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Abstract

“Doctor of Philosophy”, Universidad de Burgos, Universita degli studi di Palermo:

“The interaction of novel transition metal complexes and ligands with biomolecular
targets: kinetic, thermodynamic and computational investigations” by Javier
Santolaya Rubio.

Spanish

A través de la combinacion de métodos experimentales y computacionales se han
estudiado diferentes tipos de interacciones de diversas moléculas con estructuras de
ADN, en concreto ADN en conformacion de doble hélice y la G-quadruplex. Las
moléculas estudiadas se pueden dividir en 2 tipos: (I) compuestos formados por
centros metdlicos de transicion y (ll) compuestos orgdnicos. La importancia bioldgica
de este estudio es significativa, porque es bien sabido que la interaccion con
estructuras nucleicas (B-DNA o G-quadruplex) puede provocar la inhibicién de sus
funciones bioldgicas y con ello el fin de la replicacién celular, pudiendo conducir por
ejemplo al final de la replicacion de células cancerosas y finalmente la muerte de estas.
En la primera parte de la tesis se describen en profundidad los estudios de interaccién
con DNA en estructura de doble hélice (Capitulos Il1I-V) mientras que la segunda parte
se centra en los estudios sobre G-quadrulex (Capitulos VI-VIIl).

Italian

Attraverso la combinazione di metodi sperimentali e computazionali sono state
studiate le interazioni di diverse molecole con DNA in conformazione a doppia elica e
G-quadruplex. Le molecole considerate possono essere suddivise in due categorie: (l)
composti formati da centri di metalli di transizione e (ll) composti organici.
L'importanza biologica di questi studi & significativa, perché & ben noto che
I'interazione con le strutture di acidi nucleici puo causare l'inibizione delle loro funzioni
biologiche e con essa la fine della replicazione cellulare, essendo in grado di condurre,
ad esempio, in casi di cancro a fine della replicazione di dette cellule cancerose e infine
la morte di queste. La prima parte della tesi descrive gli studi di interazione con il DNA
a doppia elica (Capitoli 11I-V) mentre la seconda parte si concentra sugli studi di
interazione con DNA G-quadruplex (Capitoli VI-VIII).
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Prologue

For a long time and still nowadays, scientists have deepened the understanding and
the treatment of cancer, one of the diseases that cause the highest mortality in the
world. In fact, approximately about 8.2 million of persons die each year due to cancer
and it is estimated that there are 32 million patients with this disease.!!

Some of the main treatments for cancer are surgery, radiotherapy and chemotherapy,
and specially the latter is where Chemistry plays and important role, because through
over time it has been found that different drugs are effective for cancer treatment.
However, despite the great effort, there are still many limitations. For example, drugs
are not usually applicable to all range of tumors. Moreover, there are serious side
effects in the treatments. Nucleic acids are essential in processes like replication or
transcription, and it has been revealed that anti-cancer activity of many employed
drugs is strongly related to their binding to DNA, which has become over these
decades one of the most important biological target for cancer treatment. On the
other hand, although this binding has been the object of several investigations over
the last decades and many advances and discoveries have been achieved, there is still
a long way to go.

This thesis is based on a set of studies, from both experimental and computational
points of view, of the interaction between small molecules, organic ligands or
transition metal complexes, with two different DNA conformations: (I) double-helical
DNA (B-DNA) and (Il) G-quadruplex DNA. The main aim is to show that complementing
experimental results with computational approaches can easily allow to understand
the binding mode and help to describe more accurately the binding mechanism.
Several techniques have been used in both experimental and computational studies,
such as UV-visible absorption spectroscopy, circular dichroism, viscosity and thermal
denaturation, and molecular dynamics (MD) simulations and quantum
mechanics/molecular mechanics (QM/MM) calculations. All employed methods are
described in detail in Chapter Il: METHODS.

The thesis can be divided in two main parts:

Part 1, from Chapter lll to V, based on experimental or/and computational studies of
the interaction between small molecules and double helical DNA, includes the study
and comparison of the binding of two half-sandwich transition metal complexes of
Ru(ll) and Ir(lll) toward calf thymus DNA (ct-DNA), an examination of the biological
properties of four Pt(ll) complexes analogues to cisplatin and the role of serum
albumin in their cytotoxicity as well as a computational study on the hydrolysis of cis-
dichloro-diamino complexes of platin(ll), palladium(ll) and nickel(ll) and their binding
to B-DNA.



Part 2, from Chapter VI to VIII, both experimental and computational techniques were
employed but, in this case, the biomolecular target were G-quadruplex structures. This
part contains i) the binding study between G-quadruplex and a perylene diimide
derivative labeled with biotins, ii) a kinetic and thermodynamic evaluation of TMPyP4
porphyrin toward the two hybrid structures of G-quadruplexes that are reported to
be formed in K* aqueous solution and iii) a screening of different transition metal
complexes in presence of different G-quadruplex sequences, through FRET melting
assays and competition assays, in order to evaluate the binding specificity of the
complexes toward G-quadruplex in the presence of B-DNA.

Chapter IX gives a short and general overview.
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1.1 Cancer
1.1.1 Definition and main features

As defined by World Health Organization (WHO, February 2018): “Cancer is the
uncontrolled growth of cells, that can affect any part of the body. Cancer cells grow
beyond their usual boundaries and can invade adjoining parts of the body and spread
to other organs, the latter process is referred to as metastasizing. Metastases are the
major cause of dead from cancer”. Some features of this disease are described below
based on National Institutes of Health (NIH, Bethesda, Maryland, U.S.A, February
2015) considerations: normally, human cells grow and divide as the body needs them
and when cells grow old they die, however, when this disease develops these
processes break down and old or damaged cells survive while they should die. These
needless cells can divide without stopping and may form tissue growths called tumors.
During their growth, cancer cells can break off and travel to distant places in the body
(through blood or lymph system) and form tumors far from the original tumor, a
phenomenon known as metastasis.

1.1.2 Cancer throughout history

Historically the first references to cancer were found in Egypt, concretely in the “Edwin
Smith papyrus”, which it is dated 1600 years BC, and describes tumors or ulcers in the
chest that were treated with cauterization. Later in the XVII century, significant cases
of cancer treatment can be found, despite the rudimentary techniques of this period,
among which Clara Jacobi’s case is mentioned. This Dutch woman had a huge tumor
between her head and neck, and in 1689 the tumor was successfully removed
surgically.

Subsequently, an important contribution was made by John Hunter, surgeon and
anatomist that first used some words referred to this disease that still we hear
nowadays: “No cure has yet been found”. Moreover, he suggested that since they had
no such medicine techniques, they were often obliged to remove cancerous parts
trough surgery extirpation, and that in certain cancer types surgery could be
effective.l?

In the XX century, namely in 1953, J.D. Watson and F.H.C Crick, supported by Rosalind
Franklin X-ray diffraction images, published the discovery of DNA double helix
structure,® a work for which in 1962 they received the Nobel Prize in Medicine and
which not only opened a door of new knowledge to science but also propelled it to
where it has arrived nowadays. The understanding of the importance of DNA as the
base of our genetic code as well as the research of different DNA structures and their
biological role in living beings have helped to understand what we called “Central



dogma of molecular biology”, which is an explanation of the flow of genetic
information within a biological system, Figure 1.

. replication
(DNA -> DNA)
DNA Polymerase

DPOTDODG o

transcription
(DNA -> RNA)
RNA Polymerase

translation
. (RNA -> Protein)
Ribosome

O-0-0-0-0-C-0 Protein

Figure 1. Central dogma of molecular biology as suggested by F. Crick in 1958.14

1.1.3 Role of Science in cancer treatment

Strong efforts and great advances achieved in Science has allowed to establish an
appropriate definition and comprehension of cancer hallmarks as it is shown in Figure
2. The hallmarks comprise six biological capabilities acquired during multistep
development of human tumors.l!

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 2. Cancer hallmarks.P!

In consequence of the significant advances and discoveries during the last decades, it
has been possible to considerably expand the types of cancer treatments,’® some of
which are briefly mentioned and described below.

15
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e Surgery, the oldest known procedure, consist in the extirpation of the entire
tumor, strongly limited if cancer is in metastasis phase.
e Chemotherapy, based on the use of drugs such as cisplatin’! to decrease the

growth of tumor cells has resulted in successful treatment of many types of
cancer, but there is still a strong risk of serious side effects.
e Radiation therapy, used for cancer diagnosis and in treatment, usually cancer

is removed by surgery and then the adjacent tissues are radiated. (In 20t
century, it was found that radiation could cause cancer as well as cure it)
e Immunotherapy, is a biological treatment based on employing substances

made by the body to improve or restore the immune system functions,
boosting the natural defenses to fight cancer.

Interestingly, chemotherapy is often combined with surgery and/or radiation therapy,
for a better outcome of the disease treatment. But although there are several
methods to fight cancer and even some of them have evolved throughout history,
there are still many limitations in all of them that Science keeps trying to minimize.
Focusing on chemotherapy, side effects, low specificity of drugs towards cancer cells
in presence of healthy cells and the narrow range of tumors in which drugs are
effective, have generated a significant increase in the design and synthesis of new
potential anticancer drugs. This PhD thesis represents a small contribution to the latter
research approach.

1.2 Nucleic Acids
1.2.1 Definition and structure

Nucleic acids are linear polymers formed by the covalent binding of nucleotides and
are characterized by the presence of three main structural components: (i) a
phosphate group, (ii) a five-membered ring sugar (ribose or 2-deoxyribose for RNA and
DNA, respectively) and (iii) a nitrogen base.[3-10

Nitrogen bases, displayed in Figure 3, can be classified into two main groups: (i)
purines, e.g. adenine and guanine and (ii) pyrimidines, e.g. cytosine, thymine and
uracil. Thymine and uracil are only present in DNA and in RNA, respectively. RNA
differs from DNA for the presence of a 2’-hydroxyl group in the sugar ring, as
highlighted below.



Guanine (G) Cytosine (C)

Figure 3. The structure of different nucleotides formed by the five different nitrogen
bases.

The phosphate groups are the linking units between contiguous nucleotides, through
a phosphodiester linkage between the 5’ position of one nucleotide to the 3’ position
of the next. The deprotonation of the phosphate group at neutral pH creates a
negatively charged backbone and the resulting strand is always described directionally
from position 5’ to 3’, constituting the so-called primary structure of nucleic acids.[®!

1.2.2 Double strand DNA

DNA is preferably arranged in a double-stranded conformation, called secondary
structure, which results from the combination of two complementary strands in an
antiparallel sequence. Canonical Watson-Crick base pairs!3! establish that Guanine and
Cytosine are bonded through 3 hydrogen bonds while Adenine and Thymine (of Uracil)
through 2 hydrogen bonds, as shown in Figure 4. In addition to hydrogen bonds,
another important contribution in the stabilization of double strand DNA is the n-rt
interaction between stacked aromatic rings of neighboring base pairs. The Watson-
Crick double helical structure is referred to as B-DNA, the most stable conformation
for a random DNA sequence under physiological conditions, but also A and Z forms
have been well characterized.'* A-DNA? is favored in solutions that are relatively
dry. As B-DNA is arranged in a right-handed double helix but in a wider and shorter
conformation and the number of base pairs per helical turn is 11 rather than 10.5 as
in B-DNA. On the other hand, Z-DNA™3 is arranged in a left-handed double helical
conformation, with 12 base pairs per turn and showing a more slender and elongated

17
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structure. Whether A-DNA presence in cells is uncertain, there are evidences for short
stretches of Z-DNA in both prokaryotes and eukaryotes.

Due to the asymmetry of the two strands, each rotation around axis causes the
formation of two grooves, as shown in Figure 4, major and minor,[** having different
sizes (about 15 A and 6 A wide, respectively). DNA in double helix conformation is a
remarkably flexible molecule in solution, because of the possible rotations around the
C-C, C-0O and O-P bonds in the sugar-phosphate backbone.

>
A "0-P=0
O 3'
H Ne— ~
H-N \\
T P N N/@LO
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[ g O 0=P-0O- .
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- /& Vg
HO N~ "0 =0,
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0 NAN,H- ) 5
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o 5 G
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&

Figure 4. Representation of nucleotide base pairing in helical DNA proposed by
Watson and Crick.

1.2.3 G-quadruplex

G-quadruplexes, are characteristic folded DNA or RNA structures appearing when
guanine rich stretches of nucleic acids self-associate, forming guanine quartets.!*>1¢l
These quartets are stabilized, by hydrogen bonds between the guanines based on
Hoogsteen base-pairing, Figure 5, while Watson-Crick base pairing occurs in double
stranded DNA. Moreover, a monovalent metal ion, usually sodium or potassium, is
needed inside the central channel to compensate the negative charge of the
quadruplex backbone.!'”]
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Figure 5. Schematic representation of the G-quartet/tetrad.[8

It is possible to find different topologies in this type of structures, due to changes in
the loops, positive ions and/or sequence.® The most common classifications for G-
quadruplex depending on their folding are described below.[? The most general
classification considers the number of strands, Figure 6, forming the G-quadruplex,
and it differs between: (i) intramolecular, folding of a single strand itself and (ii)
intermolecular, involving two or more different DNA strands.

T

Figure 6. Examples of intramolecular (left) and intermolecular (right) G-quadruplex

topologies.[?!]

Based on the orientation of the strands, Figure 7, G-quadruplexes can be divided into
(i) parallel, with all strands in the same direction, (ii) antiparallel, with two strands in
one direction and the other two in the opposite, and (iii) hybrid, with three strands in
the same direction.

R T A L

parallel 3+1 hybrid anti-parallel (111]) anti-parallel (111])

Figure 7. Classification of G-quadruplex topology as a function of the strand
orientation.!

G-quadruplexes require a connecting loop, which can be propeller, diagonal or
lateral (Figure 8), so the diversity of combinations of those leads to many more
different G-quadruplex structures.
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Lateral loops Diagonal loops

i

‘/‘Propeller loops
Propeller loops

Lateral loops Diagonal loops

Figure 8. Loop regions in G-quadruplex structures.!1°!

Human telomeres contain d(TTAGGG)n sequences which can form G-quadruplex
structures. The stabilization of the latter block telomerase from binding to the
terminal single-strands end of telomeres, driving to cell apoptosis (Figure 9)
Interestingly, telomerase is a protein overexpressed in cancer cells. For this reason,
the stabilization of G-quadruplex structures in the telomeres is considered successful
for selectively targeting cancer cells.[1®!

“ . Double-stranded region Single-stranded region
Chromosome

5 e T

? TREDENN A~

Telomere ¢
. ¥ Telomere shortening

¥ Telomere damage

Attempt to repair
Telomerase reactivation
i
i

G4 Ligand
., RNA
Telomerase complex
CEEGEL Y Genomic instability
I *@ﬂ
A
Apoptosis Cancer

Figure 9. Structural and biological roles of telomeres and the effect of G-quadruplex

formation.[26

More recently several important regions in the human genome have been reported to
adopt G-quadruplex structures, as immunoglobulin. Within these regions mutational
hot spots and regulatory elements with oncogene promoters are found.(?2 For
instance, c-MYC, one of the most commonly deregulated genes in human cancers, has
a DNA G-quadruplex motif in the promoter Nuclease Hypersensitive Element. The



highest abundance of G-quadruplex is found at telomeres and gene promoters, even
though it also has been found in the region specifying the 5-UTR (Untranslated
Regions) of the encoded mRNA in cytoplasm and may repress translation. Some of
these are recognized as targets for the design of antitumor drugs.

1.3 Mechanism of DNA/Drug binding
1.3.1 |Interaction toward double strand DNA

The interaction of small molecules toward the double stranded DNA can be classified
in two main groups: (i) covalent binding and (ii) non-covalent binding, within non-
covalent interactions different types of interaction can be found, and they are
described below.

Covalent binding, based on the formation of covalent bonds, usually toward guanine
residues and more specifically guanine N7, Figure 10, as for example cisplatin, 2324
one of the most employed anticancer drugs. Cisplatin-DNA binding mechanism is
widely reported.?! The anticancer activity is due to this interaction with DNA, since

its structure is altered, and cellular proteins cannot process or correctly repairs the
polynucleotide. Consequently, many important intracellular processes are
interrupted, cells are not able to replicate and die.

Figure 10. Cisplatin bound to guanine N7.

Non-covalent interactions, which can be broadly divided into intercalation, groove

binding and electrostatic interactions.

Intercalation is defined as the insertion of a planar and aromatic system between two
consecutive base pairs of DNA bases, perpendicular to the axis of the double strand
DNA.[2%27] This type of interaction is stabilized by m- 1 stacking and hydrophobic
interactions, Figure 11, and usually generate a decrease in the twist angle between
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base pairs around the intercalation pocket with a consequent DNA elongation.[?8!
These structural modifications have important consequences on the functionality of
the DNA molecule, since they can trigger the inhibition of DNA replication,
transcription and repair processes leading to cell death.?®! Ethidium bromide,
proflavine or acridine orange are examples of the most reported classical
intercalators.3%

Figure 11. Ellipticine intercalative binding parallel to DNA base pairs, PDB id: 1Z3F.B1

Groove binding. As mentioned above, double stranded DNA has two grooves, defined
as major and minor. A groove binder refers to a molecule capable to bind DNA in the
groove region through hydrogen bonds, Van der Waals forces and/or hydrophobic
interactions, Figure 12. Grooves are binding sites for factors which regulate protein
transcription or DNA replication, commonly linked through hydrogen bonds and
hydrophobic interactions,3? therefore, if a groove binder is occupying fundamental
binding sites for the initiation of protein synthesis and genome replication, it inhibits
those functions leading to cell death. Due to the different size of the furrows,
oligonucleotides and proteins bind to the major groove!3334 while small molecules
prefer the minor groove,l®! where the quantity of bases and consequently the
possibility of forming hydrogen bonds is lower. The natural molecule distamycin A,
synthetic diarylamidines and bis-enzimidazoles are well-known groove binders. They
are the most studied DNA-binding agents and they have shown several biological
activities. Some have found clinical application in treating several diseases, like
cancers, or as anti-viral and antibacterial agents.[3°!



