on the V vectors, the thermodynamic parameters were
extracted and reported in table 4.1. Both Palm and Ber stabilise the Tel22
structure, increasing the melting temperature by 7 °C and 6°C, respectively. From
these data, the free energy (∆G) at 25 °C can be calculated and the difference
between the one of Tel22-drug and the one of Tel22 alone (∆∆G=∆GTel22−drug-
∆GTel22) gives an indication on the binding affinity. These values ∆∆GTel22−Ber=
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-5 ± 2 kcal mol−1 and ∆∆GTel22−Ber= -5 ± 2 kcal mol−1 are in agreement with
isothermal titration calorimetry estimations [107, 108].

Table 4.1: Thermal melting parameters obtained from SVD for Tel22, Tel22-Ber, and
Tel22-Palm in MES buffer.

Tel22 Tel22-Ber Tel22-Palm
Tm1 (°C) 43.0 ± 0.9 40.0 ± 0.8 42.3 ± 0.5
Tm2 (°C) 58.0 ± 0.8 61.9 ± 0.8 62 ± 2
Tm3 (°C) 63.0 ± 0.5 70.1 ± 0.5 69.2 ± 0.8
dH1 (kcal mol−1) -30±3 -22±2 -21±4
dH2 (kcal mol−1) -34± 3 -52±4 -41±3
dH3 (kcal mol−1) -40± 4 -74±4 -69±8

Figure 4.4 left panels show the native, the intermediate and the unfolded states
built through SVD, and the right panels present the population of each spectrum.
Despite the two drugs produce a similar effect on the thermodynamics parame-
ters, the CD profiles are very different towards unfolding, suggesting that they
induce diverse conformational changes. Tel22 alone is in a mix of conformations
and as the temperature increases, the population of each topology changes. To
analyse more in-depth these G4 rearrangements, the native and the intermediate
states of each sample were deconvolved into parallel (P), hybrid (H), and antipar-
allel (AP) spectra. The normalised CD signals for the three main components
were taken from [51], where Tel22 secondary structure was analysed in different
conformations by changing the Na+/K+ concentration. The obtained decomposi-
tion is shown in figure 4.5, wherein all the samples a reduction of the anti-parallel
conformation as temperature increases can be observed. It is worth noting that,
albeit in a different way, both drugs induce growth in the parallel-like topology.
These results suggest that ligand complexation and temperature can act as Tel22
conformational switchers. Although in the cases presented here the G4 remains
in a mix of configurations, the same methodology can be applied to other drugs
or to other external agents to monitor a complete switch. An example of other
parameters that can be changed is the DNA concentration, the DNA sequence,
the ion strength, as well as the pressure.
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Figure 4.4: Reconstructed spectra from SVD analysis. On the left panel the
significative spectral species and on the right their relative populations as a function

of temperature. The figure is taken from [87].
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Figure 4.5: Native (experimental profile at room temperature) and intermediates I1
and I2 decomposed in terms of parallel, hybrid, and antiparallel signals (basis spectra
taken from [51]). Tel22 at the top, Tel22-Ber in the middle, and Tel22-Palm at the
bottom. Histograms show the relative amount of parallel, hybrid, and antiparallel

species. Figure is taken from [87].
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4.2.2 UVRR: binding interaction

To follow the complexation from a molecular point of view, UVRR spectroscopy
was employed, with a 266 nm exciting wavelength, which enhances specific vibra-
tional modes of nucleobase groups. As reported in the previous chapter, Tel22
fingerprints are present in the region from 1150 to 1600 cm−1. With 266 nm
exciting wavelength, the signal of the thymine is mostly related to the peak at
1375 cm−1, while the contribution of guanosine and adenine overlaps around the
peaks at 1325, 1335, 1485, and 1580 cm−1. Figure 4.6 shows the spectrum of
Tel22 and the linear combination of the spectra of the following nucleotides: 12
dGTP, 4 dATP, and 6 dTTP. The nucleotide experimental profiles were initially
normalised to their total area.

Figure 4.6: UVRR spectrum of the linear combination of 4 dATP + 12 dGTP + 6
dTTP and of Tel22. The nucleobase signals are shown with filled areas and are

collected at 10 mM in water. Figure is taken from [87].

Ber and Palm do not produce large modifications on Tel22 UVRR spectrum, as
shown in figure 4.7, which reports at the top the difference spectra (DS) between
the sample with and without the drugs and the contribution of the two ligands.
All the curves are normalised to the peak related to the phosphate ion (1030
cm−1), empty cell was also subtracted. There is almost an overlap between the
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DS and that of the drug, there are some differences in the correspondence of
the peak at 1486 cm−1, related to base stacking interactions, suggesting that the
stacking induced by Ber is slightly stronger than that induced by Palm.

Figure 4.7: a) UVRR of Tel22 at 45 µM in black and Tel22-Palm in green. b) Tel22 in
black and Tel22-Ber in magenta. The difference spectrum between complexed and

native samples (Cpx-Tel22) is reported at the top of all panels, along with the rescaled
profile of pure drug (red line). Figure is taken from [87].

In all the samples, toward unfolding, an increase of the band at 1335 cm−1

and a decrease of that at 1325 cm−1 are observed (figure 4.8), related to the
C2’-endo/anti and C2’-endo/syn conformers, suggesting a conformational rear-
rangement already observed with CD.

4.2.3 SAXS: shape and molecularity of Tel22

SAXS measurements were performed to complete the picture of the structural
changes of Tel22 induced by Ber and Palm. SAS technique is more sensitive to
the G4 large-scale rearrangements, shape modifications, and aggregation. Figure
4.9 shows the form factor P(Q) of Tel22-Ber and Tel22-Palm with the best fit
derived from SasView [115]. Squared parallelepiped model, with the short and
long sides of a= 18.6 ± 0.9 Å and c=32 ± 2 Å well reproduces the P(Q) of Tel22.
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Figure 4.8: UVRR spectra collected as a function of temperature for a) Tel22, b)
Tel22-Ber (1:1), and c) Tel22-Palm (1:1). At the bottom of all panels the difference

spectrum between each temperature profile from darkest to lightest grey (90-30 °C DS
to 40-30 °C DS spectra). The figure is taken from [87].

The same model is also applicable to Tel22-Palm, suggesting that the drug
does not produce any modification at the quaternary structure level under the
experimental conditions used in this study. It is worth noting that the P(Q) of
Tel22-Ber cannot be described just with this simple approximation, whereas it
is well fitted by the combination of the form factors of two parallelepipeds: one
with the same sizes cited above and the other with the same short side but with
a double long side. Such a description represents a solution of Tel22 monomers
and dimers. From the fit, the dimer fraction for Tel22-Ber was found to be 0.2.
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Literature suggests [107] that the two drugs stack by π − π interaction on the
top of G4, the positively charged N7 of Ber and Palm stabilises the negative
charge density of O6 guanines. The lateral moiety probably promotes the partial
dimerisation of Tel22-Ber, allowing a more favourable interaction. Even if the
two ligands present many structural similarities, Ber can induce partial Tel22
dimerisation more effectively, resulting in a slightly more stable complex. This
outcome is very interesting because it could be used as a basis for future studies
on G4 natural-interacting small molecules, with possible developments also for
medical applications.

Figure 4.9: Comparison between the normalised experimental and theoretical SAXS
profiles of Tel22 alone a), Tel22-Palm b), and Tel22-Ber c). Figure is taken from [87].

4.3 Braco-19

The previous sections have shown the action of natural compounds on Tel22
structure, instead, the next paragraph will be dedicated to the action of B19,
one of the first rationally designed G4 ligand [116], whose molecular structure
is shown in figure 4.10. It is considered an "end-stacker" and it was chosen
because it shows a fair selectivity for G4 over duplex together with high inhibitory
activity toward telomerase [1, 54, 99]. The effects of B19 on telomerase function
have been evaluated both in vitro and in vivo tests [1, 117]. One of the fields of
investigation concerns lethal cancers; for example, in the human uterus carcinoma
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cell line UXF1138L, B19 produced growth inhibition of 96 % [1], in breast cancer,
it inhibits diseased cell survival and induced DNA damage, in brain tumour, it
may provide a new treatment of glioblastoma multiforme [118]. In addition to
being a promising anticancer drug, B19 is also behaving as an antiviral molecule,
as it exerts anti–HIV-1 and anti-HSV-1 activity by stabilising HIV-1 and HSV-1
G4s, respectively, and repressing the viral gene transcription [119, 120].

Figure 4.10: Molecular prospectus of B19.