Figure 12. Schematic view of DAPI (purple) placed inside de minor groove of a double
helical DNA, PDB id: 432D.13")

Electrostatic interactions, an external bond which occurs between positively charged
drugs and negatively charged phosphate groups of the DNA backbone. For this reason,
it is a link mode that is very dependent on the ionic strength of the medium.38!

1.3.2 Interaction with G-quadruplex

Due to the structural complexity of G-quadruplex the non-covalent interactions have
been most often considered. High binding specificity toward G-quadruplex has been
obtained through the design of specific drugs that do not interact with B-DNA, which
is the physiologically most abundant conformation. The most common non-covalent
interactions types for this biological target are classified as intercalation, groove
binding and external stacking, as shown in Figure 13.

external stacking intercalating groove binding

Figure 13. Schematic representation of the interaction types of a drug (gray sphere)
toward G-quadruplex conformation. [1¢!

Several groups of compounds, such as cationic porphyrins (i.e. TMPyP4, see Chapter
VI),13% acridine  (BSU6039),14%1  polycyclic acridine (RHSP4),“Y  salphen metal
complexes243 or N-N’-bis[2-(1-piperidino)ethyl]-3-4-9-10-perylenetetracarboxylic

23
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diimide (PIPER)™* have been widely reported during the last decades to interact
specifically with G-quadruplex.



Chapter Il

Methods
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2.1 Experimental section
2.1.1 Materials

Solutions

Solutions were prepared with double deionized water from a Puranity TU system
(VWR). Sodium cacodylate, (CHs),AsO2Na), from now named as NaCaC, was used as
buffer solution to adjust the ionic strength (I). In cases such as the G-quadruplex
studies, the preparation of the solutions will be specified at each chapter in detail.
Reagents for solution preparation were obtained from Sigma Aldrich (MERCK) with
purity >99%.

Metal complexes

The employed metal complexes were synthesized and characterized together with the
group of Dr. Espino, Inorganic Chemistry (University of Burgos, Spain).

Polynucleotides

The Calf Thymus DNA (ct-DNA) was purchased from Sigma Aldrich in the form of
lyophilized sodium salt. This salt is dissolved in ultrapure water, aliquots of 10 mL are
prepared and subjected to an ultrasonic homogenization process with UP400S
equipment equipped with a 3 mm diameter titanium sonotrode (Hielscher, Germany),
keeping the solutions on ice for avoid thermal effects during sonication. By means of
agarose gel electrophoresis at 20 V/cm for 20 min, the average length of the DNA
molecules after sonication is determined, being approximately 1000 base pairs (bp).
To perform the assays, the concentration of DNA expressed in molarity in base pairs is
always determined spectrophotometrically using the molar extinction coefficient € =
13200 M-1cm-1atA =260 nm, | =0.1 M and pH =7.0.

G-quadruplex oligonucleotides

Different guanine-rich oligonucleotides, described in Table 1, labeled at 5°and 3" using
FAM  (6-carboxyflourescein) and TAMRA (6-carboxytetramethylrhodamine)
respectively have been employed,“*! mostly in FRET (Fluorescence Resonance Energy
Transfer) melting assays. Oligonucleotide sequences have been supplied by Thermo
Scientific™ (Thermofisher Scientific), with HPLC purity degree.



Table 1. Sequences and topology of the employed oligonucleotides.

Name Sequence (5°-3°) Topology
3-tetrad Hybrid DNA G-
21T GGGTTAGGGTTAGGGTTAGGG
quadruplex
3-tetrad Parallel RNA G-
21RT GGGUUAGGGUUAGGGUUAGGG
guadruplex
3-tetrad Parallel DNA G-
25Ceb AGGGTGGGTGTAAGTGTGGGTGGGT
quadruplex
3-tetrad Antiparallel DNA G-
21CTA GGGCTAGGGCTAGGGCTAGGG
guadruplex
3-tetrad Parallel DNA G-
cmyc TGAGGGTGGGTAGGGTGGGTAA
guadruplex
2-tetrad Antiparallel DNA G-
Bom17 GGTTAGGTTAGGTTAGG
guadruplex
2-tetrad Antiparallel DNA G-
TBA GGTTGGTGTGGTTGG
qguadruplex
dx TATAGCTAT-hexaethylenglycol-TATAGCTATA Intramolecular duplex
ds26 CAATCGGATCGAATTCGATCCGATTG Double stranded DNA

Fluorescent labelled oligonucleotides were prepared in 90 mM LiCl, 10 mM lithium
cacodylate, from now LiCaC, and 10mM KCI buffer at pH = 7.2 as a 0.25 uM stock
solutions and annealed by heating at 92°C for 5 minutes, and then fast cooled in ice.
For F21RT the buffer employed was 99 LiCl mM, 10 mM LiCaC and 1mM KCl at pH =
7.2, decreasing the amount of K* due to the strong thermal stability of this G-
qguadruplex structure, and following the same procedure described above.

2.1.2 Experimental techniques

2.1.2.1 pH measurements

Metrohm pH-meter (Herisau, Suiza) equipped with a glass microelectrode, a reference
electrode and a KCl salt bridge (3 M) has been used for pH measurements. The pH
adjustment has been performed through sodium hydroxide, NaOH, (lithium
hydroxide, LiOH, for G-quadruplex solutions) or hydrochloric acid, HCI.

2.1.2.2 Absorption spectrophotometry

Classically it can be defined as “the absorption of incident radiation, as a function of
wavelength (A), upon passage through a given medium”- Tom D. Schlabech,
Encyclopedia of Chemistry, 1966. In a chromophore solution through which passes a
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beam of light with an initial intensity, lo, and specific wavelength, a part on the
radiation is absorbed by the chromophore and another unabsorbed part passes
through the sample, |, and the rapport between the transmitted and the incident
intensity is known as transmittance (T).

The absorbance of a given sample inside the cuvette is described as the logarithm of
the inverse value of transmittance, and depends on the light path travel by light,
related with cuvette width, |, the concentration of chromophore in solution, C, and the
molar attenuation coefficient, €, leading to Lambert-Beer law (Eq.1).

Abs=log%= —logT = log%z e-C-1 (1)

This technique is especially useful for the study of aggregation processes or perform
spectrophotometric evaluations. Aggregation processes in solution are checked with
compliance of Lambert-Beer law (Eq.1), recording the spectra of a buffer solution to
which are added increasing amounts of our compound of interest solution with the
same buffer, homogenizing the cuvette solution after each addition before recording
each spectrum. If the plot of absorbance at a fixed wavelength in function of the
increasing concentrations of compound is a line which passes through the origin (0,0)
and the slope is the compound molar extinction coefficient Eq.1 is fulfilled. In case of
a deviation from the linearity this could be related to aggregation processes in
solution. Spectrophotometric evaluations provide information about whether there is
interaction between the drug and a polynucleotide. Starting from a solution in cuvette
of known volume and drug concentration, addition of a polynucleotide solution
(known concentration) are made. Spectra are corrected by the dilution factor, AF,
which is expressed as AF = C%/Cp, the relationship between initial concentration of
drug in cuvette, C%, and the concentration after each addition, Cp.

The absorbance measurements have been carried out with an Agilent 8453 single
beam spectrophotometer (Agilent Technologies, Palo Alto, California) with
photodiode array detection in the range A = 190 - 1100 nm, equipped with Tungsten
and Deuterion lamps for measurements in Visible and UV regions respectively, and a
Peltier thermostatic system (HP-89090A) with an accuracy of + 0.1°C for temperature
control. The measurements were made in high precision quartz cuvettes with 1 cm
light path (Hellma Analytics, Millheim, Germany).

2.1.2.3  Circular dichroism (CD)

Circular dichroism is a circularly polarized electromagnetic radiation absorption
spectroscopy technique useful for molecules with chiral centers, where the incident
radiation is divided in the two chiral polarized components, one on the left and one
on the right, which are in phase and have the same amplitude. When the absorption
of the light circularly polarized in one direction (e.g. right-handed) is different from the
absorption of the light circularly polarized in the opposite direction (e.g. left handed),



the molecule is said to exhibit circular dichroism, Figure 14. As the DNA CD (Circular
dichroism) spectra is well known and widely reported, this stand as a very useful
technique for monitoring even just slight variations in its secondary structure due to
the interaction with small molecules.*6-48

Unpolarized Plane Circular Sample CD
source polarizer polarizer cell spectrum

G- | «
Ellipticity
—>
% ) \/Wavelength

Figure 14. Circular dichroism instrument basics.[*°!

Based on Bouguer-Lambert-Beer lawP% the absorbance of each chiral polarized
components is defined as Absx = log(lo/Ix), where X can be L (left) or R (right), therefore
the difference in the absorption of both components when crossing the sample is

defined as:

AAbs = Abs, — Absg = log G‘E) — log (I‘—;) = log (i—‘z) 2)
and circular dichroism:

Ae = — AAbs (3)

The physical parameter measured in the circular dichroism technique is the ellipticity,
0, which is related to Ag as is shown in Eq.4:

tan® = SRZEL _ A¢ (4)
rR—EL

In the experimental measurements the software of the dichroism measuring
instrument circular provides the value of 8 for each measured wavelength, and the
results are presented as molar ellipticity, [8]:

[6] = 2= (deg-M~*-cm™?) (5)

Modular instrument M0S-450 Biologic (Claix, France) equipped with a Xenon arc lamp
and an electro-optic modulator to obtain the circularly polarized light on the left and
the light alternately with a frequency of 50 kHz has been employed. Detection is done
by means of a photomultiplier, and Biokine software 3.2 transform the received signal
into ellipticity (0). To perform the measurements high accuracy quartz cuvettes of 1cm
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light path width were used, while temperature is controlled through an external Julabo
bath.

2.1.2.4 \Viscosity

The viscosity of a double strand DNA solution represents a further important
parameter useful in demonstrating if there is interaction whether between DNA and
small molecules based on the chain length variations.® Small molecules able to
intercalate generate an increase in axial separation between the contiguous base pairs
present in the site of intercalation of the double helix and therefore an elongation of
the polynucleotide which is reflected as an increase over viscosity values.[?
Otherwise, it has been reported that molecules capable to interact toward DNA
through interstrand covalent bond, such as cis-diamminedichloroplatinum(ll) (cisPt),
cause a decrease in the values of DNA viscosity, while intrastrand covalent bond did
not modify the DNA chain length.>3 An Ubbelodhe viscometer has been employed,
with a volume capacity between 2 and 4 ml, immersed in a thermostated bath (T=
25°C). The procedure is based on collecting values (in triplicate) of the time it takes a
3 ml 2:10* M [DNA] sample to fall by gravity from one point to another of the
viscometer to which are latter added increasing amounts of drug encompassing a
range of different Cp/Cp ratios (where Cp= drug concentration and Cp= DNA
concentration). The obtained results are expressed as relative viscosity, defined in
Eq.6, where ts is the solvent drop time, to is the nucleotide solution drop time and t
the nucleotide solution drop time at a certain drug concentration:

l _ t—tg
N0 to-ts (6)

Calculated relative viscosity is then related to the DNA relative elongation through
Eq.7:

L_s3n (7)

2.1.2.5 Fluorescence resonance energy transfer (FRET) melting assays

Fluorescent resonance energy transfer¥ is a quantum phenomenon based in an
energy transfer between two dye molecules, a donor fluorescent molecule and
another acceptor molecule, so that this phenomenon can take place when the
emission spectrum of the donor molecule overlaps with the absorption spectrum of
the acceptor molecule. Excitation is transferred from the donor to acceptor
fluorophore through dipole-dipole interaction without the emission of a photon. As a
result, the donor molecule fluorescence is quenched, and the acceptor molecule
becomes excited. It then loses energy via heat or fluorescent emission, called
sensitized emission.!>>! The spectrum overlapping is highly dependent on the distance
between the two molecules, generally requiring a maximum distance between both



of 50-60 A.1°8] This is the key factor on which thermal denaturing FRET assay is based
on, in which oligonucleotides of certain sequences capable of forming G-quadruplex
are used, marked at their 5 'and 3' ends, as is mentioned above in Chapter 2.1.1.

G-rich oligonucleotides labelled and folded in G-quadruplex conformation have FAM
and TAMRA close together, so that when irradiating the sample at the FAM excitation
wavelength an energy transfer occurs from FAM to TAMRA, thereby FAM does not
present emission. While temperature increases, G-quadruplex denaturalization is
favored, so that when it occurs that FAM and TAMRA move away to each other
decreasing FRET process, Figure 15. Thus, a fluorescence signal for FAM can be
recorded. The increase of FAM fluorescence as a function of the temperature allow to
obtain the G-quadruplex thermal denaturing curves, through which melting
temperature can be calculated (Tm). FRET method has been used to measure the
stabilization and selectivity of the drugs toward different G-quadruplex conformations
by calculating the increase in G-quadruplex T values.l*”]

Applied biosystem™ (Thermofisher Scientific) 7500 real time PCR has been used, with
96-well PCR plate in which MicroAmp® fast reactions tubes (Applied biosystem™) are
placed with MicroAmp® optical 8 -cap strip (Applied biosystem™), so the fluorescence
of 96 solutions can be followed simultaneously using small amounts of sample.

\.} \_/
gquenching

Figure 15. Schematic representation of G-quadruplex denaturalization marked with
FAM (Green) and TAMRA (red) based on the FRET.[58!

2.2 Computational methods

To obtain atomic-level structural details of the binding site or the kind of interaction
between the synthetic small molecules considered in this thesis work and their
possible biomolecular targets, with the aim to support the interpretation of
experimental data, complementary computational investigations have been carried
out, in particular on model systems mimicking the binding between the small
molecules and double stranded or G-quadruplex DNA.

31



32

2.2.1 Quantum chemistry calculations

The structure of the small molecules selected for the binding with DNA were all
investigated by PM6 semi-empirical®? and/or by DFT calculations, using the following
functionals: M06-2X[% (Chapters 1ll, 1V, VI), PBE1PBE (PBEO)®Y (Chapters IV, V),
B3LYP263] (Chapters IV, V), and basis sets: CEP-121G [64-%¢] (Chapters Ill, VI) and 6-
31G**[66.67] (Chapters IV, V).

Full geometry optimizations were performed for each considered structure. The
contribution of the water solvent was considered by the “conductor-like polarized

|II

continuum model” implicit method.[686°

Where necessary, transition state structures were found through the synchronous
transit-guidded quasi-Newton (STQN) method.”® Vibration frequency analysis, in the
normal mode approximation, was performed to determine wether the optimized
geometry corresponded to a local minimum or, in case of transition state structures,
to a first order saddle point. The frequency analysis allowed also to obtain calculated
values of thermodynamic data. All calculations have been performed with the

Gaussian 09 package.[”"]

2.2.2 Molecular dynamics (MD) simulations

The state of a classical system can be completely described by specifying the positions
and momenta of all particles. Focusing on a three-dimensional space, all particles
contained within a determined system are characterized by 6N coordinates, being N
the number of particles. These coordinates define a 6N-dimensional space called
phase space, in which at any instant in time the system occupies one point inside it.
Hence, over time, a dynamical system maps out a trajectory in the phase space.7? It
is interesting to note that since a phase point is defined by the positions and momenta
of all particles, it determines the location of the next phase point in absence of outside
forces.

Therefore, MD simulations allow to measure the temporal evolution of the
coordinates and momenta of a given macromolecule, the so called trajectory, by
solving Newton’s equation of motion, defined as:

a2 i(t
F = m; =5 (8)

Where ri(t) is the position vector of a particle i with mass m; and F; the force acting

upon the mentioned particle at a fixed time t.

The trajectory of a MD simulation of a system mimicking the interaction between small
molecules and biomolecules can be displayed and analyzed with the aim of obtaining
information about time-dependent properties,”3 such as important structural and
molecular-recognition details. Force fields (FF) are mathematical expressions that
describe the dependence of the total energy of a system on the coordinates of its
particles. These are useful to calculate all terms related to short and long-range



interactions, including electrostatic and dispersion terms. Empirical force fields allow
to reproduce structural and dynamic features of DNA models, and also their
interaction with small molecules.”* Periodic boundary conditions (PBC) are commonly
employed to overcome the limits due to finite size of the considered system, Figure
16. The unit cell is initially built, and its conditions are defined, e.g. ionic strength and
box size, related to the definition of the macroscopic solution concentration. PBC
conditions generate an infinite system replicating the same unit cell, in a way that if
any atom leaves the unit cell for example from the top face, it then enters the box by
the bottom face leading to constant conditions inside the unit cell. Electrostatic
interactions have been considered by the particle mesh Ewald (PME) method, which
allows to commutate the long-range interactions without cut-off approximations, i.e.
without neglecting contributions from sites separated by distance larger than a certain
cut-off.[7!