Even if B19 is a well-studied and a good ligand for G4 [1, 121–124], there
is no clear structural information on its interaction with the human telomeric
G4 in physiological conditions. Moreover, the high degree of polymorphism of
quadruplexes does not allow the generalisation of the results, and adding more
and more details allows for enriching the database from which to start developing
new compounds. Molecular dynamic (MD) simulations, used to characterise the
stability of the binding modes of B19 to a telomeric G-quadruplex, showed that,
depending on the starting G4 conformation, some differences in the energetic
stability of top stacking and bottom intercalation binding modes, both possible,
may exist [123]. By using a multi-technique approach, it is possible to explore
a wide energetic landscape of G4 and G4-binder conformations. In particular,
CD and UVRR spectroscopy provide information about the secondary structure
and molecular vibrations upon the thermal unfolding pathway, while UV-Vis
absorption and fluorescence titration can give information on the interaction, the
binding mode, and the modification of the environment around the ligand due to
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complexation. The use of this biophysical approach gives the opportunity to focus
on the change induced by the complexation of one component without considering
the other. In this section, it is shown that CD and UVVR give information on the
G4 modifications, while ABS and FLUO are more sensitive to the B19 alteration.

4.3.1 Titration: Braco-19 viewpoint

In order to explore the Tel22-B19 binding mechanisms, on the basis of a previous
work [125], a series of titration experiments were carried out through different
optical spectroscopic techniques. To investigate the B19 electronic properties
changes induced by complexation with Tel22, UV-absorption and fluorescence
spectroscopy were employed. Figure 4.11 a) shows the UV-Vis absorption spectra
of B19 at a fixed concentration (80 µM) in the presence of Tel22 at variable molar
ratio (Tel22:B19 varies between 0:1 and 1.5:1).

Figure 4.11: a) UV-Vis absorption titration of B19 increasing the Tel22 concentration.
In the inset the absorption of B19 at 363 nm. b) Bound B19 fraction as a function of

Tel22 concentration.

Increasing Tel22 concentration, the growth of the UV absorption bands at
260 nm can be easily recognised. This band hinders the effects of G4 binding on
the main features of the absorption spectrum of B19. In fact, this acridine-based
molecule has characteristic absorption bands with three major peaks at 264 nm,
293 nm, and 363 nm. Since Tel22 absorbs at ∼ 260 nm, during the titration it
was observed just the modification of the band at the higher wavelength where no
DNA signal is present (see inset of figure 4.11 a). Tel22 produces a 10 nm red-shift
(from 363 nm to 373 nm) and a large hypochromic effect up to ≈ 68%. Red-shift
(>15 nm) and hypochromicity (>35%) are typical of intercalative binding modes
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for duplex and quadruplex DNA (for examples with porphyrins) [126]. Hence,
our observation may only imply a possible stacking interaction between B19 and
Tel22 but does not point conclusively to such a specific interaction mechanism. A
deviation from the isosbestic point is observed, which suggests that the binding
is composed of several steps. In figure 4.11 b) it is shown that the bound B19
fraction reaches a plateau at [DNA]:[ligand] ratio of 2.5. The concentrations of
bound (Cb) and free (Cf ) B19 were evaluated using a standard procedure [125]
where Cf = C(1 - α) and Cb=C-Cf , whit C the total ligand concentration (80
µM) and α calculated through the equation: α = (Af - A)/(Af - Ab), where Af

and Ab are the absorbances of the free and fully bound B19 at 363 nm and A is
the absorbance at the same wavelength for each measurement.

Assuming a single G4-B19 binding mode, one would expect to be able to
reconstruct the trend by a linear combination of the spectral signatures corre-
sponding to free and bound B19. On the other hand, the reconstruction of the
observed absorption features is not feasible by considering only two states (i.e.
bound/unbound). This suggests that more than one B19 binding site could be
available on Tel22. In literature, the existence of a double binding mode was
investigated by surface plasmon resonance and calorimetry. White et al. [127]
showed that the first binding mode between the human telomeric G4 and B19
has an association constant of Ka ∼ 3 · 107 M−1, and it is 10 folds stronger than
the second binding mode.

One of the advantages of B19, as other acridine-derived G4 ligands, is the
intrinsic fluorescence emission, which can provide complementary information to
UV-Vis absorption studies. The fluorescence emission of B19 excited with 365
nm wavelength and its absorption spectra at 80 µM are shown in figure 4.12 a).
The mirror-image rule between the absorption and the emission spectra is quite
obeyed. This symmetry comes from the fact that the same transitions are involved
in the two processes with similar vibrational energy levels of the ground and the
excited state. The energy of the emission is less than that of absorption, in fact,
fluorescence occurs at higher wavelengths. Generally, the emission spectrum is
not dependent on the excitation wavelength and it was decided to excite with
365 nm because it was far from the absorption peak of the DNA. The results
of fluorescence titration experiments are displayed in figure 4.12 b), with B19
concentration fixed at 80 µM. At increasing Tel22 concentration, one can notice
both a non-monotonic increase in the fluorescence intensity and a gradual red-
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shift of the emission spectral structure, accompanied by a loss of the spectral
structure characterising the fluorescence emission of B19. As in the case of UV-
absorption titration, it is not possible to reconstruct the spectra using just two
states (free and bound).

Figure 4.12: a) Absorption (red) and fluorescence (blue) spectra of B19 at 80 µM. b)
Fluorescence titration of B19 increasing the Tel22 concentration from 0 µM (black) to

100 µM (red). In the inset, the evolution of the integrated fluorescence intensity
(triangles, grey scale to the right) and the spectral centre (circles, black scale to the
left), which is defined as the first momentum of the spectral intensity distribution.

These observations can be quantified by monitoring the evolution of the inte-
grated fluorescence intensity (inset in figure 4.12 triangles) and the first momen-
tum of the spectral intensity distribution (inset in figure 4.12 circles), as a function
of the Tel22 concentration. Both these quantities vary non-monotonically at in-
creasing Tel22 concentration. The fluorescence titration suggests a change in the
local environment of the chromophore as the Tel22 concentration increases, which
can also indicate a change in the binding process.

The first steps of the titration show a light-up effect that is probably due
to a restriction on the conformational degree of freedom of the B19 when it is
bounded with Tel22. This effect has already been reported with other acridine-
based molecules [128] and it is probably due to decreased acridine–acridine self-
quenching [129]. When 16 µM of Tel22 is added, the B19 fluorescence spectrum
starts to change its shape. In general, the red-shift in fluorescence emission
can be interpreted in terms of the so-called solvent effect: in the presence of
polar solvents, the excited fluorophore dipole moment is partially shielded, hence
weakened in dipole strength [62]. Here, however, the red-shift is accompanied by
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the loss of the spectral structure that is well visible in the spectrum of B19 alone.
The formation of this broad, structureless, red-shifted band with a maximum at
about 490 nm, which increases its intensity upon the Tel22 titration, is consistent
with an excimer emission [130, 131]. The π-stacking interactions between the
Tel22 tetrads and the B19 can modify the B19 excited state and delocalise the
photon over the conjugate.

Both the titration experiments do not show an isosbestic/isoemissive point,
suggesting the presence of two different binding modes [132]. Moreover, from the
fluorescence it is also evident that the G4 strongly changes the properties of B19
environment.

4.3.2 Titration: Tel22 viewpoint

To observe the modification of Tel22 induced by B19, CD and UVRR titration
measurements were carried out. UVRR spectroscopy experiments were conducted
with λ=250 nm exciting wavelength, where the bands at about 1482 (G-peak),
1578, and 1611 cm−1 are mostly ascribed to vibrations of dG residues, and of
slight contributions from dA [88, 89]. The spectra measured for the Tel22 and
the Tel22-B19 samples at three different molar stoichiometric ratios (1:1, 1:2, 1:4)
are shown in figure 4.13 a) in the wavenumber range from 1200 to 1800 cm−1. A
decrease in the Raman signal, the hypochromic effect, upon complexation with
B19 is observable in figure 4.13 c) and it can be ascribed to a modification of base
stacking interactions, suggesting an end-stacking binding mode [90]. Increasing
the B19 concentration also leads to a G-peak red-shift, as shown in figure 4.13 c)
(green layer), indicating a change in the strength of the bonds.

Tel22 secondary structure modifications induced by B19 were pointed out by
CD experiments. Tel22 in potassium buffer shows a CD spectrum characteristic
of a hybrid conformation, with a maximum near 290 nm, a shoulder at 270 nm,
and a minimum at about 235 nm. The complexation provokes a drastic change,
with an increase of the peak at 290 nm and the formation of a minimum at 260
nm, see figure 4.13 b) and d). Therefore, upon complexation, the Tel22 struc-
ture undergoes conformational switching from a mix of hybrid and antiparallel
topology to an antiparallel-like structure.
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Figure 4.13: a) UVRR and b) CD spectra of Tel22-B19 at different stoichiometric
ratios (1:0 black, 1:1 light blue, 1:2 light green, and 1:4 magenta). c) UVRR G-peak
intensity (blue layer) and red-shift (green layer) as a function of Tel22-B19 molar
ratio. d) CD intensity at 290 nm (violet layer) and at 260 nm (orange layer) as a

function of Tel22-B19 molar ratio.