Figure 16. Scheme referred to periodic boundary conditions in which the built unit cell
is shown in the center, while the other are infinite replicas in space.

In the present thesis, atomic partial charges of small molecules where obtained by DFT
calculations, while other intra-molecular force field parameters were generated with
the ACPYPE (Antechamber python parser interface) software.’6771 MD simulations
were performed by the Gromacs 5.0.4 software package,”®7°! using the Amber99SB
force field with the ParmBSCO!8%81 treatment of nucleic acid torsion parameters for
all DNA models.
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2.2.3 Quantum mechanics/molecular mechanics (QM/MM) calculations

The application of quantum mechanics (QM) methods for the calculation of structure
and properties of systems as large as those involving biomolecules are still nowadays
extremely time-consuming. For this reason, during the last decades many efforts and
research have been performed in order to develop methods to reduce the
computational time without losing much accuracy. In this context, it is interestingly
that Karplus, Levitt and Warshel were awarded the Nobel Prize in Chemistry in 2013
for the “Development of multiscale model for complex chemical systems”.

MM IH

Figure 17. Schematic view of a certain system considered by QM/MM: in yellow the
whole system treated at molecular mechanics level and in green a small portion of
special interest, investigated by quantum mechanics methods.

The resulting hybrid method, 8285 called QM/MM, is extremely useful for the
theoretical investigation of large systems. The latter are divided into two (or more)
parts, named layers, on which different methods are applied (Figure 17): accurate QM
methods for a small portion of the full system, which represents the most interesting
layer (high layer, hl) and a faster but less accurate molecular mechanics (MM) method
of the whole macromolecular system (low layer, Il). The total energy of a two-layer
system, Eqm/mm, is then defined as in Eq.9:

M
EQM/MM = g™ 1 giM _ g M (9)

The low layer contains all atoms, and is calculated at the lower level, while the most
interesting part, the high layer, is treated at the higher (QM) level, %87 glong with the
atoms that are used to cap dangling bonds resulting from the cut of covalent bonds
between the high and low layer.



Chapter lll

DNA binding of half-sandwich
Ru(ll) and Ir(lll) complexes:
experimental and computational
studies
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3.1 Introduction

Cancer is part of the set of diseases characterized by the uncontrolled proliferation of
cells and the destruction of tissues. The causes responsible for the initiation and
promotion of this terrible disease may be both external (e.g., chemicals, radiation,
viruses) and internal (e.g., hormones, immune conditions, inherited genes).!%8 The
treatment of cancer is accomplished by several optional therapies such as surgery,
chemotherapy, radiation therapy, immunotherapy, and monoclonal antibody therapy.
Since the discovered of the therapeutic activity of cisplatin and its derivatives there
has been a great deal of interest in developing new metallodrugs, possibly targeting a
higher number of cancer types, and with less toxic side effects.[8%0 |n this context,
heteroleptic compounds with general formula [(n®-arene)M(X)(N"N)] (M=transition
metal cation), usually called “half-sandwich or piano stool complexes”, have displayed
promising anticancer activity, as reported in the last decade.1%2l Where the n®-arene
moiety which stabilizes the oxidation state of the metal cation and may facilitate
transport through the cell membrane , N"N is a chelating diamine ligand, but it could
also be C'N, O"N or O°C,”3 able to control the reactivity towards different
biomolecules and even can play an important role in the interaction, and a leaving
group (X), which undergoes easy dissociation to allow coordination of the metal ion to
target biomolecules. The anticancer potential of these new metal-based compounds
relies on three main conditions: i) they must be prone to functionalization, e.g. by
hydrolysis of the M-X bond, so that they are able to selectively bind to specific
significant biological targets; ii) they must easily cross human cell membranes to exert
their cytotoxicity;®¥ (iii) the overall charge and counterion identity must be the right
ones because they are related to the solubility and permeability®l. The binding to
DNA is also considered responsible for the potential anticancer activity of these type
of new compounds.®®%7l |In recent years, ruthenium(ll) and iridium(lll) arene
complexes have been found to exhibit varying degrees of in vitro selectivite activity
against human cancer cells.®®%! |n the present work, the synthesis and
characterization of a half-sandwich Ru" and Ir'"" complexes is reported, with
thiabendazole as ancillary NAN ligand, and a n®-pentamethylcyclopentadienyl and n®-
p-cymene for the Ir and Ru complexes, respectively. The thermodynamics and kinetics
of the binding of the two metal complexes to ct-DNA, in water solution, was
investigated by variable temperature absorption and circular dichroism
spectroscopies and by viscosity measurements. Moreover, MD simulations followed
by QM/MM calculations, were performed to provide atomistic models of the
host/guest DNA-binding complexes, as recently reported,1° (see Chapter VI).
Interestingly, the computational investigations suggest that the stereocisomerism of
the two metal complexes may affect their DNA-binding strength.



3.2 Materials and methods
3.2.1 Materials

Metal complexes have been synthesized and characterized by the group of Dr. Espino,
Inorganic Chemistry (University of Burgos, Spain). Aqueous solutions were prepared
with doubly deionized water from a Puranity TU system (VWR). Stock solutions for
Ru(ll) and Ir(lll) were prepared by dissolving weighed amounts in 2.5 mM sodium
cacodylate (NaCaC) as buffer to maintain the pH constant at 7.4, where drug
concentration is denoted as Cp.

3.2.2 Experimental techniques

Synthesis and characterization

Both syntheses were performed and reported by Dr. Martinez Alonso on her PhD
thesis and are described based on it.[191

Synthesis of [(n®-p-cymene)RuCl(k?-N,N-tbz)]Cl, Figure 1, from now called compound
1.
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Figure 1. 2D schematic view for the Ru(ll) complex, 1.

In a 100 mL Schlenk flask, the commercial ligand thiabendazole, thz (0.0664 g, 0.330
mmol) was added to a solution of [RuCl,(cym)]. (0.1008 g, 0.165 mmol) in degassed
methanol (18 mL), and the mixture was stirred at room temperature for 20 h and
under a nitrogen atmosphere. The solution was filtered and concentrated. The
product was precipitated with diethyl ether (15 mL) and isolated by filtration. The
resulting yellow powder was dried under vacuum. Yield: 114.0 mg (0.225 mmol, 68%).
M, (C20H21N3SCl2Ru) = 507.4474 g/mol. Anal. Calcd for C2oH21N3SCl2Ru (H20)2: C 44.20;
H4.64; N 7.73;55.90; Found: C44.11; H4.10; N 7.30; $ 5.94. 'H NMR (400 MHz, CDCls,
25 °C) 6 15.29 (s, 1H, HNH), 10.34 (s, 1H, H¥), 9.41 (s, 1H, H*), 7.89 = 7.79 (m, 1H, H°),
7.77 = 7.65 (m, 1H, Hf), 7.50 — 7.38 (m, 2H, H9, He), 6.13 (d, J = 4.9 Hz, 1H, H2 or H®),
6.03 (d, J = 5.4 Hz, 1H, H3or H®), 6.00 (d, J = 5.7 Hz, 1H, H® or H2), 5.84 (d, J = 5.9 Hz, 1H,
H°or H3), 2.61 — 2.50 (sept, J = 7.0 Hz, 1H, H’), 2.23 (s, 3H, H'°), 1.00 (d, J = 6.8 Hz, 3H,
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H8 or H?), 0.95 (d, J = 6.9 Hz, 3H, H° or H&) ppm. 13C{*H} NMR (101 MHz, CDCls, 25 °C)
§160.9 (s, 1C, C?), 146.2 (s, 1C, C%), 144.1 (s, 1C, C%), 140.8 (s, 1C, C8), 135.0 (s, 1C, Cb),
125.7 (s, 1C, C9), 124.8 (s, 1C, C°), 123.5 (s, 1C, C¥), 116.4 (s, 1C, C7), 115.0 (s, 1C, C°),
104.0 (s, 1C, C1), 103.0 (s, 1C, C%), 84.7 (s, 1C, C2 or C5), 82.6 (s, 1C, C3 or C5), 82.3 (s,
1C, C® or C?), 80.0 (s, 1C, C°> or C3), 31.3 (s, 1C, C’), 22.4 (s, 1C, C®or C°), 22.3 (s, 1C, C°
or C8), 19.3 (s, 1C, C*°) ppm. FT-IR (KBr, cm™) selected bands: 3387 (vs, vn.u), 3049-
3000-2969 (vs, V=cH, V-cH), 2620 (s), 1624-1609 (M, Vc=n(imid)), 1515 (m, vc=c), 1480 (s,
Vesnithiaz)), 1431 (vs), 1329 (vs), 1227 (w, vcss), 1018 (s, vees), 875-842 (s), 765 (Vs Sxtoop),
755 (Vs, Scroop), 637 (W). MS (FAB+): m/z (%) = 472 (56) ([M-CI]*), 436 (22) ([M-2CI-H]*).
Molar Conductivity (H20): 164 S-cm?-mol™. Solubility: soluble in water, methanol,
ethanol, dichloromethane, chloroform and acetone.

Synthesis of [(n>-Cp*)IrCl(k?>-N,N-tbz)]Cl, Figure 2, from now called compound 2.

Figure 2. 2D schematic view for the Ir(lll) complex, 2.

In a 100 mL Schlenk flask, the commercial ligand thiabendazole, thz (0.0521 g, 0.259
mmol) was added to a solution of [IrCl>(Cp*)]> (0.1002 g, 0.129 mmol) in degassed
dichloromethane (11 mL), and the mixture was stirred at room temperature for 20 h
and under a nitrogen atmosphere. The solution was concentrated, and the product
was precipitated with n-hexane (15 mL) and isolated by filtration. The resulting yellow
powder was dried under vacuum. Yield: 145.2 mg (0.242 mmol, 94%). M
(C20H22N3SCl2Ir) = 599.6053 g/mol. Anal. Calcd for C20H22N3SCl2lr+(CH2Cl2)1.1: C 36.57;
H3.52; N 6.06; S 4.63; Found: C 36.56; H3.68; N 5.67; S 4.73. 'H NMR (400 MHz, CDCl3,
25°C) § 15.91 (s, 1H, HMH), 9.99 (s, J = 1.7 Hz, 1H, H¥), 9.14 (d, J = 2.1 Hz, 1H, H), 7.87
(d, ) = 8.1 Hz, 1H, H), 7.58 (d, J = 7.7 Hz, 1H, H), 7.50 — 7.35 (m, 2H, HY, He), 1.79 (s,
15H, HEMe)) ppm. 13C{*H} NMR (101 MHz, CDCls, 25 °C) § 154.1 (s, 1C, C%), 147.5 (s,
1C, C?), 145.9 (s, 1C, C?), 138.3 (s, 1C, C8), 135.4 (s, 1C, C°), 125.7 (s, 1C, C9), 124.7 (s,
1C, C®), 124.6 (s, 1C, C¥), 115.9 (s, 1C, Cf), 115.6 (s, 1C, C°), 87.9 (s, 1C, C**), 9.9 (s, 1C,
ccMe)) ppm. FT-IR (ATR, cm™) selected bands: 3466 (m, vn.+), 3095-2910-2822-2739
(M, V=ch, V-cr), 1614 (M, Veengimia), 1517 (M, ve=c), 1481-1462-1428 (s, Veen(thiaz), 1378
(m, &cns), 1328 (m), 1226 (w, vcss), 1029-1015 (s, vc=s), 879-846 (m), 763 (vs, SnHoop),
747 (vs, Sctoop), 638 (W). MS (FAB+): m/z (%) = 564 (15) ([M-CI]*), 528 (4) ([M-2CI-H]*),



363 (6) ([M-CI-thbzol)]*). Molar Conductivity (CH3CN): 35.4 S-cm2-mol. Solubility:
soluble in water, dichloromethane, chloroform, acetonitrile and acetone. Partially
soluble in methanol.

UV-vis Spectroscopy. Absorbance measurements were performed to prove the
substitution of Cl for HO. DNA melting assays were also accomplished by UV-vis
measurements, spectra were recorded in a range T =25 -90 °C, at 0.3 °C min™ of scan
rate with one-minute stabilization. All measures were performed by duplicate.

Circular dichroism. Circular dichroism Spectra were recorded for different DNA/Drug
samples incubated for 24h, in NaCaC buffer (I= 2.5mM) at pH=7.4and T = 25 °C. All
measures were performed by duplicate.

Differential Scanning Calorimetry. The study of the DNA thermal stabilization induced
by the complexes was completed by DSC measurements, using a Nano DSC Instrument
(TA, Waters LLC, New Castle, USA). Reference and sample were previously degassed
in a degassed station (TA Instruments, Waters LLC, New Castle, USA) to minimize the
formation of bubbles upon heating. The samples were scanned at 3 atm pressure from
20to0 110 °C at 1 °C min! scan rate.

Viscosity measurements. Viscosity of stock solutions incubated overnight was
measured in triplicate, the readings of the flow time was measured with a digital
stopwatch. The viscosity readings were reported as L/Lo = (n/no)/? versus Cp/Cp, where
n and no stand for the polynucleotide viscosity in the presence and in the absence of
drug respectively. All measures were performed by triplicate.

3.2.3 Computational details

Molecular Dynamics. The geometry of the two Ru(ll) and Ir(lll) complexes was fully
optimized by PM6 calculations® and, subsequently, by DFT calculations, using the
MO06-2X[% functional and the CEP-121G[%%%% basis set, as recently reported(9? (see
Chapter VII). The double-helical B-DNA structure, with sequence d(AGCTAGCTCAGT),,
was designed by using the NUCLEIC routine of the TINKER software.l'%l An
intercalation pocket between DG6 and DC7 base pairs was created, to check if the
intercalation of the ancillary ligand was possible. The starting structures for the
computational studies of the complex/DNA systems were obtained using the Maestro
software [Maestro, version 10.2, Schrédinger, LLC, New York, NY, 2015]. In such
structures, the metal ion is covalently bonded to the N7 atom of a guanine base, with
the metal complex approaching DNA from the major groove, and with the ancillary
ligand intercalated between the sixth and seventh GC and CG base pairs. Force field
parameters related to the metal cation were manually taken and included in
Amber99sb force field from the literature.[*%4105] Four MD simulations were conducted
for 150 ns for each DNA/Drug system, considering both enantiomers.
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QM/MM calculations. The relaxed geometries for both DNA/Drug systems, including
the two enantiomers in each case, were optimized by two-layer QM/MM hybrid
calculations, as implemented in the ONIOM method, with the aim to perform a high-
level calculation for the drug and the bound guanine. The M06-2X®% DFT functional
and the lanl2dz['%! basis set were used for the higher DFT layer, to suitably model the
bonding between the metal complex and guanine. The Amber99 force field was used
in the lower MM layer of the QM/MM calculations. The highest layer of the model
includes the drug and the guanine residue excluding the phosphate group, with charge
set to +2 and multiplicity 1. Default atomic partial charges were used for the nucleic
atoms, implicitly included in the force field parameters. Vibration frequency
calculations, within the harmonic approximation, were performed on the optimized
geometries by using the same QM/MM method, to confirm that their energies were
true minima on the potential energy surface. All calculations were performed with
Gaussian 09 software.[’!]

3.3 Results and discussion
3.3.1 Experimental Results

Stability studies and formation of the aquo complexes. As mentioned above, the two
metal complexes are soluble in water, thus their stability in aqueous solution was
studied through UV-vis techniques to check if the substitution of Cl by H,O was
possible. These kinetic assays were performed by dissolving the ruthenium and the
iridium complex in buffered aqueous solution and recording their UV-vis spectra every
20 s. Additionally, the initial absorbance spectra for 1 and 2 is reported in Figure 3. As
it can be seen in Figure 4, a kinetic process has been found related to the formation of
the aquo complex.

The absorbance time data were fitted using a monoexponential function, Eq. 1, being
1/t the kinetic constant for the formation of the aquocomplex. The obtained values
for 1and 2 are shown in Table 1. Based on these results stock solutions were incubated
overnight before using.
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Figure 3. Absorbance spectra for compounds 1 (red) 2 (black) in agueous solution.
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Figure 4. Absorbance at Amax as function of time for 1 (A) and 2 (B). [Cp] = 4:10° M, I=
2.5:10 M NaCaC. The red line represents the fitting of the absorbance-time data pairs
to a monoexponential function, Eq. 1.

t
A= AO . e_; (1)

Table 1. Kinetic constants, 1/, related to aquation process for 1 and 2.

Compound 1/t
1 0.121
2 0.130

Determination of the pK, values of compounds 1 and 2. The acid dissociation
constants (pKa) were determined by measuring the evolution of the absorbance
spectra, as a function of pH for both metal complexes. The UV-vis absorbance
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spectrum for Ru(ll) and Ir(lll) complexes at different acidity levels are shown in Figure

5.
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Figure 5. Evolution of the absorbance spectra of compounds 1 (A), 2 (B) with increasing
pH (from 3 to 12, arrow sense), [1]=9 - 10° M, [2]=4- 10> M.

pKavalues were obtained plotting absorbance, at a fixed wavelength (A), in function of
pH variation as shown in Figure 6, data were analyzed according to the Henderson-

Hasselbach equation, Eq. 2.
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Figure 6. Absorbance at Amax as function of pH fitted according to Eq. 2 for compounds

1 (A) and 2 (B).

_ (Aup — Ap—)
(1+10m(pKa-pH))

(2)

Where Ayp and Ag- stand for the absorbance of the acid and basics forms
respectively, HB and B™ refer to the species involved in the deprotonation of the N-H
group of the thiabendazole coordinated to the metal center, see Fig. 7, A is the total
absorbance at each point and the m parameter is interpreted in terms of activity
coefficient of the species involved in the equilibrium. The obtained pKa values are

shown in Table 2.
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Figure 7. Acid-base equilibria of thiabendazole, relating to HB and B", where M is the
metal center (Ru or Ir), Y is the stabilizing arene ligand.

Table 2. Obtained pK, values using Eq.2.

Compounds pKa
1 6.6
2 6.1

The existence of isosbestic points at A=310 nm and A= 308 nm for 1 and 2 respectively
evidence the presence of different species in equilibrium, also it can be seen a small
maximum hypsochromic shift (= 3nm) for both. One ionization equilibrium was found
for both metal complexes, in which the pK; 6.6 and 6.1 for Ru(ll) and Ir(Ill) complexes
respectively is referred to the deprotonation of N-H group present in the ancillary
ligand. The effect of coordination in the pK, value for thiabendazole deprotonation
has been reported previously,!%l in which the pKa is 12.50 for thiabendazole but drop
to 5.75 when it is coordinated to ruthenium, in good agreement to what is reported
herein. Therefore, at pH 7.4 in which DNA binding has been studied prevails the
monocationic species for the metal aguo complexes, conversely the initial chloro
complexes would be neutral under these conditions.

Interaction with ct-DNA. Different instrumental techniques and methods were
utilised to study the interaction between ct-DNA and the synthesized 1 and 2 metal
complexes. As the procedure is the same for both complexes, this allows to compare
and analyse the effect and importance of the metal center. The techniques that were
used to study the interaction included absorbance spectroscopy (UV-vis), circular
dichroism (CD), thermal denaturation assays and viscosity measurements.

Covalent binding. The reactions were run at room temperature (25°C). Metal complex

solution incubated overnight was added to an aqueous solution 1=2.5-103 M, pH= 7.4
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and varying concentration of ct-DNA. Different Cp/Cp ratios were proven, from 10 to
40, being Cp and Cp the concentrations of ct-DNA (P) and metal complex (D).

As it shows Figure 8, the isotherm obtained as a consequence of plotting absorbance
at As2onm as function of time indicate product formation according to the global
reaction P + D - PD, being PD the ct-DNA/metal product. In order to clarify if the
reaction can be affected by the high level of radiation during the assay, another kinetic
assay was performed in which absorbance is measured each hour (Figure 8B), instead
of each 20 s (Figure 7A). The trend is the same, so it has been concluded that the
isotherm is associated to the binding of metal complex to ct-DNA.
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Figure 8. (A) Absorbance at Aszonm in function of time for 2/ct-DNA, At= 20 s; (B)
Absorbance at Asxonm in function of time for 2/ct-DNA, At= 1 h. [2]= 3-10™ M, Cp/Cp=
10, pH= 7.4, T=25°C.

The absorbance time data were fitted using Eq. 1, and the values of the calculated
constants at different Cp/Cp ratios are shown in Table 3. Subsequently, for both the
obtained kinetic constants were plotted in function of Cp, Figure 9.

Table 3. 1/t values at different Cp/Cp for 1 and 2. [Cp]= 3:10° M, 1=2.5-103 M, pH= 7.4,
T=25°C.

1/t- 10°
Ce/Co 1 2
10 1.33+£0.33 7.64 £0.37
20 2.15+0.37 8.10+0.44
30 2901041 7.56+0.33
40 2.77 £0.29 7.68 £0.37
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Figure 9. Kinetic constants in function of [Cp] for (A) 1/ct-DNA and (B) 2/ct-DNA
systems. [Cp]=3-10° M, 1=2.5-103M, pH= 7.4, T= 25°C.

The curvature observed in Figure 8A suggests a two steps mechanism as defined in Eq.
3.

K, K
P+D = PD,—> PD

(3)

The first step is referred to the formation of PD; in equilibrium with P and D, whose
constant is Ki. Once the equilibrium is reached PD, evolves toward PD through a slow
process where k3 is the kinetic constant corresponding to the formation of a covalent
bond[%8], The proposed mechanism entails that the formation of PD; is faster than PD,
otherwise the equilibria will not be reached. Consequently, PD, can be identified as a
non-covalent complex (intercalation or groove binding), while PD can be
monofunctional covalent or bifunctional (non-covalent-covalent) complex. The
parameters K; and ka can be calculated fitting the data pairs (1/t, Cp) to Eq.4.

1 — Kl .kz'# (4)

T (1+K1'Cp)

For the ruthenium complex, Figure 8A shows that initially the values of kinetic
constant increase when increasing the Cp/Cp ratio until plateau.

So, if Eq. 4 is fitted to the experimental data (red line in Figure 9A) the values for Ki,
referred to the thermodynamic constant for the first equilibrium shown in Eq. 3, and
ka2, referred to the kinetic constant concerning the formation of the covalent bond can
be calculated, leading to K1 = 1.2-10* M and k2-4.7-103 s ! respectively. The value of
Kiat1=2.5 mM is relatively low and supports the reaction path proposed above in Eq.
4, where PD; is the intermediate for the formation PD.

Otherwise in the representation of Eq. 4 for the iridium complex, as no curvature is
appreciated in Figure 9B, it is assumed that in the proposed two steps mechanism KiCp
<< 1 and 1/t = ky, being ko= 7.8:103 51, the double compared to k, for ruthenium
complex, 1.
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Melting temperature experiments. T has been calculated for different Cp/Cp ratios, all

samples were incubated overnight before being measured. For 1, an initial increase in
melting temperature is observed, reaching a maximum at Cp/Cp= 0.2, Figure 10A. This
behaviour is compatible with intercalation since this type of interaction increases the
Tm. Then when Cp/Cp > 0.2 descends noticeably to lower values than the initial Tr, of
ct-DNA alone, reaching constant Tm values at Cp/Cp = 0.7. It is possible that at Cp/Cp <
0.2 the effect of the intercalation on the Tm is higher than the covalent binding, but as
Co/Cp increases DNA partial denaturalization is induced by the covalent bond easing
the H-bonds breakdown of the base pairs, reaching the saturation at Cp/Cp = 0.7.
Similar explanation is adequate for the iridium complex, 2, but in this case the effect
of the intercalation is not appreciated, nevertheless at Cp/Cp < 0.2 Tm remains
constant, Figure 10B. The interpretation of the results reported herein is supported
by viscosity results shown below.
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Figure 10. Melting temperature, T, for the 1/ct-DNA (left) and 2/ct-DNA (right)
systems. Cp/Cp=0- 1.6, I= 2.5-103 M NaCaC and pH= 7.4.

Viscosity measurements. Samples were prepared analogously as mentioned above for

melting temperature experiments. In both cases two stretches with different trends
are observed. For the ruthenium complex when Cp/Cp < 0.2, n/no increases, and then
decreases noticeably, Figure 11 A. It is well known that intercalation increase the
length of DNA, therefore viscosity increase; while the intrastrand covalent binding
decrease viscosity., so analogous to melting temperature experiments at Cp/Cp < 0.2
the effect of intercalation is stronger than that of the covalent binding. When
increasing Cp there is a drastic decrease of n/no, reaching the saturation at Cp/Cp = 1.2.
In the case of 2 the initial decrease of n/no makes intercalation not so perceptible as
for 1, or the increase of the viscosity induced by intercalation does not compensate
the decrease of this by the covalent binding, Figure 11 B. Although, similar dramatic
decrease of viscosity values was found when Cp/Cp > 0.9, until plateau at Cp/Cp= 1.3.

With the differences inherent in each procedure, this behaviour is similar to that
observed for the melting temperature experiments. The partial denaturalization of ct-
DNA induced by the complexes, consistent with the high values of AT, (see Figure 10),



favours ct-DNA compactation and the formation of aggregates, PDu, that strongly
decrease n/no values.

K‘I k2 +D
P+D = PD, —> PD —> PD,

(5)
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Figure 11. Relative viscosity of the (A) 1/ct-DNA and (B) 2/ct-DNA systems. Cp= 2:107*
M, I= 2.5 mM NaCaC and T= 25°C.

Circular Dichroism (CD). The interaction of 1 and 2 with ct-DNA has been confirmed by
CD, melting temperature and viscosity measurements. CD spectra recorded at
different Cp/Cp ratios are shown in Figure 12, the samples were incubated overnight
before the measurements. In addition, measurements of CD were recorded for both
complexes in buffer solution certifying that they did not show any dichroic signal.
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Figure 12. CD spectra for (A) 1/ct-DNA and (B) 2/ct-DNA systems. Inserted: binding
isotherm at A= 320 nm and 315 nm, for 1 and 2 respectively. Cp= 5-10° M, I= 2.5-10°3
M NaCaC, pH=7.4 and T= 25°C.

The evidence of isodichroic points at A= 259 nm and at A= 259 nm and 285 nm, for
ruthenium and iridium complexes respectively, indicates the presence of species in
equilibrium. Strong changes induced in the ct-DNA CD spectra were observed in both
positive (A=245 nm) and negative bands (A=275 nm). These changes are not usual
when a covalent bond is formed by binding to a single DNA strand, as it is necessarily
in this case, so we considered that another type of interaction is occurring while the
complex is covalently bonded to DNA, so that both generate remarkable modifications
in the helicity of the structure and therefore in the secondary conformation of ct-DNA.

Presumably there is a partial denaturalization of ct-DNA,; this effect is more evident in
the case of the iridium complex (Figure 12B), where the positive and negative
characteristic bands of ct-DNA (245 and 275 nm respectively) diminish until
disappearing, at the same time that the induced CD signal of the complex covalently
bound to one of the ct-DNA strands increase (315 nm). This effect is less pronounced
in the case of the ruthenium complex (Figure 12A)

Considering the UV-vis spectra for these metal complexes in aqueous solution, Figure
3, the induced dichroism bands agree with the absorbance peaks for each complex.
Plotting molar ellipticity at a fixed wavelength, A= 320 nm and 315 nm for 1 and 2
respectively, as a function of Cp/Cp (Figure 12 inserted graphs), isotherms related to
the binding between the metal complex and ct-DNA were obtained for both metal
complexes.



As both, 1 and 2, are positively charged, the influence of the metal does not seem
significant. In order to ease the interpretation of the experimental results,
computational studies have been carried out.

3.3.2 Computational results.

Molecular dynamics (MD) simulations and quantum mechanics/molecular mechanics
(QM/MM) calculations have been performed, with the aim to interpret the
experimental results and in particular, to understand the role of the metal center in
the binding mode of the metal complex with DNA. In fact, the experimental results
suggest, as mentioned in Eq. 3, that both 1 and 2 are covalently bonded to ct-DNA
(PDy) preceded by an intermediate in which the ancillary ligand is intercalated (PD)) as
it has been recently reported.l'% QM/MM calculations were performed to calculate
the energy of the metal complex/DNA and metal complex/guanine system, with the
aim to comparing the stability of the two enantiomers of compounds 1 and 2 when
bonded to DNA, to assess stereoisomer specificity toward DNA binding.

MD simulations. The effect of the metal ion-N7 covalent bond on the double-helical

structure was evaluated analysing the changes induced in the B-DNA conformation.
Moreover, the MD simulations allowed to monitor: (i) the effect of the substituents,
(ii) the metal complex orientation and position on the DNA structure. The possible
intercalation of the ancillary ligand while the complex is covalently bonded has been
also tested. The binding of both the Ru(ll) and Ir(lll) complexes with the B-DNA
sequence d(AGCTAGCTCAGT); was investigated, in which the metal ion is covalently
bonded to the N7 atom of the central guanine base. Figure 13 shows the optimized
structures of the enantiomers corresponding to the “S” configuration for 1 and 2, in
which the chloride ligand can be substituted by water in aqueous solution, presumably
giving rise to a racemic mixture of the two “S” or “R” enantiomers.
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Figure 13. Optimized structures obtained by DFT calculations for the ruthenium(ll)
complex 1 (left) and the iridium(lll) complex 2 (right) corresponding to the “S”
configuration.

The Root Mean Square Deviation (RMSD) plots, Figures 14-15 enable to follow the
structural changes occurring along the MD trajectory, where important
conformational changes, for both the B-DNA and the metal complex, occur before and
at the equilibrium phase. Some snapshots of 1/B-DNA and 2/B-DNA, occurring along
the MD simulation are shown in Figures 13-14, which allow to describe and compare
the dynamics of the two systems. The corresponding video files are available as
supplementary files, through the QR codes shown in Figures 13 and 14.

In addition, the variations of a dihedral angle formed by the atoms: C8, N7, M and CA,
see Figure 16, has been monitored. C8 and N7 form part of the guanine nitrogen base,
M can be Ru or Ir and CA is one of the six carbon atoms of the aromatic ligand, p-
cymene or pentamethylcyclopentadiene respectively. This angle allows to monitor the
rotation around the N7-M covalent bond during the MD simulation.
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Figure 14. RMSD plot of the fragment 1 coordinated to the guanine base (red line) and
variation of the dihedral plane C8-N7-M-CA (blue line). R diastereomer above and S

diastereomer below.
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Figure 15. RMSD plot of the fragment 2 coordinated to the guanine base (red line) and
variation of the dihedral plane C8-N7-M-CA (blue line). R diastereomer above and S
diastereomer below.



Figure 16. Definition of the dihedral plane monitored in the MD simulations, in
magenta.

The results of the MD simulations show that there are some differences between the
behaviour of the Ru(ll) and Ir(lll) complexes, and in particular also between the two
diastereomers of each metal complex. Although the kinetics investigations confirm the
occurrence of a fast intercalation, before the formation of the covalent bonding, the
results of the MD simulations allow to exclude the concomitant intercalation of the
ancillary ligand while the metal complex is covalently bonded. In fact, the
thiabendazole always exits from the intercalation pocket after few ns. Remarkably the
obtained results have proven that the ancillary ligand plays an important role in the
overall stability and structure of the metal complex-DNA system. Indeed, while the
complex is covalently bonded to the N7 atom, the ancillary ligand is placed in the major
groove and each rotation around the N7-M covalent bond is always followed by a large
conformational change in the DNA structure. Interestingly, the ancillary ligand of the
Ru(ll) compound 1, Figure 14, leaves the intercalation pocket and remains oriented
along the DNA major groove till the end of the simulation. On the other hand, more
simulation time is necessary to the ancillary ligand of the Ir(lll) compound 2, Figure 15,
to leave the intercalation pocket. Larger conformational changes in the DNA double-
helix occur mainly for the “R” diastereomer. Such DNA conformational changes are in
good agreement with the spectral changes observed in the CD at increasing values of
the metal complex concentration. In conclusion, the interaction of the metal complex
bonded to guanine while the ancillary ligand performs a groove binding type
interaction toward the major groove induces important B-DNA conformational
changes, such as: (i) backbone deformation and (ii) decrease and distortion of helicity.

QM/MM calculations. Significant structural details can be obtained by the analysis of

the optimized structures reported in, Figures 17-20, obtained identifiying and
sampling the structures more often ocurring during the MD simulations of both 1/B-
DNA and 2/B-DNA sytems through geometry clustering, assumed as equlibrium
structures.
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Figure 17. Different views of the optimized structures of the Ru(ll) compound 1, R
diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is
shown in bold sticks while the lower layer in wires.

Figure 18. Different views of the optimized structures of the Ru(ll) compound 1, S
diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is
shown in bold sticks while the lower layer in wires.



Figure 19. Different views of the optimized structures of the Ru(ll) compound 2, R
diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is
shown in bold sticks while the lower layer in wires.

Figure 20. Different views of the optimized structures of the Ru(ll) compound 2, S
diastereomer, binding to B-DNA, obtained by QM/MM calculations. The high layer is
shown in bold sticks while the lower layer in wires.

Through the two-layer QM/MM hybrid calculations, the energy of each metal
complex/B-DNA system can be obtained and, in particular, the effect of the two
diastereomers of each metal complex can be evaluated. Table 4 shows the calculated
energy differences for both enantiomers, R show less energy than S.
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Table 4. Diastereomer SCF energy comparison for compounds 1 and 2.

EnergYDrug/BNDA (kJ/mOI)
Eis-E1r 6,39
Ez.s- E2r 30,69

Calculated force constants. From the resulting QM/MM structures the force constants,

k, of the metal-N7 bond for each diastereomer of the two metal complexes was
calculated through the Compliance 3.0.2 program.!!1112l The obtained values are
shown in Table 5. Interestingly, such force constants for the two diastereomers of
compound 1 are similar while for the two diastereomers of compound 2 they are
different. Such result agrees with the energy data reported in Table 2. In fact, the DNA
binding of the two diastereomers of compound 1, does not cause a large difference in
energy, whereas the DNA binding of the R diastereomer of 2 is more stable of about
30 kJ/mol than that of the S diastereomer. It is also interesting that in the case of
compound 1 the obtained binding constant is slightly higher than that of compound 2,
indicating that the Ru(ll) compound binds more tightly DNA than the Ir(lll) compound.

Table 5. Calculated force constants for the M-N7 bond (M= Ru or Ir) for the R and S
diastereomers of compounds 1 and 2.