4.3.3 Thermal stabilisation: CD and UVRR

B19 is also an excellent G4 thermal stabiliser, as already demonstrated with
other G4 sequences where the melting temperature was increased up to 33 °C
after complexation [121, 133]. Therefore, CD and UVRR techniques were also
employed to provide information on the Tel22 thermal stabilisation induced by
B19. Figure 4.14 b), c), d) shows the Tel22-B19 at different molar ratios (1:1,
1:2, 1:4 respectively). As the concentration of B19 increases, the unfolding occurs
at higher temperatures. Unfortunately, the unfolded state is not reached in the
temperature range here investigated, i.e. from 24 °C to 84 °C, and a precise SVD
analysis could not be performed. However, it is possible to observe that the three
complexed samples seem to experience the same unfolding pathway: at 84 °C
their CD feature is characterised by a maximum at 263 nm and a minimum at
240 nm, with rather high intensity. Figure 4.14 a) displays the normalised CD
signals at 290 nm. Interestingly, we can observe that the unfolding process for all
the complexes is not very cooperative. Furthermore, a two-state model cannot
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describe the melting pathway. It is also evident that B19 strongly stabilises Tel22
structure.

Figure 4.14: a) Normalised CD signal at 290 nm of Tel22-B19 at various molecular
ratios. b) CD spectra as a function of temperature of Tel22-B19 1:1, c) Tel22-B19 1:2,

and d) Tel22-B19 1:4.

The UVRR spectra as a function of temperature, which confirms the great
ability of B19 in stabilising the quadruplex, are reported in figure 4.15 b) and
c). During the unfolding, an evident enhancement of the whole UVRR spectra,
the hyperchromic effect, in the G4 investigated range (from 1300 to 1800 cm−1),
is observed. This behaviour provides specific information on the unstacking of
G-tetrads and, to quantify the stabilisation, the peak intensity at 1482 cm−1

was monitored (see figure 4.15 a)). This band is related to the guanine in-plane
vibrations of the bending of C8-H and the stretching of N9-C8 and C8=N7 bonds
[79, 88, 89]. From the data, it emerges that the higher the B19 concentration,
the higher the melting temperature. The complex Tel22-B19 1:2 has a melting
temperature at least 5 degrees higher than Tel22 alone.
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Figure 4.15: a) G peak intensity as a function of temperature. b) and c) UVRR
spectra of Tel22-B19 1:1 and 1:2 respectively as temperature increases.
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Chapter 5:

Ligand binding and irradiation drive Tel22
conformational changes

5.1 Introduction

In this chapter the results obtained using photosensitive ligands, TMPyP4 and
DTE, complexed with Tel22 are shown. Dithienylethene derivatives are a family
of photochromic compounds with aromatic functional groups, characterised by
light-activated isomeric state reversible changes [134]. TMPyP4 is a highly stud-
ied G4-ligand, although the effect of complexation on telomeric G4 structure, its
binding mode, and stoichiometry are still controversial, and influenced by various
factors: the G4 sequence, the presence of flanking bases, the counterions, the
crowding conditions and buffer ion concentration [125, 135–140]. Its ring proba-
bly binds with G4 tetrads through π−π interaction with quite high affinity, even
though TMPyP4 lacks selectivity with respect to the duplex DNA. Moreover,
TMPyP4 porphyrin is renowned for its capacity to induce quadruplex formation
in the promoter regions [141, 142], for its effects against a broad variety of tumor
cells [143, 144], and for its telomerase inhibition upon binding to telomeric G4s
[56].

The discussion of data analysis that follows refers to samples prepared at DNA
concentrations in the order of tens of micromolar, while the high concentration
regime will be discussed in the next chapter. TMPyP4 and DTE exposed to ra-
diation activate different mechanisms, the former undergoes a chemical reaction,
while the latter is subject to a photo-isomerisation. Here, it is demonstrated that
these two processes generate a different effect on the structure and stability of
the Tel22.

Light presents unmatched prospects since it can be used for biological applica-
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tions due to its non-invasive nature and spatio-termporal precision. As a tunable
parameter, in addition to light, temperature was also used to induce conforma-
tional changes. This research aims to propose a way in which temperature and
light are employed to control the G4 structure and thermodynamics.

5.2 Irradiation set-up

Light irradiation was used to control the photochromic properties of DTE and
TMPyP4 ligands. To maintain mechanical stability during illumination, thus
ensuring that the samples were uniformly illuminated during the experiments, we
used a homemade irradiation set-up. It consists of a collimated continuous LED
source (ThorLabs) with a wavelength of 430/660 nm, a mobile support where the
LED is placed, and a fixed cell holder. The solution of Tel22-drug was placed in a
1 mm thickness quartz cuvette 50 mm from the LED source, with the collimated
light spot having a diameter of 25 mm and a power of 50 mW on the sample.
When illuminating, the irradiation time (i.t.) is strictly correlated with the power
density (power/area) of the laser spot on the sample, so it is essential to define
all the best parameters for the measurements. Figure 5.1 shows the schematic
set-up with the LED source at 430 nm. All the experiments were made in dark
conditions.

Figure 5.1: Schematic experimental set-up for irradiation.

Tel22-TMPyP4 was irradiated with the LED at 430 nm, since this wavelength
is close to the porphyrin Soret band, which is attributed to the transition from
the ground state to the second excited state. DTE is a photo-isomer that under-
goes reversible conformational switching when it is irradiated with two different
wavelengths. Low-energy visible light of 430/660 nm collimated continuous LED
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was used to pass from the ring-open/closed isomer to the ring-closed/open iso-
mer. Dark conditions were carefully maintained throughout the experiment in
order to avoid unwanted partial photo-isomerisation episodes. Figure 5.2 shows
the set-up and the sample irradiation with two different LEDs.

Figure 5.2: On the left, a picture of the homemade irradiation apparatus. On the
right, a picture of the set-up with the two different wavelengths LED sources.

5.3 Sample preparation and characterisation

Tel22 was prepared as described in section 3.2. Porphyrin TMPyP4 was dissolved
in buffer with 50 mM potassium phosphate 150 mM KCl 0.3 mM EDTA pH 7
(KPES). The porphyrin concentration was estimated from its absorption spectra
considering the extinction coefficient ϵ422 = 2.26 · 105 M−1cm−1 at 422 nm [145].
In figure 5.3 a) the UV-Vis absorption spectrum of TMPyP4 and its chemical
structure are shown. The Tel22 was complexed with TMPyP4 with a molar
stoichiometric ratio DNA:ligand 1:2 and left at room temperature for two hours
in dark conditions.

DTE was dissolved in DMSO in a stock solution of 10 mM. It was demon-
strated that DTE is able to undergo reversible photo-switching between the open
(1o) and closed (1c) isomers by alternate irradiation with blue and red light [61].
Figure 5.3 b) shows the UV-Vis absorption spectra of the two isomers and their
chemical structure. First of all, the ligand photo-switching was tested in a buffer
solution with 1% of DMSO to find the best irradiation conditions. The buffer used
is the same KPES mentioned above. Figure 5.4 a) shows the time trial to achieve
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the switch from the open to the closed configuration (1o)→(1c): therefore, 100
µM of DTE were irradiated with 430 nm at different exposure times. The switch-
ing (1o)→(1c) is accomplished in 10 minutes with blue radiation, whereas, to
reach the complete isomer-switching of the reverse processes, (1c)→(1o), shown
in figure 5.4 b), the sample was irradiated for 90 minutes with red light. In both
cases, neat photo-isomerisation between the two forms of the ligand is reached as
suggested by the presence of clear isosbestic points.

Figure 5.3: UV-Vis absorption spectrum of a) porphyrin TMPyP4 and b) DTE open
(1o) and closed (1c) configuration.

Figure 5.4: UV-Vis absorption spectra of a) DTE open to closed (1o)→(1c) and b)
DTE closed to open (1c)→(1o) at different irradiation times. Spectra related to the
process (1o)→(1c) were irradiated from 0 to 10 minutes with 430 nm, while those

relating to (1c)→(1o) from 0 to 90 minutes with 660 nm light.
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5.4 Titration

5.4.1 Tel22-TMPyP4

To estimate the best molar stoichiometric ratio for the binding affinity, UV-Vis
absorption titration was performed keeping the TMPyP4 concentration fixed at
80 µM. The Soret band was monitored during the addition of Tel22, as shown in
figure 5.5 a). The [DNA]:[ligand] ratios used were: 1:20, 1:10, 1:6.6, 1:3.3, 1:2.5,
1:2, 1:1, 1:0.66. The changes in the absorption intensity and the shift of the Soret
band are shown in figure 5.5 b), where it is evident that the plot reaches a plateau
when the molar ratio is 1:2 (Tel22:TMPyP4). Therefore, this ratio was the one
selected for every measure.