Compounds k (mdyn/ang)
1-R 1,63
1-S 1,63
2-R 1,21
2-S 1,46

3.4 Conclusions

The interaction of the Ru(ll) and Ir(lll) compounds 1 and 2, with double helical DNA
occurs through a two-step mechanism, where first the thiabendazole ligand is
intercalated, forming the labile PD; complex, and then a covalent bond is formed,
presumably with the N7 atom of a guanine base, forming a stabile PD complex, where
the auxiliary thiabendazole ligand interacts with DNA through major groove binding.
These conclusions have been experimentally proven through UV-vis absorption, CD,
viscosity and melting temperature assays. Moreover, MD simulations have shown that
the DNA-binding of both 1 and 2 complexes generates a remarkable distortion of the
DNA backbone, in good agreement with the results from CD spectroscopy. Altogether
the results obtained highlight the importance of the role played by the ancillary ligand
in the interaction of these half-sandwich complexes with DNA, as well as the
importance of the metal center in determining the DNA binding strength. In fact,
although the DNA binding of both diastereomers of the two metal compounds follows



a qualitatively similar recognition mechanism, the results of QM/MM and, in
particular, the evaluation of the Metal-N7 force constants, indicate that the ruthenium
complex, 1, binds DNA more strongly than the analogous iridium complex, 2.
Interestingly, the energy differences obtained by QM/MM calculations show that both
S diastereomers of 1 and 2 bind DNA more strongly than the R diastereomers.
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Chapter IV

Role of seroalbumin in the
cytotoxicity of cis-dichloro Pt(ll)
complexes with (N"N)-donor
ligands bearing functionalized
tails



Summary

In this chapter the synthesis of four new cis-[PtCI2(N"N)] organoplatinum complexes
is reported as well as the study of their cytotoxicity and binding ability toward dGMP
(deoxyguanine monophosphate), ct-DNA and albumin models.

Due to its analogy with cisplatin, [PtCly(bpyst)] (bpyst = 4,4'-bis(a-styrene)-2,2’-
bipyridine), Figure 1, has been considered as an interesting potential DNA targeting
drug, but surprisingly it does not covalently bind DNA.

My main contribution to the work was to compare, by DFT calculations, the solution
behavior of the two molecules, cisplatin and [PtCly(bpyst)], providing support to the
interpretation of the experimental results. DFT calculations were carried out, using
three different functionals: B3LYP,16263] PBEQISY and MO06-2X,6% the CEP-121G
effective potential basis set(®*%¢ for the Pt atom and the 6-31G(d,p) basis set for the
other atoms.[%667] |t is well known that the hydrolysis of platinum(ll) complexes is the
key step before DNA binding. As described below, we have theoretically investigated
the structures and the relative stability of the species involved in the commonly
accepted reaction pathway for hydrolysis, leading the dichloro reactant to the diaquo
product.

Figure 1. Structure of cisplatin (left) and [PtCl2(bpyst)] (right).

Experimentally, due to the low solubility of the complex in water, the solutions were
initially prepared in DMSO. The calculations showed that DMSO can easily substitute
[PtCl2(bpyst)] chlorides through a SN2 mechanism, see Figure 2. This substitution is in
fact thermodynamically favoured. The published article is attached below.
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Figure 2. Pt coordination geometry, relative energy, enthalpy and Gibbs free energy
of the species involved in the reaction pathway for the CI-DMSO substitution of
[PtClz(bpyst)], obtained by DFT calculations in the implicit DMSO solvent.

The aqueous buffer solutions, used in the experimental section, were prepared from
the stock solution in 100% DMSO. The DNA binding mechanism for cisplatin and its
derivatives occurs through an initial hydrolysis, after which the Pt complex is able to
covalently bind the nucleic acid, through the N7 nitrogen atom of guanine. As a
consequence, we expect that the [Pt(DMSO)2(bpyst)] complex undergoes a similar
hydrolysis process. This second process was computationally studied in two different
solvents: 1) DMSO and 2) water, see Figures 3 and 4. In the mentioned figures, in either
case the hydrolysis of the DMSO complex is thermodynamically disfavoured, so that
the hydrolysis product, in the two cases, has higher energy than the reactants. These
result support the hypothesis that the hydrolysis reaction does not occur.

In conclusion, the key step for the binding of cisplatin and its derivative complexes is
the initial hydrolysis process. However, in DMSO, due to the chloro-DMSO
substitution, the DMSO-water substitution does not occur. This result can be directly
related to the absence of cytotoxicity experimentally detected: the molecule cannot
interact with DNA because the Pt ion remains coordinated by two DMSO molecules.
Previous calculations showed that the chloro-complex can be hydrolysed, in water
solution, by a similar mechanism of cisplatin, see Figure 5 and 6. So that, a possible
solution could be the use of a different solvent, not DMSO, before dissolving it in water
solution, to investigate its biological properties and its interaction with DNA. This
theoretical study of cisplatin hydrolysis is the starting point of the study that gives rise
to Chapter V, where it is evaluated in greater depth.
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of the species involved in the reaction pathway for the hydrolysis of
[Pt(DMSO)2(bpyst)], obtained by DFT calculations in the implicit DMSO solvent.
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ABSTRACT: Given the potent anticancer properties of cis-

diamminedichloroplatinum(II) and knowing its mode of action, we
synthesized four new cis-[PtCL(NAN)] organoplatinum complexes, two [ % ) i
with N-substituted pbi ligands (pbiR = 1-R-2-(2-pyridyl)benzimidazole) }1
(namely, 1 and 2) and two more with 4,4'-disubstituted bpy ligands (bpy = <~ @ G
2,2 bipyridine) (namely, 3 and 4). We explored their cytotoxicity and @ . 3 :
ability to bind to deoxyguanosine monophosphate (dGMP), DNA, and
albumin models. By 'H NMR and UV—vis spectroscopies, circular \}i =
B e s
“ o o Cancer cell

"*f 'g*h. Seroalbumin
- ¥ .

dichroism, agarose gel electrophoresis, differential scanning calorimetry
measurements, and density functional theory calculations, we verified that
only 3 can form aquacomplex species after dimethyl sulfoxide solvation;
surprisingly, 1, 2, and 3 can bind covalently to DNA, whereas 4 can form a noncovalent complex. Interestingly, only complexes 1
and 4 exhibit good cytotoxicity against human ovarian carcinoma (HeLa) cell line, whereas 2 and 3 are inactive. Although lung
carcinoma (AS549) cells are more resistant to the four platinum complexes than HeLa cells, when the protein concentration in the
extracellular media is lower, the cytotoxicity becomes substantially enhanced. By native electrophoresis of bovine seroalbumin
(BSA) and inductively coupled plasma mass spectrometry uptake studies we bear out, on one hand, that 2 and 3 can interact
strongly with BSA and its cellular uptake is negligible and, on the other hand, that 1 and 4 can interact with BSA only weakly, its
cellular uptake being higher by several orders. These results point up the important role of the protein binding features on their
biological activity and cellular uptake of cis-“PtCl,” derivatives. Our results are valuable in the future rational design of new
platinum complexes with improved biological properties, as they expose the importance not only of their DNA binding abilities
but also of additional factors such as protein binding.

B INTRODUCTION drugs, cellular uptake, lipophilicity, and cytotoxicity correlate in
some instances.”

[PtClLy(bpy)] (bpy = 2,2 bipyridine) and other complexes
with bpy bisubstituted in the 4,4’ positions and rollover
cyclometalated Pt compounds based in the same backbone
exhibit lower cytotoxic activity than cisplatin,”® Comparable
lack of marked activity has been found for the [PtCL(Hpbi)]
(Hpbi = 2-(2'-pyridyl)benzimidazole) counterparts.”® These

Despite the notable advances in the discovery of new anticancer
drugs that could become alternative to cisplatin, some of the
disadvantages of this compound still remain satisfactorily
unsolved so far.”” Tt is therefore necessary to continue
designing new active structural fragments and modify those
that have proved to be meflective, probably because they
present limitations to reach their target. For example, factors
such as protein binding and lipophilicity have a determinant results are surprising if one takes into accc:‘unt tl:e notable
impact on the absorption, distribution, metabohsm, and cytotoxicity of many compounds with the cis-“PtCl,” unit, and
excretion processes of the organic anticancer drugs.’ it might indicate the existence of limitations for these molecules

Thus, the favorable chemical formulation, size and shape, and to achieve their targets. By contrast, the organometallic derivate
the judicious inclusion of functional groups to achieve a [PtMe(DMSO)(pbi)] (pbi = deprotonated form of Hpbi;
favorable balance between lipophilicity and hydrophilicity are DMSO = dimethyl sulfoxide), also neutral, shows a notable
essential for the correct formulation of drugs. The presence of

both lipophilic and hydrophilic groups in a drug can facilitate its Received: March 16, 2018
administration and cell uptake. In the design of anticancer Published: May 3, 2018

ACS Publications @ 2018 American Chemical Society 6124 DOk 10.1021/acs inorgchem.8b00713
v inorg. Chem. 2018, 57, 61246134
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Chart 1. Synthesis of Ligands and Complexes 1—4 and Atom Numbering Scheme

K [PHCL]
1 KCO, | MeCOMD 4
i 7 50°C
21 s, N
PO 1o S ‘
oo o808 o
H . | KPSl
""“H-'Nu’ U N Ty e
s 3 O"'gf._e R T 509 s
© phiSCy 2
[#] O {/
oy S
(I OH Kq[P1CI4]
N.T/f Hoo
. 8001, axe. 1,NR FuN
' el N CH.Cl,
s "‘TOH avarnght “ Cl ah .. .A‘N .
o fs] .
bpyarm
. f"“'\\_/J"-q_,./l
[PICla(PhCN;2] G /_Jﬂ_ T
CHLC-CHLCI i T
60 °C ol

activity against A2780 and A2780R. cancer lines,” indicating that
minor changes can induce pronounced differences in the
biological activity.

In this work, we propose introducing side lateral function-
alized chains in both pbi and bpy ligands, synthesizing their cis-
PtCl, derivatives and exploring their effect on the cytotoxicity
and their ability to bind to DNA and protein models. With this
in mind, the ligands and cis-PtCl, complexes included in Chart
1 were prepared. The side chains and functional groups were
chosen considering bibliographic background in which these
substituents exert a favorable action on the effect of different
drugs. Thus, the cyano-ethyl fragment, present in complex I,
had improved the cell permeability of drugs such as various
Janus protein tyrosine kinases (JAK) inhibitors.'’ Alkyl-
sulfonate groups, like that included in complex 2, should
become deprotonated in biological media if the low pK, values
for this functional group were considered, which could favor
the solubility under physiological conditions. The biological
activity of gold and silver N-heterocyclic carbenes bearing this
group has been demonstrated both in bacteria'' and in cancer
cells."* The propylsulfonate chain forms part of merocyanine
540. This popular probe has been used as a model to study the
permeation of cell membranes'® and is an important active
molecule, able to differentiate between the subtle differences in
the plasma membranes of very similar cells such as leukemic
and nonleukemic lymphocytes, depending on the composition
of the culture medium.'* The 5-diethylamino-2-pentylamino
group, present in 4,4'-bis(N-(4-pentyldiethylamine)-
carbamoyl)-2,2"-bipyridine (bpyam) ligand (see Chart 1) and
in complex 3, is a fragment widely used in drugs. Particularly
relevant is its role in the formulation of the antimalarial drugs,
chloroquine (CQ) and quinacrine (QC), where the stated
aminated tail is responsible for the accumulation of the drug in
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the digestive vacuole of the pathogen, the site of the drug
action. ~ Both of them are strong DNA intercalating agents
with cytotoxic activity'®'” that displays a synergistic effect in
tumor cells treated with cisplatin.'"™'? In the case of the 4,4'-
bis(a-styrene)-2,2’-bipyridine (bpyst)”**' ligand (Chart 1) the
conjugation of the phenyl (Ph) ring and the ethylene fragment
with the bpy unit renders this ligand very attractive due to its
rigidity that enforces a plane structure.”** Concerning our
aims, the plane architecture makes [PtCly(bpyst)] (complex 4)
an interesting compound to be analyzed as a potential drug
targeting DNA.

In this work, the synthesis, characterization and biological
properties of these four new organocisplatin analogues are
reported. Their binding properties to relevant biomolecules
such as DNA and serum proteins and their cellular uptake are
explored to establish which factors are determinant to their
cytotoxicity, which could, in turn, lead to future rational
structural modifications with improved biological activity.

Bl RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The com-
plexes prepared in this work and their respective ligands are
listed in Chart 1 along with their preparation methods. Even
though the 1-(cyanoethyl)-2-(2-pyridyl)benzimidazole
(pbiCN) ligand has been prepared previously,” the method
described here is easier and provides a higher yield. This
method consists of the deprotonation of the NH group of the
commercially available 2-(2-pyridyl)benzimidazole and subse-
quent addition of acrylonitrile. The 1-(3-n-propylsulfonate)-2-
(2-pyridyl)benzimidazole (pbiSO;) and bpyam ligands are
reported in this work for the first time. The pbiSO; ligand was
prepared according to the Erocedure described for other n-
propylsulfonate compounds,” by the reaction of 2-(2-pyridyl)-

DOl 10.1021/acs.inorgchem.8b00713
Inorg. Chem. 2018, 57, 61246134
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Figure 1. Aromatic area of 'H NMR spectra in DMSO-d; of 2 + dGMP. (a) Complex 2 after 14 d in DMSO-d, + D,0 before addition of dGMP, (b)

free dGMP, (c) t =0, (d) t = 30 min, (&), t=2h, (f) t=3d.

benzimidazole in dimethylformamide (DMF) with 1,3-propane
sultone in the presence of K,CO; as deprotonating salt. The
synthesis of the ligand bpyam was achieved by a classical amide
formation procedure,”” starting by the formation of the acid
chloride of the 4,4'-dicarboxy-2,2"-bipyridine and ulterior
reaction with the commercially available 5-diethylamino-2-
pentylamine. Ligand 4,4'-bis(a-styrene)-2,2"-bipyridine (bpyst)
was prepared as previously reported.

Complexes 1—-3 were prepared by the reaction of the
K,[PtCl,] salt with the respective ligands in water (3) or
acetone/water (70:30 for 1 and 50:50 for 2). While complex 3
was obtained at room temperature, the reaction to obtain 1 and
2 was performed at 50 °C. Complex 4 was obtained from the
platinum precursor [PtCL,(PhCN),] from a 1,2-dichloroethane
solution heated at 60 °C.

All the complexes were isolated in moderate-to-good yields
(ranging from 54 to 74%) as yellow or orange-brown solids that
were air and moisture stable. All of them are soluble in DMSO
and relatively soluble in DMSO/H,O mixtures, which facilitate
the biological studies. The ligands and the complexes were
characterized by 'H, C{'H} NMR, and IR spectroscopies.
Fast atom bombardment (FAB) mass spectra for the complexes
were also recorded. The peaks observed are in accordance with
the proposed formulations (see Experimental Section). The
anionic complex 2 was characterized by FAB™ spectrometry,
showing the corresponding peak of the anion salt. In the IR
spectra, the absorptions corresponding to the stretching
vibrations of the C=N,”” S0, (CO)NH, and C=C"
functional groups were observed. The assignment of the NMR
resonances was facilitated in some cases by two-dimensional
experiments such as gCOSY, NOESY, gHSQC, and gHMBC.
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The NMR data with the corresponding assignments for the
new ligands and for complexes 1—4 are shown in the
Experimental Section. As expected, the coordination of the
ligands causes deshielding in the 'H NMR resonances of the
protons of the coordinated rings. The effect is more marked
(~1 ppm) in the protons adjacent to the N-donor atoms and in
H* of 1 and 2 and H® of 3. Tt is interesting to note the splitting
of some proton (—C(O)NH, H*) or carbon (CO, C?, C*, C3,
and C*") resonances of 3 as a consequence of the existence of
two diastereomers, due to the presence of two chiral centers in
the molecule. The weak base nature of the terminal —NEt,
groups in 3 (pK, = 12.8 in chloroquine) was evidenced in 'H
NMR spectrum in deuterated dimethyl sulfoxide (DMSO-dy),
since a very broad resonance around 9.5 ppm was present that
disappeared as D,O was added, as a consequence of deuterium
exchange (Figure $3). The presence of this resonance was
interpreted as evidence for protonation of this group by the
residual water in the DMSO-d,. As expected, the resonance
assigned to the —C{O)NH group also exchanged with D,0O,
and the corresponding signal was not observed in the spectrum.

Stability in DMSO and Aqueous Solution. The
biological activity of cisplatin and its derivatives is known to
be related to substitution of the chloride ligands by other
solvent molecules such as H,0, which then leads to covalent
binding with DNA.* As the 1—4 complexes are very soluble in
DMSO, the concentrated stock solutions (20 mM) were
prepared in this solvent, and diluted solutions in aqueous buffer
were then prepared prior to performing the biological
experiments. Because of this, the stability of the complexes
both in DMSO and in aqueous buffered solution was studied by

DOl 10.1021/acs.inorgchem.8b00713
Inorg. Chem. 2018, 57, 61246134
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means of NMR, spectrophotometric measurements, and/or
theoretical calculations.