Figure 5.5: a) UV-Vis absorption spectra of TMPyP4 as a function of Tel22
concentration. b) Fraction of bounded TMPyP4 (red layer) and red-shift of the Soret

band (blue layer).

To estimate the bound TMPyP4 fraction (Cb), a standard procedure [125]
was employed, where Cb = C − Cf was used, where C is the total porphyrin
concentration, Cf is the concentration of the free molecule and it is defined as
Cf = C(1−α) with α = (Af−A)/(Af−Ab), Af and Ab are the absorbances of the
free and fully bound TMPyP4 at the Soret maximum (422 nm) respectively, and
A is the absorbance at 422 nm for any given point during the titration. The de-
termined percentage of hypochromicity of TMPyP4 Soret band is approximately
62% and the red-shift of ∼15 nm. The absence of an isosbestic point and the
strong hypochromic and red-shift effect of the Soret band suggest that complex-
ation of Tel22 with TMPyP4 involves multiple binding sites probably related to
stacking and/or intercalation [136, 143].
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5.4.2 Tel22-DTE

The same procedure was implemented for DTE in both its isomeric conforma-
tions. For the open configuration, the peak at ∼ 380 nm was followed, while, for
the closed configuration, the peak at ∼ 670 nm was chosen. The ligand concen-
tration was fixed at 60 µM while the G4 concentration was varied between 0 and
120 µM. In both cases, the increase of DNA concentration leads to a ∼ 15 nm
red-shift and a hypochromic effect of 15-20%. These values suggest a possible
intercalation mode, already reported in literature for DTE complexed with the
human telomeric sequence Tel23, a base longer than Tel22 [61]. From the red-
shift saturation plot, a stoichiometric ratio of 1:2 was chosen for the Tel22-DTE
complex.

5.5 Irradiation as a trigger parameter

5.5.1 Photo-induced spectral changes of Tel22-DTE

To study the effect of complexation with the two different DTE isomers on Tel22
secondary structure, CD measurements were carried out. First, Tel22 was com-
plexed with DTE (1o) and DTE (1c); the corresponding spectra are reported in
figure 5.6 a). Both spectra show a small increase in the peak intensity at 290
nm and in the complex with (1o) configuration a rather strong decrease, with
respect to Tel22 alone, of the shoulder at about 250 nm and 270 nm. This result
is not far from what was obtained with Tel23 [61], suggesting a possible alteration
of the G-tetrad in the Tel22-DTE (1o). Then, the Tel22-DTE (1o) complex was
irradiated at 430 nm for 10 minutes, allowing the DTE ring closure, and restoring
the Tel22 CD signal. This result is shown in figure 5.6 b), where the CD signal of
Tel22-DTE (1c) (blue) and of Tel22-DTE (1c) (cyan) obtained afer ligand photo-
isomerisation overlaps, pointing out the capability of photo-controlling the Tel22
secondary structure. This result could have many implications in the field of G4
photopharmacological strategies and in nanotechnology.

However, in the next section, it will be shown that the CD spectrum of the
sample irradiated with red light to allow photoisomerisation in the open config-
uration does not overlap with that of the original Tel22-DTE (1o). This result is
in contrast with that already published by Galan et al. [61], where a complete
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reversibility of the CD spectra was pointed out. Moreover, while in Ref. [61] a
better performance of DTE against hybrid rather than antiparallel G4 topology
is reported, here it is shown that the type of hybrid conformation (type 1 vs a
mixture) plays a role in modifying the telomeric secondary structure.

Figure 5.6: a) CD spectra of Tel22 (black), Tel22-DTE (1o) (red), Tel22-DTE (1c)
(blue). b) Tel22-DTE (1o) (red), Tel22-DTE (1c) (blue), and Tel22-DTE (1c) i.t. 10

minutes 430 nm (cyan).

5.5.2 The curious case of Tel22-DTE in K+ environment

As shown in the previous sections, DTE is a photo-reversible isomer; in literature
it was reported that, once it is complexed with Tel22 in Na+ and with Tel23 in
K+ environment, it is capable to photo-switch the G4 CD signal in a reversible
way [61]. As for Tel22, the reversibility has also been successfully reproduced in
our laboratory in Na+ environment, while it was no longer valid in the K+ one,
as mentioned in the previous section. The CD and UV-Vis absorption spectra
related to the process are shown in figure 5.7 a) and b) respectively. To better
understand, in the middle panels of the figure 5.7, the description of each step is
provided. First, the Tel22 was complexed with DTE (1o) and the corresponding
CD spectrum is reported in red in panel 1, then it was irradiated with blue light
allowing the DTE transition to the closed configuration (1c), which in turn made
changes to the Tel22 secondary structure (blue spectra, panel 2). By irradiating
the sample with red light, DTE returned to the open configuration (1o) and,
theoretically, the CD spectrum (orange spectrum in panel 3) should also come
back to the original signal. To complete the cycle, a second irradiation with blue
light was carried out (light blue spectrum, panel 4). Figure 5.7 c) shows all the
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CD spectra collected during the first cycle.

Figure 5.7: a) CD spectra and b) UV-Vis absorption of the photo-switching process.
c) First and d) second cycle. In the middle, all the steps of the process are described.
Tel22-DTE (1o) in red, Tel22-DTE (1c) in blue (i.t. 10 min 430 nm), Tel22-DTE (1o)

in orange (i.t. 90 min 660 nm), Tel22-DTE (1c) in light blue (i.t. 10 min 430 nm),
Tel22-DTE (1o) dashed pink (i.t. 90 min 660 nm),Tel22-DTE (1c) dashed green (i.t.

10 min 430 nm).

For reversibility, the orange and light blue signals should overlap the red and
blue ones, respectively, but in both cases, the features at 290 nm and 264 nm have
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a higher intensity. The process was repeated to obtain a second cycle (panels 5
and 6): even if there is no complete agreement, the signals almost come back
(pink on orange and green on light blue). From the UV-Vis absorption spectra
in figure 5.7 b) it is clear that irradiation successfully produces the DTE ring
closure and aperture, therefore, even if the ligand photo-switching is reversible,
some changes on Tel22 conformation can be identified. The reason why the first
switch is not reversible provides the impetus for future investigation, starting by
testing the complexation of DTE with other hybrid telomeric sequences.

5.5.3 Photo-induced Tel22-TMPyP4 structure destabilisa-

tion

CD technique was also employed to study the effect on Tel22 structure due to
complexation with TMPyP4 and subsequent irradiation. Figure 5.8 a) shows the
CD spectra of Tel22 and Tel22-TMPyP4 complexes. The first piece of evidence
is that the peak at ∼ 270 nm, typical of the parallel-like G4 population, increases
as a result of the complexation [86]. Then, the complex was irradiated with blue
light (430 nm): under this condition, porphyrin can generate singlet oxygen thus
oxidising guanines at the exterior face of the quadruplex scaffold.

Figure 5.8: a) CD spectra of Tel22 (black), Tel22-TMPyP4 (purple), Tel22-TMPyP4
i.t. 30 s (light blue), Tel22-TMPyP4 i.t. 120 s (green), Tel22-TMPyP4 i.t. 480 s

(orange). b) CD spectra of Tel22-TMPyP4 i.t. 120 s (green), 8-oxyG (pink), and Sp
(light blue). The dotted CD spectra are taken from [146].

It was discovered that in G4 the major product of oxidation is the 8-oxo-
7,8-dihydroguanine (8-oxoG), which is susceptible to further oxidation form-
ing spiroiminodihydantoin (Sp) and guanidinohydantoin [147]. Tel22-TMPyP4
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was irradiated at different exposure times, from 30 s to 480 s, and monitored
by CD, the corresponding spectra are shown in figure 5.8 a). The progres-
sive exposure produces an evident decrease in ellipticity while promoting con-
formational switching. The sample irradiated for 120 s has a CD signal that
strongly resembles those of 5’-TAGGGTTAXGGTTAGGGTTAGGGTT-3’ and
5’-TAGGGTTAGGXTTAGGGTTAGGGTT-3’ telomeric DNA sequences, where
damage at the GGG triad has been introduced. This similarity is apparent in
figure 5.8 b). In the structural formula of the modified DNA samples, lesion X
stands for 8-oxo-7,8-dihydroguanine (8-oxoG) or Sp products placed at 5’ or 3’
ends, respectively [146]. These folds show maxima at 295 and 245 nm, and a
minimum at ∼ 265 nm, with a shape similar to the antiparallel-like topology.
This result is highly likely because, upon exposure to radiation, porphyrin pro-
duces singlets oxygen (1O2) that preferentially oxidise guanines at the external
quartets, generating numerous radicals and as the major products 8-oxoG and
Sp [148].