Complex 1 is not soluble in DMSO/D,0 mixtures at the
concentration required for the NMR experiments. Thus, the
study of the substitution of the chloride ligand by DMSO and
H,0 was studied by means of UV—vis spectroscopy, which
allows working at much lower concentrations. As shown in
Figure S1, after complex 1 dissolved in DMSO (10 #M) a two-
exponential process takes place, pointing up the substitution of
the two chloride ligands by DMSO molecules with rate
constants of k; = 0.0017 s™' (corresponding to formation of
[PtCI{DMSO)(pbiCN)]CI) starting from 1 and k, = 0.0002
s' (corresponding to formation of [Pt(DMSO),(pbiCN)]-
CL). When water is added, the [Pt(DMSO),(pbiCN)]CL,
complex remains stable in solution, and no spectral changes
with time are observed. Interestingly, '"H NMR measurements
show that, despite the similar structure of complexes 1 and 2,
the second is stable in solution and undergoes no substitution
of the chloride ligands by DMSO-ds molecules in DMSO-d,
solvent, neither by D,0 (see Figure 52). The 'H NMR
spectrum of the complex 3 in DMSO-d; shows a displacement
with time of several resonances in the aromatic region of the
spectrum, which indicates exchange of chloride ligands by one
or two solvent molecules (see Figure S3.A). When deuterated
water is added, aquation takes place, since a new complex
appeared in solution after 10 h (Figure $3.B). The signals of
complex 4 with time become broad both in DMSO-d, (Figure
S4.A) and when deuterated water is added (Figure S4.B),
making it difficult to obtain a reliable conclusion. To clarify this
issue, UV—vis spectroscopy and density functional theory
(DFT) calculations were also performed. The absorption
spectra of 4 were recorded at different times after dissolution of
the complex in DMSO (Figure S5.A). A monoexponential
equation was fitted to the absorbance—time data pairs (Figure
S5.B), indicating that the substitution occurs at least by one
chloride ligand, the rate constant being k = 0.0005 s7L. On the
contrary, no kinetic effects are observed in solution when H,0O
is added, indicating that aquation is absent. Indeed, DFT
calculations reveal that the substitution of not only one but also
two chloride units by DMSO molecules in 4 is thermodynami-
cally favored through SN2 substitution (Figure $6.A), whereas
the following substitution of DMSO by H,O is not favored, as
the hydrolysis product presents higher energy than the
reactants (Figure S6.B). In details, both show higher values
of the enthalpy versus the Gibbs free energy values for the
transition states involved. The three self-consistent field (SCF)
energy, enthalpy, and Gibbs free energy values point to same
thermodynamic trend of the reaction pathway. In conclusion,
from both the UV—vis experiments and DFT calculations,
aquation for compound 4 can be discarded.

DNA Binding. As mentioned above, the biological activity
of cisplatin analogues is usually related to formulation of
covalent bonds with DNA. In particular, cisplatin is an inert
compound that is activated by a series of aquation reactions in
which one or both chloride ligands are substituted by H,O
molecules.”” These mono- and biaquated cisplatin forms are
highly reactive and prone to interact with different substrates,
including DNA.* Because of this, the ability of 1—4 to bind to
dGMP was first tested by means of 'H NMR and *'P{'H}
NMR studies. After addition of dGMP to a solution of complex
2, '"H NMR spectra showed the decrease of the intensity of the
signals corresponding to free dGMP (see signal at 6.12 ppm) in
the mixture, and new signals of the complex bound to the
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dGMP molecule were observed (see Figure 1). An incipient
singlet at 8.35 ppm could be assigned to H8 of dGMP due to
the binding of the platinum center to the N7 of the dGMP. The
Mp{'H} spectra present a broad singlet centered at —1.5 ppm,
and no more signals were observed in the spectra after time
(see Figure S7). The nonobservation of resonances for lower
fields conveys that O-coordination of dGMP is absent or is not
significant. In the case of complex 3, broadening of the 'H
NMR signals occurs after addition of dGMP, and an incipient
singlet can be observed at 8.16 ppm after 2 d in solution,
probably due to binding of the platinum center to N7 of dGMP
(see Figure 58). This feature reveals that the covalent binding
on 3 is rather slow compared to that of 2.

Again, 1 could not be included in the NMR studies due to its
insolubility in DMSO/D,0O mixtures at the required concen-
trations. Complex 4 also precipitated after addition of dGMP
due to the relatively high concentrations needed.

To overcome this problem, circular dichroism (CD)
experiments were performed in the presence of calf-thymus
DNA (ctDNA). When complexes 1—4 were added to a ctDNA
solution, 1-3 induced slow changes with time in the CD
spectra, which stopped after 72 h, whereas the changes brought
about by complex 4 were immediate. This observation excludes
fast modes of binding like intercalation, which causes
remarkable changes in the DNA structure in the microsecond
time scale,”" for complexes 1—3. On the contrary, covalent
binding to DNA is usually slower. Actually, the first signals
related to formation of a covalent bond between 3 and dGMP
appeared after 2 d of incubation. Thus, ctDNA was incubated
with complexes 1—4 for 72 h to properly compare their ability
to bind to DNA, thus distorting its structure in a longer time
scale under the same experimental conditions. The CD spectra
shown in Figure 2.A reveal pronounced structural changes in
the DNA molecule upon binding of complexes 1-3. As to
complex 4, as stated before, the NMR experiments with dGMP
could not be performed, and the absence of changes in the CD
spectra with time does not suffice to rule out covalent binding
with DNA, as platinum complexes that can form monodentate
covalent bonds do not significantly affect the CD spectra of
DNA.*® For that reason, agarose gel electrophoresis with
pUCI18 plasmid incubated with different contents of complex 4
(and also with cisplatin as a positive control for covalent
binding) was performed. As shown in Figure 59, complex 4
does not induce changes in the migration of the characteristic
plasmid DNA bands, whereas cisplatin provokes remarkable
differences. This outcome allows one to exclude the presence of
covalent binding between 4 and DNA. However, other modes
of noncovalent interaction should not be ruled out. To assess
such hypothesis, additional CD experiments were performed,
and the relative elongation (L/L,) was evaluated for different
[complex]/[DNA] concentration (Cp/Cp) ratios. The CD
spectra display an isoelliptic point at 250 nm, a slight lateral
shift of the band centered at 275 nm, and a new induced CD
band at 310 nm (Figure S10.A). This behavior, along with the
changes in relative viscosity (Figure S10.B), is consistent with
formation of a noncovalent complex between 4 and DNA.

Differential scanning calorimetry (DSC) experiments were
performed to provide additional information about the binding
features of complexes 1—4 to ctDNA. Figure 2.B shows the
thermograms obtained at 25 °C for ctDNA incubated alone or
in the presence of 1—4 at 0.5 Cp/Cp ratio for 72 h (higher
concentration ratios could not be studied due to precipitation
phenomena). In the case of complexes 1, 2, and 3, for which

DOl 10.1021/acs.inorgchem.8b00713
Inorg. Chem. 2018, 57, 61246134
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Figure 2. (A) CD spectra of ctDNA (P) incubated for 72 h with
complexes 1—4 (D) at a concentration ratio Cp/Cp =1 (Cp =8 X 1077
M) at T = 25 °C, Cpyso = 0.4%. (B) DSC thermograms of ctDNA
incubated for 72 h with complexes 1—4 at a concentration ratio Cp/Cp
=05 (Cp =4 X 107* M) at a scan rate = 1 °C/min, Cpygq = 1%. I =
2.5 mM sodium cacodylate (NaCac), pH = 7.4

the covalent binding to dGMP has been confirmed previously
by NMR experiments, the increases in T, were 32.5, 9.7, and
25.3 °C, respectively. On the one hand, the largest AT,, values
are induced by 1 and 3 and could be related to formation of
interstrand cross-linking, which stabilizes the double-stranded
DNA structure.”® On the other hand, complex 4 induces a
slight increase in T,, of 4.7 °C, which could be due to the
presence of a noncovalent interaction between complex 4 and
DNA, concurrent with the CD and viscosity observations.
The results obtained for the substitution of the chloride
groups and for the covalent binding to dGMP and DNA for the
four platinum complexes as well are summarized in Table 1.
Interestingly, unlike cisplatin, clear correlation between the
chloro substitution by DMSO and H,O and the covalent
binding with DNA for complexes 1—3 seems to be absent.

Table 1. Summary of the Results of the Substitution of the
Chloride Ligands by DMSO and H,0. Covalent Binding
with DNA and Binding to BSA for the Complexes 1—4

covalent covalent
DMSO H,0 binding to d  binding to BSA
complex substitution  substitution GMP* DNA bindi.ngb
v x X
*

r:)‘o.
\/‘

AR S
X =

T

x
v v
v x
“1 and 4 could not be studied due to precipitation under the 'H NMR

experimental conditions. n.o.,, not observed. PFor complex 4, the
interaction is only observed at high concentrations.

Only complex 3 can form the aqua complex, and, hence, it can
bind to DNA by a similar mechanism as to cisplatin.
Cytotoxicity Studies. Once the binding ability of the four
platinum complexes with DNA was assessed, their cytotoxic
activity against human cervical carcinoma (HeLa) and human
lung carcinoma (AS549) cell lines was also evaluated by the 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) assay after 72 h of incubation time. For comparison
purposes, the cytotoxicity of cisplatin was also tested. The half-
maximal inhibitory concentration (ICs,) values are summarized
in Table 2. Complexes 2 and 3 are essentially nontoxic, whereas

Table 2. Cytotoxic Activity of Complexes 1—4 and Cisplatin
Expressed as IC;, Values (M)

1Csp pM
HeLa® A549” A549"
1 154 + 0.9 =100 39.7 + 0.7
2 =100 =100 65+ 3
3 >100 =100 >100
4 B+2 =100 419 + 09
cisplatin 14.0 + 0.9° 17+ 1 14 +1

“Serum-supplemented media (10% FBS). "Serum-deprived media
(19 EBS). “Taken from ref 40.

1 is cytotoxic only toward HeLa cells. This is noteworthy,
because all three complexes have been shown to bind
covalently to DNA. As to complex 4, it can interact
noncovalently with DNA and presents intermediate cytotoxicity
toward HeLa cells. Note that 3 displays no cytotoxicity, even
though it can form the aquacomplex and interact by covalent
binding with DNA, a behavior similar to that of cisplatin; that
is, the type of the DNA interaction is not the determining
factor in the cytotoxicity of these cis-PtCl, derivatives. This set
of results raises the question of which factors, such as cellular
uptake or protein binding, could play a key role in their
cytotoxicity."

Many new metal complexes with novel modes of action have
been reported, and their anticancer activity was linked to
selective protein interaction that may lead to improved
accumulation in the tumor, higher selectivity, and/or enhanced
antiproliferative efficacy.”” However, it was reported previously
that the binding of metal complexes to certain proteins present
in the cell culture media can affect negatively their uptake due
to protein sequestration of the drug, thus affecting their
biological activity.”® To shed some light into this issue, the
cytotoxic activity of the complexes was tested against A549 cells
in a comparative manner, using not only standard serum
supplemented (10% fetal bovine serum (FBS)) but also a
serum-deprived (1% FBS) cell culture media. FBS contains a
large amount of proteins that can interact strongly with certain
drugs, which can in turn decrease drastically their bioavail-
ability. Indeed, the cytotoxicity of complexes 1, 2, and 4
increased notably in serum-deprived media (see Table 2), in
which the protein concentration is much lower. Cisplatin is
known to interact very weakly with human serum albumin
(HSA; K = 852 x 10° M), which explains why its
cytotoxicity is nearly the same in the presence of 10% or 1%
EBS. Taking into account this set of results, it seems clear that
the interaction with serum albumin present in the culture
medium plays a critical role in the antiproliferative activity of
cisplatin derivatives. This behavior has been observed recently
in organic complexes® and gold derivatives.™

DOl 10.1021/acs.inorgchem.8b00713
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Protein Binding. Serum albumin plays a key role in drug
delivery due to its binding properties and abundance in blood
plasma. Bovine serum albumin (BSA) is a suitable model for
protein binding because of its resemblance to HSA."
Therefore, in view of the effect of the FBS concentration in
the cytotoxicity of platinum complexes, native acrylamide
electrophoresis experiments of BSA were performed to further
examine whether the protein binding could be determinant as
to their cytotoxic activity. BSA was incubated for 72 h with
complexes 1—4 in the dark at 25 °C for Cp/Cp concentration
ratios of 10 and 20, and then native acrylamide electrophoresis
was performed (Figure 3). Lanes 1 and 2 correspond to BSA

Lane 1 2 3 4 5 [ 7 8 9 10
BSA + + + + + + + + + +
Complex - DMSO 4 4 2 2 1 1 3 3
[Complex]/[BSA] - - w20 10 20 10 20 10 20

Nt et St St it

Figure 3. Native acrylamide electrophoresis of BSA incubated with
complexes 1—4 for 72 h for [complex]/[BSA] concentrations ratios of
10 and 20. Cysa = 1.5 M, Conso = 0.3%.

alone and in the presence of the maximum DMSO
concentration used in the experiment (0.3%). Noteworthy,
complexes 2 and 3, which can interact with DNA through
covalent bonding but display poor cytotoxicity, affect in a deep
manner the protein conformation (lanes 5—6 and 9-10).
Complex 4 also interacts with BSA, but higher concentrations
are needed to affect the BSA conformation, as there is still no
noticeable effect on the protein conformation at C/Cp = 10
(lane 3). On the contrary, complex 1, the most cytotoxic, does
not affect the BSA conformation even at high Cp/C, ratios
(lanes 7—8).

As shown in Figure 4, circular dichroism experiments
confirmed the native electrophoresis results. The incubation

0.0

210 225 240 255
X, M

Figure 4. CD spectra of BSA in the absence and in the presence of the
four platinum complexes 1—4 at a [complex]/[BSA] concentration
ratio of 5. Cggy = 0.5 M, Cppyso = 0.002%, I = 2.5 mM sodium
cacodylate (NaCac), pH = 7.4, and T = 25 °C.

of BSA with complexes 2 and 3 induced a marked change in its
characteristic 4 = 220 nm negative band. Complex 4 also
modified slightly this band, whereas complex 1 had almost no
effect on the shape and intensity of the protein band.

As, on one hand 1 and 2 and on the other hand 3 and 4 differ
only in their tails, we can conclude that the tail plays a
determining role in their interaction with the protein. Very
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recently it has been reported that chloroquine (the lateral chain
located on the backbone of complex 3) can bind to HSA.** At
pH = 7, chloroquine (CQ) is doubly pratonated in both the N
pyridine and ethylamine sites, as the resulting pK, values are 8.4
and 10.8, respectively.”* From comparison of CQ with complex
3, we can state that in aqueous solution at pH = 7 the two
ethylenamine groups are protonated (see "H NMR in Figure
S3A). In this sense, MS-FABS® shows that, in 15% DMSO,
complex 3 is in the [M*2H]* form; therefore, in 0.3% DMSO
(the solvent utilized to study the interaction with BSA) the two
amines of the lateral chains will be fully protonated. Thus, the
positive charge favors the electrostatic interaction with the
negative net charge of the protein. Likewise, it was found that
negatively charged compounds bind to HSA more strongly
than exfected from the lypophylicity of the ionized species at
pH 7.4," which is the case of complex 2. Moreover, it has been
observed that the binding of Merocyanine 540 to erythroid cells
is hindered by the presence of serum proteins in the media,"*
probably due to the presence of a propylsulfonate chain in its
structure. Thus, this moiety is determining for the interaction of
complex 2 with BSA. In summary, the sets of observations
point to a key role of protein binding in the cytotoxic properties
of the platinum complexes, insofar as it could prevent the
complexes from entering the cell. The binding to BSA clearly
depends on the structure and charge of side lateral function-
alized chains, the neutral chain remaining essentially non-
interacting. For this reason, the cellular uptake of each complex
was studied by inductively coupled plasma mass spectrometry
(ICP-MS).

Cellular Uptake. The ability of the platinum complexes 1—
4 to enter the cell was also studied to compare their uptake
rates with their protein binding properties. Cells were
incubated for 24 h with 10 uM of each complex, and then
the amount of Pt in one million cells was measured by ICP-MS.
In excellent agreement with the native protein electrophoresis
and CD results, complexes 1 and 4, which display weak affinity
to BSA, are capable of entering the cell, showing high
accumulation rates (Figure S). On the contrary, complexes 2

W -
= th
= =

-
th
=

ng Pt/ 10° cells

1 2 3 4

Figure 5. Metal accumulation in A549 cells after 24 h of exposure to
10 uM of complexes 1—4 expressed as microgram of Pt in one million
cells.

and 3 were unable to enter the cell, probably due to protein
sequestration in the media, which also explains their poor
cytotoxicity in all cell lines.

B CONCLUSIONS

Four new platinum(II) analogue complexes (1—4) to cisplatin
have been synthesized and characterized, and their biological
properties have been studied. Investigations on new antitumor
Pt complexes have been focused since several decades ago on
finding similar behaviors to that of cisplatin. Interestingly, we
have verified that aquation is not a necessary step to bind
covalently to DNA. Moreover, although albumin proteins have
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been largely regarded as potential anticancer targets, we have
shown that the interaction with BSA correlates with poor cell
uptake of the platinum complexes, as occurs with complexes 2
and 3, which can interact covalently with DNA but are
prevented from reaching their target because of this strong
interaction. By contrast, complexes 1 and 4, which interact with
DNA by covalent and noncovalent binding, respectively, are
more cytotoxic, because they display weak effect on BSA, and,
consequently, accumulation of the metal complex in tumor cells
increases, improving their antiproliferative efficacy. In view that
1 and 2, on one hand, and 3 and 4, on the other hand, differ
only by the lateral chain located on the same structural
backbone, we can conclude that the nature of these chains is
key to their remarkably different behavior. In conclusion,
although the anticancer activity of cis-PtCl, derivatives has been
linked to DNA interaction through covalent binding, we have
demonstrated that their antiproliferative capacity can be
diminished due to sequestration of the complexes by serum
albumin, which could be useful in the future design of more
potent platinum derivatives.