The comparison in 5.8 b), between these oxidation products in G4s and Tel22-
TMPyP4 irradiated for 120s, is particularly important since it enables localising
the damage into Tel22 structure provoked by the irradiation-induced oxidation
of the guanines. Furthermore, these measurements indicate that increasing the
irradiation time up to 480 s results in the partial destruction of G4s until the
tetrads are gradually unstacked. Indeed, the intensity of the Tel22-TMPyP4 i.t.
480 s spectrum is more than halved and the shape is almost all lost.

5.5.4 Irradiation of Tel22 and Tel22-DTE (1c) with blue

light

Since the results obtained on Tel22-TMPyP4 complexes with and without irra-
diation are quite promising for applicative purposes [149–151], the first question
that might arise is whether the conformational changes, which we have detected,
are due to a combined effect of complexation with TMPyP4 and subsequent ir-
radiation, or irradiation alone can still cause a modification in the quadruplex
structure. To be sure that the irradiation with the blue light was not the only
cause of the G4 topological modifications, the same exposition time was applied
to Tel22 alone. Figure 5.9 a) shows that irradiation does not affect the Tel22 sec-
ondary structure, indeed after i.t. 480 s the G4 CD spectrum remains unvaried.
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The second speculation could be wondering if other ligands with absorption
at ∼ 430 nm could produce the same effect on Tel22 once irradiated. To answer
this question, the complex Tel22-DTE (1c) was tested through the same proce-
dure applied to Tel22-TMPyP4 samples. As in the case of Tel22, no change is
observable in the CD spectrum shown in figure 5.9 b). These tests provide a
positive control in favour of porphyrin as a G4 ligand with unique properties and
interesting future perspectives.

Figure 5.9: a) CD spectra of Tel22 (black), Tel22 i.t. 30 s (light blue), Tel22 i.t. 120 s
(green), Tel22 i.t. 480 s (orange). b) CD spectra of Tel22-DTE (1c) (blue), Tel22-DTE
(1c) i.t. 30 s (light blue), Tel22-DTE (1c) i.t. 120 s (green), Tel22-DTE (1c) i.t. 480 s

(orange).

5.6 Temperature as a trigger parameter

In order to comprehend how switching between conformers might enable the regu-
lation of telomere replication, and to design small molecules that specifically bind
to various conformers, it is crucial to understand the thermodynamic factors that
affect the relative stability of various conformers. To investigate the thermody-
namic impact of ligands on the stability of Tel22, CD measurements were carried
out by varying the temperature until unfolding was reached. The measurements
were performed in steps of 2 degrees from 24 °C to 92 °C for DTE and from 24 °C
to 84 °C for TMPyP4. Measurements upon thermal unfolding gave information
on the stabilisation/destabilisation induced by the ligand complexation and/or
the irradiation.

80



Chapter 5. Ligand binding and irradiation drive Tel22 conformational
changes

5.6.1 Tel22-DTE melting pathway

The melting pathway of Tel22-DTE (1c) and Tel22-DTE (1o) was monitored
through CD experiments, shown in figure 5.10 a) and c) respectively. The whole
process was analysed by means of the SVD method. In both cases, an intermedi-
ate state between folded and unfolded was detected, and the three-step process
was described by a sequential unfolding model (F⇌ I ⇌ U). A global nonlinear
least-squares fitting on the amplitude vectors obtained from the SVD returned
the values to reconstruct the spectra of the significant species (figure 5.10 b) and
d)) and to derive the thermodynamic parameters presented in table 5.1.

Figure 5.10: CD melting spectra of a) Tel22-DTE (1c) and c) Tel22-DTE (1o).
Reconstructed spectra of significant species b) for Tel22-DTE (1c) and for d)

Tel22-DTE (1o).

For both cases, the melting temperature (Tm2) is, within error, 3-4 degrees
higher than that of Tel22 alone. Interestingly, both Tel22-DTE (1c) and (1o)
experienced at ∼ 42-45 °C a very similar intermediate state, characterised by a
shift and a decrease in the peak at ∼ 290 nm and an increase of the shoulder at
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∼ 265 nm. The unfolded states have a typical CD feature of disordered polynu-
cleotide, with a very weak signal. Enthalpies of both steps are smaller in the
case of Tel22-DTE (1o) compared with Tel22-DTE (1c), probably due to the fact
that the G-tedrads, in the complex with DTE in open configuration, are partially
distorted, as suggested by [61].

Table 5.1: Thermal melting parameters for Tel22-DTE (1o) and Tel22-DTE (1c)
obtained through a global fit and SVD.

Tel22-DTE (1o) Tel22-DTE (1c)
Tm1 (°C) 42± 1 45 ± 1
Tm2 (°C) 73 ± 1 72 ± 1
dH1 (kcal mol−1) -23±2 -30±3
dH2 (kcal mol−1) -57±3 -62±3

Control experiments revealed significant thermal cyclo-reversion and probably
for this reason the complexes with the two isomers pass through a similar melting
pathway. A schematic representation of the unfolding pathway is shown in figure
5.11.

Figure 5.11: Schematic representation of the melting pathway of Tel22-DTE (1o) and
Tel22-DTE (1c).

5.6.2 Tel22-TMPyP4 melting pathway

It was observed that guanine oxidation alters the folding of telomeric quadru-
plexes in KCl solution [146]. Tel22 melting pathway and thermostability are
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affected by the interaction with TMPyP4 and subsequent irradiation of the com-
plex. To quantify the complexation and the oxidative effect, the features of the
Tel22-TMPyP4 complex ellipticity were monitored as a function of temperature
both for the non-irradiated sample and for those exposed to blue light, i.t. 30
s, 120 s, and 480 s. All the corresponding thermal denaturation profiles are
displayed in figure 5.12.

Figure 5.12: Thermal denaturation profiles of Tel22-TMPyP4 (purple),
Tel22-TMPyP4 i.t. 30s (light blue), Tel22-TMPyP4 i.t. 120 s (green), and

Tel22-TMPyP4 i.t. 480 s (orange) recorded with CD.

The melting data were analysed through the SVD method, and a three-step
pathway process was found (F⇌ I ⇌ U). A global nonlinear least-squares fitting
on the SVD amplitude vectors allowed us to extract the coefficients needed to
reconstruct the spectral features of significant structures of the unfolding process
and their relative populations. The obtained thermodynamic parameters are
reported in table 5.2, while the reconstructed significant species and their relative
concentration as a function of temperature in figure 5.13.

In the presence of TMPyP4, the melting temperature of Tel22 (Tm= 69 °C
[79]) is increased by ∼ 3 °C, as well as in the case of Tel22-TMPyP4 irradiated
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for both 30 s and 120 s. This differs from what occurs in Tel22-TMPyP4 sample
irradiated for 480 s, where the melting temperature decreases by 2 °C with respect
to the unbound Tel22. As mentioned above, in this case, the DNA begins to
lose its structure and the complex becomes thermodynamically more unstable.
Indeed, in addition to the decrease in the melting temperature, a reduction in
the enthalpy between each step is observed.

Table 5.2: Thermal melting parameters for Tel22-TMPyP4 samples obtained through
a global fit and SVD.

Tel22-TMPyP4 i.t. 30 s i.t. 120 s i.t. 480 s
Tm1 (°C) 50± 1 51.5 ± 0.8 50 ± 1 50± 1
Tm2 (°C) 71.5 ± 0.7 72.5 ± 0.8 71± 1 66± 2
dH1 (kcal mol−1) -26±2 -26±2 -23±2 -21± 3
dH2 (kcal mol−1) -59± 3 -51±4 -48±3 -42± 3

By monitoring the whole melting path, it was observed that, for Tel22-TMPyP4,
Tel22-TMPyP4 i.t. 30 s and 120 s, the intermediate states, reported in figure 5.14,
although of gradually decreasing intensity, are not very dissimilar in shape, and
resemble a triple helical structure [68, 152]. The triplex structure was shown to
be a possible form of intermediate state for Tel22 prepared in a different buffer
than that used in the present study [68]. Interestingly, the triplex was suggested
to be a possible pre-unfolding step for telomeric sequences [153–157]. Moreover,
MD simulations revealed that triplex are energetically feasible structures [158].
Biophysical techniques and molecular dynamics have revealed the formation of a
triplex structure studying the d[TTA(GGGTTA)3] sequence [152]. Its CD signa-
ture is similar to that of the intermediate states obtained from Tel22-TMPyP4
samples.

Furthermore, the complex irradiated for 480 s shows an intermediate state
with a few differences from the others. In this case, the intermediate shape
resembles that of a triplex with an oxidised guanine in the central tetrad [146],
as reported in in figure 5.14. This suggests that, while complexes irradiated for
less time only oxidise the external tetrads, those irradiated for 480 s begin to
oxidise even the guanines in the central tetrad. A schematic representation of the
unfolding pathway is shown in figure 5.15.

84



Chapter 5. Ligand binding and irradiation drive Tel22 conformational
changes

Figure 5.13: On the left the reconstructed significant species and on the right their
relative concentrations as a function of temperature.
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Figure 5.14: CD spectra of the intermediates reconstructed via SVD. Tel22-TMPyP4
in purple, Tel22-TMPyP4 i.t. 30 s in light blue, Tel22-TMPyP4 i.t. 120 s in green,

Tel22-TMPyP4 i.t. 480 s in orange, and in dashed orange line a triplex that is a result
of telomeric G4 with oxidised guanine in the central tetrads (CD signal taken from

[146]).

Figure 5.15: Schematic representation of the melting pathway of Tel22-TMPyP4
complexes.
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Chapter 6:

Complexation and irradiation promote dimeri-
sation of Tel22 at high concentration

6.1 Introduction

This chapter mainly contains the results reported in the paper published in 2021
[86]. On the basis of the findings presented in the previous chapter, it was de-
cided to use a structure-based strategy, integrating complementary techniques,
such as circular dichroism and small-angle scattering, to deeply investigate the
Tel22 structural changes induced by the porphyrin TMPyP4 and by light irra-
diation. These two methods look at structural differences on a distinct spatial
scale: SAS is sensitive to the modifications induced on the global protein/DNA
structure, such as the changes in shape, size, and oligomerisation state, while CD
is powerful to study the secondary structure of biological materials. The purpose
is to find a possible link between the changes on the secondary and the quater-
nary structure when Tel22 interacts with TMPyP4 before and after irradiation
with blue light. All the experiments presented in this chapter were performed at
∼ 500 µM DNA concentration. Unexpectedly, the results show a very different
behaviour compared to those obtained at lower concentrations, which could re-
sult from the fact that Tel22 is a really polymorphic structure and its secondary
structure is highly concentration-dependent.

6.2 Materials and methods

Tel22 was dissolved in 50 mM K-phosphate buffer, 150 mM KCl, 0.3 mM EDTA,
pH 7. To have the same CD and SAS experimental conditions, measurements
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were carried out at 500 µM Tel22 concentration, both alone and in the complex
with 1 mM TMPyP4. Circular dichroism measurements were performed with
0.1 mm quartz cuvette, and the irradiation procedure was the same as described
in the previous chapter. The small-angle X-ray scattering was performed at the
SWING beamline at the synchrotron SOLEIL (Paris). To be sure that SAXS
data were not affected by X-ray radiation, complementary small-angle neutron
scattering measurements were carried out. After the acceptance of a proposal,
SANS measurements were performed at the diffractometer D22 at ILL (Institut
Laue-Langevin, Grenoble). The following samples were measured: Tel22, Tel22-
TMPyP4, and Tel22-TMPyP4 with different 430 nm irradiation times (i.t.) (30 s,
60 s, 120 s, 240 s, 480 s). A schematic view of the irradiation set-up is presented
in figure 6.1.

Figure 6.1: Sall-angle scattering irradiation set-up. Figure adapted from [86].

For SAXS, a 1.5 quartz capillary was used and positioned at 90° to the X-ray
beam direction, the sample-detector distance was 2 m. X-ray wavelength was
1.03 Å, around 20 images were collected for each sample and 990 ms exposure
time was set. An incident wavelength of 6 ± 0.6 Å was used at D22 beamline
with two different sample-detector distances, namely 1.5 m and 5.6 m. These
conditions allowed a Q range between 0.01 Å−1 and 0.5 Å−1. SANS data were
reduced using Grasp software (developed by C. Dewhurst) and scaled to absolute
intensity. The buffer was not deuterated since for the DNA the contrast is better
in H2O than D2O, the incoherent background was removed attentively.
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6.3 Circular dichroism reveals topology changes

CD measurements were performed to characterise the Tel22 secondary structure
changes produced by complexation with TMPyP4 and irradiation with blue light.
Figure 6.2 shows that the major secondary structure rearrangement is induced
by complexation, while light irradiation increases the effect that occurs at the
transition from free to bound.

Figure 6.2: CD spectra of Tel22 (black) and Tel22-TMPyP4 at different irradiation
times. Figure from [86].

The interaction of Tel22 and TMPyP4 is also confirmed by the well-visible
induced CD signal (iCD) around 440 nm, shown in figure 6.2. Porphyrin is achi-
ral but its interaction with other biomolecules can break the central symmetry
and generate iCD in the Soret band region. The CD spectrum of the complexed
sample has a shape very similar to that obtained at lower concentrations, with a
shoulder rising around 270 nm. However, while at lower concentrations irradia-
tion promotes partial destruction of G-tetrads, in these conditions there are just
small secondary structure rearrangements. To estimate these changes a method
proposed by Chaires’ group [77] was used, which employs singular value decom-
position and principal component analysis on 23 CD spectra of G-quadruplexes
of known structure. This tool is able to quantitatively extract the secondary
structure content just from G4 experimental CD spectra.

Each spectrum is decomposed in the following fractions: anti-anti, syn-anti,
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or anti-syn conformations, diagonal or lateral loops, and other conformations. In
the last component double chain-reversal loops or terminal nucleotides that may
or may not be stacked are comprehended, this fraction will be called ext. In table
6.1 the results of the decomposition are shown.

Table 6.1: Secondary structural elements percentage obtained from the methodology
reported in [77].

Sample anti-anti syn-anti anti-syn digonal ext
Tel22 14.60 15.66 12.42 45.97 12.34
Tel22-TMPyP4 17.19 15.01 12.7 37.10 17.64
i.t. 30 s 17.97 15.06 12.56 36.78 16.64
i.t. 60 s 17.88 14.55 12.29 36.31 17.97
i.t. 120 s 18.21 14.57 12.62 35.95 17.66
i.t. 240 s 18.17 14.01 12.02 36.13 19.67
i.t. 480 s 18.02 13.51 11.40 36.17 19.89

Although the data are in general well fitted by this method, the fit residues
of the irradiated samples have a shape that suggests the presence of structured
elements formed after light exposure. The non-perfect agreement between the
experimental and theoretical curves of Tel22-TMPyP4 sample irradiated for 60 s
is shown in figure 6.3 a).

Figure 6.3: a) Experimental CD spectra of Tel22-TMPyP4 sample irradiated for 60 s
(circles), fit used to extrapolate the five secondary structure components (cyan line),

and residues (grey line). b) CD difference spectra between the Tel22-TMPyP4
dark/light i.t. 60 s (red line) and CD spectra of dTdA oligonucleotide (blue line)

(spectrum taken from [159]). The figure is taken from [86].

It is worth noting that the CD difference spectra between the Tel22-TMPyP4
dark/light i.t. 60 s resembles that of the CD profile of the dTdA oligonucleotide,
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comparison in figure 6.3 b). These speculations could suggest that light could
cause rearrangements or breaks in the extremal parts of the Tel22.

6.4 Dimeric structures revealed by SAS

SAXS and SANS were employed to get information on structural changes, due
to the effect of porphyrin complexation before and after irradiation at 430 nm,
on a larger scale. The spectra acquired with these two techniques show the same
behaviour, as shown in figure 6.4.

Figure 6.4: a) SAXS and b) SANS profiles of Tel22 (black), Tel22-TMPyP4 (violet)
before and after irradiation of the complex with 430 nm light for 30 s (cyan), 60 s

(blue), 120 s (magenta), 240 s (pink), and 480 s (orange). Figure adapted from [86].

In agreement with CD results, the major rearrangement is due to complexa-
tion. The first approach to check the biomolecule compactness is to look at the
Kratky plot, which gives qualitative information on the flexibility and/or degree
of unfolding. Figure 6.5 shows the Kratky plot derived from Tel22, and complexed
sample without and with irradiation. They present a bell-shaped (Gaussian) peak
with a well-defined maximum, typical of globular objects, while highly flexible or
unfolded ones reveal a plateau at high Q. This also suggests that irradiation does
not lead to degradation in the samples.
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Figure 6.5: a) SAXS and b) SANS Kratky plot of Tel22 (black), Tel22-TMPyP4
(purple), i.t 480s (orange). Figure from [86].

6.5 Model-free analysis

The trend and the shape of the spectra of complexed samples in figure 6.4 suggest
the presence of elongated structures. This hypothesis is corroborated by results
obtained from independent model approaches that will be discussed in this sec-
tion. First of all, from the Guinier analysis, it is possible to extrapolate the radius
of gyration (Rg) and the scattering intensity at Q ≈ 0 (I(0)). Both parameters
are proportional to the size of the system.