B EXPERIMENTAL SECTION

Physical Methods. All synthetic manipulations were performed
under an inert, oxygen-free, dry nitrogen atmosphere using standard
Schlenk techniques. Solvents were distilled from the appropriate
drying agents and degassed before use. Elemental analyses were
performed with a Thermo Quest FlashEA 1112 microanalyser. The
analytical data for the new complexes were obtained from crystalline
samples where possible. IR spectra were recorded on a Shimadzu IR
Prestige-21 IR spectrophotometer equipped with a Pike Technologies
ATR. Only relevant bands are collected. FAB MS (position of the
peaks in Da) were recorded with an Autospec spectrometer or a
Thermo MAT95XP mass spectrometer with a magnetic sector. NMR
spectra were recorded at 298 K on a Varian Unity Inova 400 or on a
Varian Innova 500 spectrometer. 'H and “C{'H} NMR chemical
shifts were internally referenced to tetramethylsilane (TMS) via the
residual 'H and "C signals of CDC, (8 = 7.26 ppm and & = 77.16
ppm), DMSO-d; (8 = 2.50 ppm and & = 39.52 ppm), and D,0 (& =
479 ppm) according to the values reported by Fulmer et al™
Chemical shift values are reported in parts per million, and coupling
constants (J) are in hertz. The splitting of proton resonances is defined
as s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet, bs
= broad singlet. 2D NMR spectra were recorded using standard
pulse—pulse sequences: COrrelation SpectroscopY (COSY), Nuclear
Overhauser Enhancement SpectroscopY (NOESY), Heteronuclear
Multiple Quantum Coherence (HMQC), Heteronuclear Multiple
Bond Correlation (HMBC). The probe temperature (+1 K) was
controlled by a standard unit calibrated with a methanol reference. All
NMR data processing was performed using MestReNova version 6.1.1.

Materials. Unless otherwise stated, reagents and solvents used
were commercially available reagent quality. Conventional solvents
and K,CO; were purchased from Scharlab. Deuterated solvents were
purchased from Eurisotop. Ky[PtCly] was purchased from Johnson
Matthey PLC. [PtCl,(PhCN),]"" and the ligands pbiCN** and bpyst**
were prepared according to the literature. 4,4'-dicarboxy-2,2'-
bipyridine, 4,4'-dimethy-2,2"-bipyridine, 2-(2-pyridyl)benzimidazole,
acrylonitrile, 1,3-propanesultone, SOCl;, 2-amine-5-diethylaminopen-
tane, and trimethylamine were purchased from Across Organics.

The synthesized Pt(II) complexes can be referred to as dyes/drugs,
and their molar concentration is expressed as Cp. Calf thymus DNA
(lyophilized sodium salt, highly polymerized) from Sigma-Aldrich was
dissolved in water and sonicated, producing short polynucleotide
fragments (ca. 1000 base pairs). The molar DNA concentration is
expressed in base pairs, £ (260 nm) = 13200 M~ cm™.*" BSA was
supplied by Sigma-Aldrich as crystallized and lyophilized powder
(>98%, agarose gel electrophoresis and <0.005% fatty acids); its
concentration was spectrophotometricaly determined at 278 nm using
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absorptivity (¢) of 45000 M™" em™"." Plasmid pUC18 (2686 bp) was
extracted from Escherichia coli DHSa and purified by a HP Plasmid
Midi kit (Omega Biotek, VWR). The concentrations of the polymers
(ctDNA, BSA, and pUC18) are denoted as Cp.

Synthesis of Ligands and Complexes. 1-(Cyanoethyl)-2-(2-
pyridyllbenzimidazole (pbiCN). K,CO; (318.6 mg, 2.3 mmol) was
added to a solution of 2-(2-pyridyl)benzimidazole (300 mg, 1.5 mmol)
in DMF (3 mL). The mixture was stirred at room temperature for 30
min. Then, 101 uL of acrylonitrile (1.5 mmol) was added, and the
reaction was stirred for 4 h. The solvent was removed by vacuum
evaporation resulting in a beige solid that was extracted with 10 X 3
mL of CHCly. The organic extracts were combined, obtaining 289.2
mg of the pure product, beige colored, after drying under vacuum.
Yield, 76%.

3-(2-(2-pyridyl)-benzimidazol-1-yl)propane-1-sulfonate (pbiSOs).
A solution containing 318.6 mg of K,CO; (2.3 mmol) was added over
another with 2-(2-pyridyl }Jbenzimidazole (300 mg, 1.5 mmol) in DMF
(3 mL). The mixture was stirred at room temperature for 30 min.
Then, 135 uL of 1,3-propanesultone (1.5 mmol) was added, and the
mixture was stirred for 24 h. The mixture was filtered, and the solvent
was removed by evaporation under vacuum. A yellow solid was
obtained. 265.3 mg, yield: $5%. "H NMR (DMSO-d,, 298 K): 8.79 (d,
Jeue = 4.7 Hz, 1H, H®); 8.34 (d, iy = 8 Hz, 1H, H); 8.05 (t, Jiyy = 8
Hz, 1H, H*); 7.82 (d, Jiyy = 7.2 Hz, 1H, H*); 7.76 (d, Jyy = 7.7 He,
1H, H®); 7.57 (m, 1H, H*); 7.40 (t, Jyyyy = 7.7 Hz, 1H, HY); 7.35 (t,
Jure = 7.7 Hz, 1H, H¥); 497 (8, Jyyy = 7.2 Hz, 2H, H'); 243 (¢, Jyp; =
7.8 Hz, 2H, H?); 2.13 (m, 2H, H”) ppm. '"H NMR (D,0, 298 K): 8.61
(bs, LH); 7.95 (t, Jyuy = 7.8 Hz, 1H); 7.84 (d, Jyu = 7.4 Hz, 1H); 7.66
(d, Ju = 7.8 Hz, 1H); 7.60 (d, Jun = 7.8 Hz, 1H); 7.49 (¢, i = 6 He,
1H); 7.35 (4, Jyy = 744 Hz, 1H); 7.29 (t, [y = 7.8 Hz, 1H); 4.57 (4,
i = 7.2 Hz, 2H); 2.58 (m, Jyy = 7.2 Hz, 2H); 2,02 (q, Ji = 7.2 He,
2H) ppm. BC{'H} NMR (DMSO-d,, 298 K): 149.2(C°); 137.6(C*);
124.8(C%); 125.7(C%); 123.8(C%); 123.2(C*); 118.5(C*); 111,7-
(C¥); 48.4(C"); 44.4(C"); 263(C”) ppm. Elemental analysis (%):
Caleulated (CyH, CLKN; O,8-H,0): C, 48.3%; H, 4.3%; N, 11.25; §,
8.59. Found: C, 48.43; H, 4.38; N, 10.86; §, 8.69%. IR (ATR): 1(5=
Q) 1184, 1041 ecm™.

4,4'-bis(N-(4-pentyldiethylamine)carbamoyl)-2,2"-bipyridine
(bpyam). Ligand bpyam was synthesized in several steps in nitrogen
atmosphere. SOCL, (3 mL) was added to 200.0 mg (0.8 mmol) of the
starting dicarboxylic bipyridine under inert atmosphere, and the
mixture was refluxed overnight. The initial white suspension changed
to bright yellow solution during the reaction. Solvent was removed
under vacuum, and the resulting solid was used without further
purification for the following step. 2-Amine-S-diethylaminopentane
(3200 pL, 1.6 mmol) and 230.0 uL (1.6 mmol) of trimethylamine
were dissolved in 10 mL of dry dichloromethane, and on this solution
another of the acylchloride derivative in 10 mL of dry CH,Cl, was
added drop by drop from a pressure equalizing dropping funnel. After
it was stirred overnight at room temperature, the solvent was
evaporated, obtaining a pink solid, which was washed with diethyl
ether four times (4 X 10 mL). In this operation, the remaining
chloride acid is removed from the solid mixture. This mixture contains
a big amount of NHEt;Cl, which can be removed using an aluminum
column of 10 em long and 1 em” section. The mixture was eluted in 2
mL of MeOH and transferred to the column that was previously
wetted with CH,Cl,. The reaction product elutes with MeOH/CH,Cl,
(4/30 mL). The NHEt,Cl salt is retained in the column. A pinky-
white colored solid was obtained after complete evaporation of the
solvents. Yield: 93% (401.5 mg). Elemental analysis (%): Calculated
(CaHygNO,): C, 68.67; H, 922; N, 16.02. Found: C, 68.36; H, 9.82;
N, 15.76. 'H NMR (DMSO-d,, 298 K), &: 8.87 (d, 2H, ] = 5.4 Hz,
H?), 8.80 (bd, 2H, ] = 7.3 Hz, NH), 8.79 (s, 2H, H°), 7.89 (dd, 2H, J =
$2,] = 1.7 Hz, H), 4.10 (m, 2H, H*), 2.42 (q, 8H, ] = 7.4 Hz, H"),
2,35 (t, 4H, ] = 7.3 Hz, H""), 1.50—1.56 (m, 4H, H*), 1.40—1.44 (m,
4H, HY), 1.21 (d, 6H, ] = 6.9 Hz, H*"), 1.18 (t, 12H, J = 8.8 Hz, H"")
ppm. *C {"H} NMR (DMSO-d,, 298 K): 164.21 (CO), 15549 (CY),
149.97 (C%), 143.14 (C*), 122.11 (C%), 11831 (C?), 5046 (C"),
46.64 (C5), 44.70 (C), 32.83 (C¥), 2062 (C¥), 2025 (C¥), 8.53
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(C7") ppm. FTIR (ATR): 3429 tNH, 1635 1(C=0) cm™'. MS-FAB":
526 (100%, [M+2H]") m/z.

[PtCl,(pbiCN)], 1. A solution containing 50 mg of pbiCN (0.2
mmol) in 9 mL of acetone was added to anather with 83.6 mg of
K,[PtCl,] (0.2 mmol) in 4 mL of water. The mixture was stirred at 50
°C for 4 d. The yellow precipitate was filtered and washed with water,
ethanol, and diethyl ether (3 mL each one). A yellow solid was
obtained. 55.9 mg, yield: 54%. Elemental analysis (%): Calculated
(C,eH,CLN,P): C, 35.03; H, 2.35; N, 10.89. Found: C, 35.51; H,
1.91; N, 10.11. 'H NMR (DMSO-d;, 298 K): 9.66 (d, Ji; = 6.5 He,
1H, H%); 9.01 (d, Ji = 8.3 Hz, 1H, H*); 8.42 (m, 2H, H* and H*);
8.09 (d, Jyyyy = 8.3 Hz, 1H, H¥); 7.84 (t, iy = 6.5 Hz, 1H, H%); 7.60
(t, Jins = 7.8 Hz, 1H, HY); 7.50 (t, Jizyy = 7.8 Hz, 1H, H¥'); 5.20 (t, /iy
= 64 Hz, 2H, H"); 324 (t, iy = 6.4 Hz, 2H, HY) ppm. The
corresponding "*C{'H} NMR was not registered, because the complex
evolves in DMSO solution. MS-FAB': 557 (M—CI+DMSO) m/z. IR
(ATR): (CN) 2249 em™".

[PtCly{pbiSOs)], 2. Over a solution containing 76.21 mg of pbiSO;
(0.24 mmol) in § mL of acetone, another of K,[PtClL,] (100 mg, 024
mmol) in 5 mL of water was added. The mixture was stirred at 50 °C
for 24 h. The solvent was removed by vacuum evaporation, leaving a
brown solid. 111 mg, yield: 74%. Elemental analysis (%): Calculated
(CsH,,CLKN;O,PE8): C, 28.29; H, 2.27; N, 6.76; S, 5.26. Found: C,
2821; H, 2.16; N, 6.82; §, 5.23. 'H NMR (DMSO-d,, 298 K): 9.63 (d,
J= 6.1 Hz, 1H, H%); 895 (d, ] = 82 Hz, 1H, H"); 8.70 (d, J = 7.9 Hz,
1H, HY); 832 (t, ] = 7.9 Hz, 1H, HY); 803 (d, ] = 8.2 Hz, 1H, H);
7.79 (t, ] = 6.1 Hz, 1H, H); 7.53 (t, ] = 7.6 Hz, 1H, H"); 7.43 (t, ] =
7.6 Hz, 1H, HY); 497 (t, ] = 7.9 Hz, 2H, HY); 2.67 (t, ] = 62 Hz, 2H,
H%); 213 (m, 2H, H') ppm. “C{'H} NMR (DMSO-d,, 298 K):
150.54 (C°); 14118 (C*); 12807 (C%); 126.16 (C¥); 12598 (C*);
125.74(C¥); 119.07 (C%); 112.81 (CV); 47.99 (C%); 44.80 (C");
25.87 (C') ppm. MS-FAB™: $82 [M—K]~ m/z. IR (ATR): »(S=0)
1184, 1043 cm ™.

[PtCl{bpyam)], 3. The product was obtained by diffusion of the
reactants in phases. In a crystallization tube under inert atmosphere,
three phases were added: the lower phase consisted of a Ky[PtCly]
solution (15.8 mg, 0.04 mmol) in 2 mL of water; middle phase of 1
mL of water; the upper phase consisted of the ligand solution of (20.0
mg, 0.04 mmol) in 1 mL of water. Phases were allowed to fully diffuse.
The precipitate was filtered and washed with water, affording the
product as a yellow solid. Yield: 56% (17.7 mg). The product can be
obtained in a bigger amount by direct reaction in Schlenk, by stirring
overnight. Elemental analysis (%): Calculated (C3oH,sCLNO,Pt): C:
45.57, H: 6.12, N: 10.63. Found: C: 45.31, H: 6,25, N: 10.42. '"H NMR
(DMSO-d,, 298 K), & 9.63 (d, 2H, ] = 54, H°), 9.60 (bs, 2H,
H’, . 5), 946 (bs, 2H, H’, , 5), 9.45(bs, 2H, -NHEW,), 9.16, (d, 2H, J
=53, NH, .. 5), 913 (d, 2H, ] = 5.3, NH, ., ), 823 (m, 2H, H%),
4.14 (m, 2H, H*), 2.92 (m, 12H, H" + H¥), 1.55—1.80 (m, 8H, H*
+ H*), 127 (d, 6H, J = 6.3 Hg, HY), 113 (bs, 12H, H"') ppm.
BC{'H} NMR (DMSO-d;, 298 K): 161.60 (CO4.r5), 161.52
(CO, o p)y 15727 (CA . p), 157.23 (T2, 5), 14896 (CF), 143.77
(C*aorp) 143.65 (C*y ), 12612 (C%), 12174 (C*, . 5), 121.68
(C'yars), 5071 (C), 46,10 (C¥), 45.48 (C¥y 1), 45.42 (C¥4 o),
32.73 (C*), 20.59 (C>), 20.56 (C*'), 9.14 (C”’) ppm. A and B stands
for the two diastereomers (if not indicated, the resonance signal for
both diastereomers is the same). Fourier transform infrared attenuated
total reflectance (FTIR ATR): 3432 v(NH), 1637 v(C=0) cm™".
MS-FAB": 792 (15%, [M+2H]'"); 756 (7%, [M—Cl + H]"); 526
(100%, [L+2H]") m/z.

[PtCl,(bpyst)], 4. Ligand of this complex ((4,4'-bis((z-st2rrene)-2,2’-
bipyridine (bpyst)) was prepared as previously reported.” A yellow
colored solution of [PtCl,(NCPh),] was prepared in 40 mL of
dichloroethane (106.7 mg, 0.226 mmol). Over this solution another
solution of the ligand bpyst was added (82 mg, 0.226 mmol). The
suspension was maintained for 2 d at 60 °C. The formation of a yellow
precipitate was observed, and the solution turned to yellow-brown.
The precipitate was filtered, and the solution was evaporated to 3 mL.
Diethyl ether was added to complete precipitation of a solid. The
solution was sonicated for 5 min and filtered out in a porous glass
filter. The obtained brown solid was washed with diethyl ether (3 x 3
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mL) and dried under vacuum. Yield: 65% (92.3 mg). Elemental
analysis (%): Calculated (C,gH,,CLN,P): C: 49.69, H: 3.53, N: 4.46.
Found: C: 49.51, H: 3.64, N: 4.37. 'H NMR (DMSO-d,, 298 K), &:
9.40 (d, 2H, Jiyy; = 6.2 Hz, H®); 8.85 (s, 2H, H?); 7.99 (d, 2H, [ =
16.5 Hz, H®"), 7.94 (d, 2H, Jiy = 6.2 Hz, H); 7.77 (d, 4H, Jiyy = 7.8
Hz, H°); 7.53—7.45 (m, 8H, H™, H?, and H"f) ppm. The
corresponding *C{'H} NMR resonances are not indicated, because
the signals are too broad for a proper assignment. FTIR (ATR): 1612
(£(C=C) cm™". MS-FAB": 591 (4%, M—CI-2H) m/z.