Figure 6.6: a) Rg (Å) (pink axis) and I(0) (cm−1) (blue axis), obtained by the Guinier
analysis. b) Pair-distance distribution P(r) functions from SAXS data for Tel22

(black), Tel22-TMPyP4 (purple), and Tel22-TMPyP4 after 480 s irradiation (orange).
Figure adapted from [86].

The values obtained from the complexed and illuminated samples are much
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larger values (nearly double) compared to those extracted from the Tel22 alone.
Tel22 has Rg ≈ 14 Å while the samples of Tel22-TMPyP4 in both dark and light
conditions have Rg ≈ 24 Å (see figure 6.6 a)).

Another plot really sensitive to the particle shape and size is the pair-distance
distribution (P(r)), which was extracted from the GNOM program in the ATSAS
package [70]. Figure 6.6 b) shows a narrow single feature on the P(r) of Tel22,
suggesting a monomeric state. Complexation induces the appearance of a shoul-
der at about 40 Å, which increases upon irradiation. The maximum dimension
in the system (Dmax) can also be extrapolated from this discussion: Tel22 has
Dmax = 65 Å, while Tel22-TMPyP4 has Dmax = 108 Å in dark condition, then
becoming Dmax = 110 Å after irradiation of 480 s.

An estimate of the molecular volume of the various samples can be extracted
from the scattering intensity using the Porod invariant through the following
equation:

Ip =

∫
dΣ

dΩ
Q2 dQ, (6.1)

and the particle volume is given by:

Vp =

∫
2π

I(0)

Ip
, (6.2)

The molecular volume of Tel22 is Vp = 5 · 103 Å3, while the Tel22-TMPyP4 is
Vp = 8 · 103 Å3, the complex has almost doubled its volume with the respect to
the unbound sample, then it increases with irradiation until it reaches a plateau.

All of these results suggest that the complexation with TMPyP4 induces Tel22
dimerisation. In table 6.2 all the values obtained from the model-free analysis
are shown.

6.6 Form factor modelling

To better quantify the Tel22 structural changes upon complexation and irradi-
ation, the SAXS (SANS) experimental form factor of Tel22 was fitted with the
cylinder form factor, with radius of 10 ±1 Å (9 ±1 Å) and height 36 ± 1 Å (27
± 1 Å). As it is known, the Tel22 is in a monomeric state in these conditions,
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therefore this cylinder represents the monomeric unit. This theoretical form fac-
tor is not able to well fit the samples with the porphyrin, which were analysed
using a mixture of monomers and dimers, the latter represented by two adjacent
cylinders of radius of 10.3 ± 0.5 Å (9 ± 1 Å) and height 80 ± 1 Å (51 ± 2
Å). It is worth noting that the electron density contrast between G4 and buffer,
inclusive of the hydration layer and the ion cloud, is detected by SAXS and not
by SANS [91, 92]. As a result, the higher structural values obtained by SAXS
can be justified.

Figure 6.7 shows the experimental SAXS profiles for Tel22 fitted by a cylin-
drical form factor compatible with the monomer size and Tel22-TMPyP4 with
its theoretical curve obtained by the fitting procedure in terms of a mixture of
monomers and dimers [79, 87]. The monomeric and the dimeric components fitted
for Tel22-TMPyP4 before and after 480 s of irradiation are represented in figure
6.9. After binding, the transition from monomers to a mixture of monomers and
dimers occurs both in dark and light conditions. The fitting procedure revealed
that the complex is composed of 60% of dimers and this percentage progressively
increases with exposure times reaching a plateau at ∼75%.

Figure 6.7: a) Experimental and theoretical SAXS profiles for Tel22 and the
Tel22-TMPyP4 complex. The Tel22 spectrum (black) is reproduced by a monomer
(green), while the Tel22-TMPyP4 (violet) form factor is described by a mixture of
monomers and dimers (pink). b) Percentage of dimers over exposure time. The
exponential growth of the amount of dimers is shown with dashed line. Figure

adapted from [86].

Despite the differences in sensitivity between SAXS and SANS, the overall
behaviour of the percentage of dimers is the same, confirming that the process
is reproducible. Moreover, an exponential law was used to fit the trend of dimer
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proportion as a function of irradiation time, providing the characteristic rising
rate of 1/160 s−1. Within the error, this result is in agreement with a model-free
analysis treatment, where the same parameter was obtained.

Table 6.2: Radius of gyration derived from the Guinier plot and percentage of dimers.

Sample Rg (Å) Rg (Å) Vp (· 103) % dimer % dimer
(SAXS) (SANS) (Å3) (SAXS) (SANS)

Tel22 14.1±0.3 10.4 ± 0.4 5.0±0.1 0 0
Tel22-TMPyP4 24.0± 0.5 20.6±0.7 8.8±0.1 59± 3 58±3
i.t. 30s 24.2± 0.5 21.2±0.7 8.9±0.1 60± 3 62±3
i.t. 60s 24.6± 0.5 21.3±0.7 8.9±0.1 63± 3 60±3
i.t. 120s 24.8± 0.5 22.0±0.7 9.3±0.1 67± 3 69±3
i.t. 240s 24.8± 0.5 22.4±0.7 9.6±0.1 70± 3 79±3
i.t. 480s 25.2± 0.5 22.7±0.7 9.6±0.1 74± 3 80±3

Figure 6.8: a) Difference of SAXS profiles (normalised to I(0)) between the irradiated
and the dark (Tel22-TMPyP4). In the inset SANS differences. b) SAXS and SANS

integrated (L-D) differences fitted by the f(t). Figure taken from [86].

In whose case, the spectrum of Tel22-TMPyP4 (Dark) was subtracted from
that of the exposed samples (Light) and both techniques show that the difference
spectra have a minimum at low Q that increases with the exposure time. An
exponential decay law f(t) = A+Be−t/τ fit the integrated area above the curves,
the SAXS and SANS data were simultaneously fitted sharing the saturation char-
acteristic time τ , obtaining τ = 120 ± 30s. The difference, normalised to I(0),
and the fitted data are shown in figure 6.8.
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Figure 6.9: Experimental and theoretical patterns of Tel22-TMPyP4 and after
irradiation of 480 s: SAXS (a,c) and SANS (b,d) form factor, normalised to one. In
green the global fit, in blue the monomeric population, and in red the dimeric one.

Figure from [86].

6.7 Correlation between secondary and quaternary

structure

SAS experiments revealed the presence of elongated structures in the Tel22 solu-
tion induced by the complexation with the porphyrin TMPyP4 and irradiation
with 430 nm light. Modelling the form factor, the percentage of dimers was de-
termined for each spectrum. An intriguing aspect to investigate is whether it
is possible to establish a correlation between the findings obtained from opti-
cal measurements (CD) and the scattering ones (SAS). Plotting the changes in
the ext/syn-anti CD components vs the dimeric population percentage, a cor-
relation/anticorrelation is found. As the elongated structures increase, the ext
contribution grows, whereas the syn-anti decreases.

Figure 6.10 shows the secondary and quaternary (SQ) correlation plot, the
dashed line represents the linear trend between these two structural changes on
Tel22; interestingly, it does not intercept the point related to the Tel22 alone.
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Figure 6.10: Secondary and quaternary correlation plot. Percentage of the syn-anti
secondary structure (pink, left axis) and ext secondary structure (cyan, right axis) as
a function of the fraction of Tel22 dimers obtained by SAXS data. Figure adapted

from [86].

This behaviour suggests that, upon irradiation, the contribution of the secondary
structure rearrangements on the stabilisation of dimers is not the same upon
complexation. Looking at the percentage variations, complexation generates 60%
of the dimers but only a variation of ∼ 0.5 % in the syn-anti conformation and ∼
4 % in the ext fraction, whereas, upon irradiation, the same secondary structure
percentage change corresponds to an increase of the dimeric structure of only 15
%. The ext component, primarily attributes to terminal nucleotides, could be
involved in the intermolecular contacts stabilising dimers. The syn-anti fraction
decreases, most likely as a result of quartet distortion of the external tetrads,
allowing the rise of a larger population of elongated forms.

To summarise:

• Tel22 is in a monomeric state in the investigated condition (500 µM, buffer
K-phosphate).

• Porphyrin TMPyP4 induces sample dimerisation (∼ 60%).

• Irradiation of Tel22-TMPyP4 with 430 nm light brings the dimer population
to ∼ 80%.

• The complexation probably favours the dimer formation through its stack-
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ing on the G4 tetrads, while the irradiation most likely through the oxida-
tion of the external guanines.
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This thesis reports the results of a multi-technique biophysical approach ap-
plied to the study of the conformational changes triggered in G4s composed of a
mixture of topologies. This kind of approach is particularly relevant in the case of
telomeric sequences, which in vitro and in vivo have been shown to consist mainly
of a mixture of hybrid conformations. This work is focused on the investigation
of the telomeric archetypical sequence Tel22 AG3(TTAG3)3, whose elusive and
polymorphic structure is strongly influenced by the molecular environment and
the experimental conditions.

In this framework, it is worthy of note that the structure of G4s resulting
from the commonly used high-resolution techniques is very often different from
the G4 topology in physiological conditions. X-ray crystallography and cryogenic
electron microscopy need a sample preparation that alters the native structure,
so they fail to give reliable insights into the structure of the G4 in solution. On
the other hand, NMR measures the sample in conditions close to the physiologi-
cal ones but, when the G4 has a mixture of conformations, the spectral features
overlap and the contribution of the various topologies is very difficult to detect.
Thus, a multi-technique approach overcomes these limitations and provides valu-
able low-resolution information on solutions containing a mix of conformations.
To this aim, we combined different length-scale techniques, such as UV-Vis ab-
sorption and fluorescence to monitor the electronic properties, UVRR to investi-
gate molecular vibrations, CD for the secondary structure, and SAS at large-scale
facilities to visualise the overall G4 shape.

The first purpose of this work was to apply the multi-scale technique approach
to study the effect of complexation with small molecules on the structural and
thermodynamic properties of Tel22. The perspective is to develop new strategies
for cancer therapeutics since ligand-induced G4 stabilisation inhibits the telom-
erase activity. It was found that Berberine and Palmatine, two well-known nat-
ural compounds already employed in pharmacological applications, induce small
effects on Tel22 secondary structure while being quite effective in altering the evo-
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lution of the G4 topological conformations upon melting. The presence of these
two ligands indeed stabilises the G4 structure and produces intermediate states
with an increased parallel-like topology compared to that of Tel22 alone. Fur-
thermore, despite having a relatively similar chemical structure, Berberine causes
partial quadruplex dimerisation more effectively than Palmatine. The interac-
tion of Tel22 with Braco-19, rationally designed to bind G4s, was also studied
and its capability to stabilise and to trigger secondary structure rearrangements
towards antiparallel-like topology was shown. The hypochromic effect observed
upon complexation in UVRR bands related to the guanines of the tetrads suggests
an end-stacking Braco-19 binding mechanism.

The second aim was to employ two photosensitive ligands and subsequent light
irradiation to induce Tel22 conformational changes and stabilisation/destabilisation.
First of all, the protocol for optimising the irradiation parameters was determined
and an ad-hoc experimental set-up was built. Then, Tel22 was complexed with
DTE, a photo-responsive ligand that is subject to a photo-isomerisation when
irradiated. Its open configuration induces a decrease of Tel22 CD intensity, sug-
gesting a modification of the G-tetrad structure, which is partially restored when
the complex is irradiated with blue light, responsible for DTE ring closure. Al-
though the great potentiality of DTE photo-reversible interaction, complete re-
versibility on Tel22 complex was not observed. A major effect was obtained with
TMPyP4 porphyrin complexation and irradiation. When Tel22 concentration is
around tens of micromolar, TMPyP4 induces secondary structure changes and
irradiation at 430 nm leads to guanine oxidation and consequent G-tetrad desta-
bilisation. This finding has an impact on the thermal pathway of the complex,
which is characterised by the presence of an intermediate state whose spectro-
scopic properties suggest that it may be a triplex. When the G4 concentration
is one order of magnitude higher, the complexation induces a similar effect on
the Tel22 secondary structure, and the results of small-angle scattering analysis
disclose the formation of dimers. The guanine oxidation, produced by irradiation,
gives rise to a structural rearrangement that promotes the formation of elongated
structures of the same size as unirradiated dimers. A correlation between the
secondary and quaternary structural changes was observed, and the degree of
dimerisation was found to be strictly correlated with the topology modifications.

Overall, it was proven that the present multi-technique approach provides pre-
cious information on Tel22 conformational changes at different length scales and
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it can be generally applied to other G4 structures, such as longer telomeric se-
quences, which cannot be resolved with conventional high-resolution techniques.
Visible light irradiation shows extraordinary properties of tailoring the G4 struc-
tural modifications in complexes with photosensitive ligands. In the particular
case of complexation of Tel22 with TMPyP4, illumination is capable of both
partially distorting the tetrads and controlling the dimer fraction. The present
study shows that light is a powerful trigger for G4 conformational and quater-
nary structural changes, with unmatched prospects and huge potential in several
fields, from nanotechnology to anticancer therapy.

Schematic cartoon of the adopted multi-scale technique approach

In perspective, G4 structures offer a versatile and tunable platform for devel-
oping nanoscale devices. A possible application could be using G4-ligand complex
irradiation to control the assembly and disassembly of DNA-based nanostruc-
tures. A future goal could be to create structures that can undergo reversible
conformational changes in response to light stimuli. These structures have po-
tential applications in sensing and electronic devices. G4s-based logic gates are
still in the early stages of development, however, they can be wherewithal for the
development of new types of molecular computing devices and nanoscale tech-
nologies. G4 complexed with photosensitive ligands can also be used as smart

101



Conclusions

responsive material in drug delivery. Indeed, light could control drug release in a
non-invasive manner.

Particular interest in perspective could be found in cancer treatment where,
G4s have been identified as possible targets for photodynamic therapy (PDT)
[160, 161]. PDT is a medical treatment that operates with a photosensitising
agent, a light source, and oxygen to specifically destroy malignant cells. When
the photosensitiser is activated by light of a specific wavelength, it generates re-
active oxygen species (ROS), which can lead to cell death. In addition to lung
cancer, esophageal cancer, skin cancer, and specific types of head and neck cancer,
PDT is also used to treat a number of other medical disorders, such as psoriasis
and acne. PDT is less invasive and safer than chemotherapy since it minimises
the side effects. Indeed, PDT localises the effect around the cancerous cells rather
than normal cells, which will not experience phototoxicity or a cumulative effect
[162]. Moreover, targeting G4 structures can enhance the selectivity and effective-
ness of PDT in cancer treatments, as many studies have confirmed the presence
of G4s in promoter regions [38, 163, 164]. Huge attention has been devoted to
the G4 related to c-Myc, vascular endothelial growth factor (VEGF), and BCL-2
gene expression. In particular, c-Myc is overexpressed in more than half of hu-
man cancers and, indeed, it is considered a molecular hallmark of tumours. The
c-Myc oncogene plays a role in cell growth and proliferation [165, 166]. Its over-
expression is linked to a variety of human cancers, including leukaemia, breast,
colon, and cervical cancers [97, 167]. It is well known that VEGF participates
in the initial stage of tumour development, allowing the cancer cells to form new
blood vessels and then permitting their exponential growth, in progression and
in metastasis [168]. Particularly, it is a marker for metastasis in human hepato-
cellular carcinoma [169]. BCL-2 family regulates cell apoptosis and makes easier
tumour development. By targeting G4s in the promoter regions of these onco-
genes, PDT can selectively inhibit the expression of these genes and induce cell
death in cancer cells [170, 171]. Although some studies have been carried out,
it is still essential to study G4-ligand interaction to develop more specific and
compelling photosensitising agents. In this context, modified porphyrins may be
perfect candidates since they have already been used as photosensitising agents,
given their ability to produce ROS once irradiated with light [160, 161].

Furthermore, it has recently been proposed that when cells have telomere
dysfunction, the RNA G4 TERRA, which is transcribed by telomers, encodes
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two dipeptide repeat proteins [172]. In this context, a treatment that can work
directly on telomere G-rich zones could stop the growth of these dipeptides, pre-
venting changes in nucleic acid metabolism and inflammatory reactions.

For more generic medical applications, the structural characterisation at a low
spatial resolution of the G4-ligand complexes before and after irradiation pre-
sented in this work can contribute to the design of new photosensitive molecules
in order to increase their selectivity for G4 structures and reduce toxic effects.
As a future perspective, the objective is to implement the methodology presented
with time-resolved absorption and fluorescence spectroscopy (fs and ns resolution)
to characterise the kinetics of photoinduced conformational changes in G4-ligand
complexes. This profound characterisation of the complex could fit into the con-
text of optogenetics, which consists of a class of methods developed to control
cellular processes with high spatial and temporal precision using photoreceptors
whose molecular interactions can be governed by light. The presented biophysical
characterisation provides a first basis for establishing a rational approach to the
design of optogenetic tools based on G4 ligands. They will in fact allow opti-
mising the excitation patterns by light for optogenetic control and photoinduced
structural reassembly.
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