General Procedure of Stability and Binding to dGMP by
NMR Studies. Stability in DMSO-d,. Complexes 1—4 (5—8 mg) were
dissolved in 0.5 mL of DMSO-dg, and "H NMR spectra were recorded
during 7 d in a 400 MHz spectrometer.

Aquation Studies. Over the previous solution, 50 uL of D,O was
added, and '‘H NMR spectra were recorded during 7 d in a 400 MHz
spectrometer.

Binding Studies to dGMP. Over the solution coming from the
aquation studies, S mg of dGMP dissolved in 20 L of D,0 was added,
and 'H NMR and *'P{'H} spectra were recorded during 5 d in a 400
MHz spectrometer.

UV-Vis Spectroscopy. Absorbance measurements were per-
formed to study the substitution of the chloro ligands of the metal
complexes for DMSO and H,O molecules when NMR experiments
were not suitable because of precipitation phenomena. Measurements
were performed on a Hewlett-Packard 8453A (Agilent Technologies)
photodiode array spectrophotometer fitted out with a Peltier
temperature control system at T = 25 °C in 1.0 cm path-length cells.

Circular Dichroism. CD studies were performed by incubating
ctDNA or BSA with the metal complexes for 72 h, in sodium
cacodylate (NaCac) buffer (I = 2.5 mM) at pH = 7.4 and T = 25 °C
and recording the CD spectra with a MOS-450 biological
spectrophotometer (Bio-Logic SAS) in 1.0 cm path-length cells. As
DMSO can affect the CD spectra of the biomolecules, the control
measurements (ctDNA or BSA in the absence of metal complex) were
incubated with the same DMSO percentage as the samples under the
same experimental condition.

Differential Scanning Calorimetry. To prepare the DSC
samples, ctDNA (4 x 107" M) was incubated with the metal
complexes for 72 h, in NaCac buffer (I=2.5 mM) atpH=74 and T =
25 °C. For the control measurement, ctDNA in the absence of metal
complex was incubated with the same DMSO content as the other
samples under the same experimental conditions. Before recording the
DSC measurements, the samples were degassed for 30 min in a
degassing station (TA Instruments). DSC thermal denaturation
studies were performed with a nano DSC (TA Instruments) by
scanning at 3 atm pressure from 25 to 95 °C at 1 °C-min”' scan rate.
The DCS curves were analyzed using the NanoAnalyze (TA
Instruments) software.

Viscosity Measurements. Viscosity measurements were per-
formed with an Ubbelohde viscometer (Schott) immersed in a water
bath at T = 25 °C. The flow time was measured with a digital
stopwatch. The sample viscosity was evaluated as the mean value of at
least four replicated measurements. The viscosity readings were
reported as L/Ly = (1/1,)""? versus Cp,/Cy ratio, where  and 1, stand
for the polynucleotide viscosity in the presence and in the absence of
the metal complex, respectively.

Cytotoxic Activity. 2.5 x 10° HeLa (human cervical carcinoma)
or A549 (human lung carcinoma) cells were seeded in 200 uL culture
medium per well (DMEM medium), supplemented with 10% FBS and
1% amphotericin-penicillin-streptomycin solution in 96-well plates and
incubated in a humid atmosphere at 37 °C under 5% CO, atmosphere
for 24 h. Cells were then incubated for 72 h with 100 pL of culture
medium (supplemented either with 10% or 1% of FBS) with different
concentrations of the metal complexes in culture medium. Cisplatin
was also included as a positive control. Then, 100 L of 500 pg/mL of
MTT (thiazolyl blue tetrazolium bromide) was added to each well and
incubated for 4 h. Lastly, the formazan product was dissolved by
adding 100 L of solubilizing solution (10% sodium dodecyl sulfate
(SDS) in 0.01 M HCI) and allowing the solution to solubilize
overnight. Absorbance was read at 590 nm in a microplate reader
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(Biotek Instruments). Four replicates per dose were included in each
experiment, and half-maximal inhibitory concentration (ICsp) values
were calculated using the GraphPad Prism 6.01 analysis software
(GraphPad Software Inc.) from three independent experiments.

Native Protein Electrophoresis. Native polyacrylamide gel
electrophoresis (PAGE) was performed by incubating BSA overnight
with different concentrations of the platinum complexes for
[complex|/[protein] concentration ratios of 10 and 20 in Tris HCI
buffer (0.5 M, pH = 6.8) and T = 25 °C. After that, 5 uL of sample
buffer 2X (0.01% bromophenaol blue and 20% glycerol in Tris HCI
buffer (0.5 M, pH 6.8) were added to 5 uL of the sample solutions and
loaded onto 10% polyacrylamide gels. Gels were run in tris borate and
EDTA (TBE) x1 buffer at 80 V for 4 h at 4 °C to avoid denaturation
of the protein. Finally, gels were stained with Coomassie Brilliant Blue
R-250 and visualized with a Gel Doc XR+ Imaging System (Bio-Rad).

Agarose Gel Electrophoresis. Agarose gel electrophoresis of
plasmid DNA (pUC18) was performed after incubation of the plasmid
(15 uM, base pairs) in the presence of different concentrations of
complex 4 (1.5—750 uM) or cisplatin (15 and 150 uM) for 72 h. A
vehicle-treated pUCI8 sample was included with the maximum
DMSO concentration used in the electrophoresis experiment. Loading
buffer (2 uL) was added to each sample (10 pL) prior to being loaded
onto a 1% agarose gel containing 0.05 g mL™! ethidium bromide.
Electrophoresis was run at 5 V/cm for 2 h in TBE X1 buffer, and the
gel was visualized with a Gel Doc XR+ Imaging System (Bio-Rad).

Cellular Uptake Studies. A549 cells were seeded in culture flasks
(2.5 % 10° cells in 6 mL DMEM culture medium and incubated for 24
h at 37 °C and 5% CO,. After that, cells were treated with the
indicated concentrations of the Pt complexes for 24 h and harvested in
phosphate buffered saline. The samples were digested with 65% HNO;
at room temperature for 24 h and then diluted with Milli-Q water to
obtain 2% HNO; solutions to be analyzed by inductively coupled
plasma-mass spectrometry (ICP-MS).

Computational Details. The geometries of reactants, intermedi-
ates, products, and transition states were fully optimized by DFT
calculations, using the B3LYP," PBEO,” and M06-2X*' functionals,
the CEP-121G°” effective potential basis set for the Pt atom, and the
6-31G(d,p)** basis set for the other atoms, as recently reported.”**
Water solvent effects were mimicked by the “conductor-like polarized
continuum model” implicit method.”® The reaction pathway leading to
hydrolysis of 4 was followed by a two-step nucleophilic substitution
mechanism, widely accepted and reported in the literature.”” The
geometry of the transition states was optimized by the synchronous
transit quasi-Newton method.”™® Vibrational analysis, in the harmonic
approximation, was performed. This allowed us to evaluate also the
enthalpy and the Gibbs free energy differences along the reaction
pathways. Energy minimum structures presented no imaginary
frequencies, while all transition states were first-order saddle points
in the potential energy surface. All calculations were performed with
the Guassian09 pm:kage.:'9
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Stability in DMSO and aqueous buffer
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Figure S1. A) Representative absorbance spectra of complex 1 dissolved in DMSO at t =0 min, 27 min
and 134 min. B) Absorbance of complex 1 at A =292 nm vs time after being dissolved in DMSO and
fitting of a biexponential equation to the experimental data (red line). Cp = 10 uM, T =25 °C, DMSO.



A

uRAAr NASARN )

_.:]__.“._.,._J'u______,._;“LkJ L_Jhwuw

NEREL N ‘ wtlxwlle\lLle :

" lé | |

N il

L N
RNLY JLJ_J

HRR S [N U BT 1 RN
W T )

i | |’ |

M |
\uw._,_a nh_,,vw"wu._, I

dwhmhw'

| \.L__M

by il

"L mJL,JlU(“

18

’ I n\.w_: LJ' L,M_JUM\_,J

NEND ARRRNR! NS N VY
- L " N LWM AP L

Figure S2. A) Aromatic area of 'H NMR spectra (400 MHz) in (0.5 mL) DMSO-dg of 2. From bottom,
up: a) t=0, b) t=3h, ¢) t= | day, d) t=2 days, e) t=6 days, f) t=7days. B) Aromatic area of 'H NMR spectra
(400 MHz) (0.5 ml DMSO-d¢+50 pL D,0O) of 2. From bottom, u: a) complex 2 after 7 days in DMSO-d
before the addition of D,O, b) t=10 h, ¢) t= 2 days, d) t=4 days, e) t = 5 days.
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Figure S3. A) Aromatic area of "H NMR spectra (400 MHz) in 0.5 mL of DMSO-d; of 3. From bottom,
up: a) t=0, b) t= 3 h, ¢) t = | day, d) t =2 days, e) t= 6 days, f) t = 7 days. B) Aromatic area of '"H NMR
spectra (400 MHz) (0.5 ml of DMSO-d¢ + 50 ul of D;0O) of 3. From bottom, up: a) complex 3 after 7 days
in DMSO-d; before the addition of D,0, b) t= 10 h, ¢) t=34 h, d) t= 106 h, e) t= 7 days.
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Figure S4. A) Aromatic area of 'H NMR spectra (400 MHz) in 0.5 mL of DMSO-dg of 4. From bottom,
up:a) t=0,b) t=>3h, ¢) t= 1 day, d) t= 2 days, e) t = 6 days, ) t = 7 days. B) Aromatic area of "H NMR
spectra (400 MHz) 0.5 mL of DMSO-d¢ + 50 uL D,O of 4. a) complex 4 after 7 days in DMSO-d, before
the addition of D,0, b) t=10h, c)t=34 h, d) t= 106 h, e) t = 7 days.
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Figure S5. A) Representative absorbance spectra of complex 4 dissolved in DMSO at t =0 min, 45 min
and 150 min. B) Absorbance of complex 1 at A =390 nm Vs time after being dissolved in DMSO and
fitting of a monoexponential equation to the experimental data (red line). T=30.9 min, Cp =10 uM,
T=25°C, DMSO.
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Figure S6. A) Pt coordination geometry, relative energy, enthalpy and Gibbs free energy of the species
involved in the reaction pathway for the CI-DMSO SN2 substitution in 4, obtained by DFT calculations
in the implicit DMSO solvent. B) Pt coordination geometry, relative energy, enthalpy and Gibbs free
energy of the species involved in the reaction pathway for the hydrolysis of 4, obtained by DFT
caleulations in water solvent.
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Interaction with dGMP
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Figure 7. ¥'P NMR (162 MHz) spectra in (0.5 ml) DMSO-dg + (50 pL) D>O of 2 + dGMP (5 mg in 20
uL of D,0). From bottom, up: a) complex 2 after 14 days in DMSO-d; + D,;0 before the addition of
dGMP, b) t= 5 min, ¢) t= 15 min, d) t= 30 min, e) t= 2h, f) t= 3 days.
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Figure 58. Aromatic area of 'H NMR spectra (400 MHz) (0.5 ml) DMSO-dg+ (50 pL) D-O of 3 + dGMP
(5 mg in 20 uL of D;0). From bottom, up: a) complex 3 after 14 days in DMSO-dé + D,O before the
addition of dGMP, b) t=0, ¢) t=2 days, d) t = 6 days, e) t= 2 weeks.



Figure S9. Agarose gel electrophoresis of plasmid pUCI8 incubated overnight with different
concentrations of complex 4 and with cisplatin as a positive control for covalent binding. Lanes 1 and 16:
DNA ladder, lane 2 and 13: pUC18 alone; lane 3: pUC18 + DMSO; lanes 4-12: pUCI8 + complex 4 at
Cp/Cp concentration ratios = 0.1, 0.2, 0.5, 1, 2, 5, 10, 20 and 50; lanes 14 and 15: pUC18 + cisplatin at
Cp/Cp concentration ratios = 1 and 10, respectively. Labelling: OC (nicked, open circular), L (linear), SC
(supercoiled) and C, SS (cireular, single-stranded).
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Figure S10. A) CD spectra of ctDNA in the presence of different concentrations of' complex 4
(Cp/Cp=10-1.2), Co= 8 x 10° M. B) Relative elongation (L/Lg) of ctDNA in the presence of different

concentrations of complex 4 (Cp/Cp=0-0.3), Cp=2 x 10°* M. [ = 2.5 mM sodium cacodylate (NaCac),
pH=74,T=25°C.
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Chapter V

Cis-dichlorodiamine complexes of
Ni(ll), Pd(ll) and Pt(ll): theoretical
study of hydrolysis and DNA-
binding



5.1 Introduction

Platinum(ll,IV) complexes have been studied in different fields, because of their
performance in catalysis,[!*3 or as anticancer drugs, in particular the already
mentioned cisplatin and its derivatives.[!14115] |n anticancer therapies, Pt(ll) complexes
are usually administrated as cis-dichloro complexes. However, inside the cells the
chloride concentration is lower than that present in the extracellular fluids.[®! This
condition usually induces the hydrolysis of the dichloro complexes [RR’-Pt-Cl,],117]
leading to the analogous cis-diaguo complexes. In this context, it has been proved that
Pt(ll) can covalently bind B-DNA, through coordination bonds between the Pt atom
and the N7 atom of one or two axially neighboring guanine bases.!'8! |t has been also
reported that the two guanine bases binding to cisplatin could belong to the same or
to different DNA molecules, leading to intra- or inter-molecular binding,
respectively.[11%120l As 3 consequence of this DNA-binding, many important
intracellular processes are interrupted, and this mechanism has been associated with
the anticancer activity of cisplatin and its derivatives. Moreover, due to both the
success and the limitations of such Pt compounds, for example their high toxicity or
their success only with certain types of tumors,[*211221 many other analogous metal
derivatives, including nickel(ll) and palladium(ll) complexes, have been considered as
alternative potential antitumor agents.

Pd(Il) complexes show a notable analogy with the coordination chemistry of Pt(ll)
complexes. One noteworthy difference is the kinetics of ligand exchange which seems
to be the main reason why Pd(Il) compounds do not show anticancer properties
compared to the analogous to Pt(ll) derivatives. For example, hydrolysis of Pd(ll)
compounds is about 10° times faster than that of their Pt(ll) analogues.['?3! Probably,
such reactions is so fast and, as a consequence, the resulting aguo complexes are so
stable that such Pd(ll) complexes are unable to bind to their biological targets.
Interestingly, also Ni(ll) complexes have been reported showing also potential in
antitumor activities!!*¥, although with much less attention than the other two
elements of the same group 10 of the periodic table. In particular, to the best of our
knowledge, no experimental studies are reported in the literature concerning the
synthesis and properties of Ni(ll) analogue of cisplatin (called cisnickel), nor
investigations on its hydrolysis pathway. We have only found a reference concerning
a DFT study of the binding of cisnickel and with the N7 and O4 atoms of a guanine DNA
base.[124]

In the present chapter, DFT calculations have been carried out to compare the
structure and stability of the species involved along the commonly accepted reaction
pathway for hydrolysis of the cis-dichloro-diamino complexes of Ni(ll), Pd(ll) (called
cispalladium) and Pt(Il). Moreover, MD simulations have been performed for the two
intrastrand DNA-binding complexes of cisplatin and cisnickel, in order to obtain
insights of their N7 coordination on the DNA secondary structure.
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5.2 Computational details

DFT calculations. The geometries of reactants, intermediates, products and transition
states have been fully optimized by DFT calculations, using the B3YLP, 62631 pBEQ[®lland
MO06-2X[% functionals and CEP-121G effective potential basis set for the metal
centerl®4% and 6-31G(d,p) basis set for the other atoms.[%%671 Water solvent effects

are mimicked by the conductor-like polarized continuum model” implicit method

(CPCM). Hydrolysis reaction pathway was followed by a two-step nucleophilic
substitution mechanism, widely accepted and reported.[*2>-128 Transition states were
optimized by the transit quasi-Newton method. Vibrational analysis, in harmonic
approximation was performed. This allowed to evaluate enthalpy and Gibbs free
energy differences along the reaction pathway. Basis set superposition errors were
neglected. Energy minimum structures presented no imaginary frequencies, while all
transition states were first order saddle points in the potential energy surface. All
calculations were performed with Gaussian 09 software package.[’"]

MD simulations. A random B-DNA dodecamer, with sequence 5'-AGCTAGGTCAGT-3’
has been design by the Tinker software!'%! to which cisplatin and cisnickel have been

covalently bound to both central GG bases (residue 6 and 7), using the Molden
software for the modelling.'?%13% The force field parameters involving the metal
center (bonds, angle, dihedrals) were taken from the literature(1%>131] and added to
the Amber99sb force field with parmbscO nucleic acid torsion parameters. A triclinic
box of TIP3P water was generated around the drug/B-DNA system, to a 1 nm depth
on each side of the solutes, for a total of about 7800 solvent molecules; 43 K* ions and
23 CI" ions were added to neutralize the DNA negative charge of the sugar- phosphate
backbone and to set the solution ionic strength to about 0.15 M. MD simulations were
conducted for 100 ns for both cisplatin/B-DNA and cisnickel/B-DNA model systems by
using the Gromacs 5.0.4. software.l7879

5.3 Results and discussion

DFT calculations. The standard Gibbs free energy (AG®) of the species, compared to

reactants, were calculated by the following reaction scheme (M = Pt, Ni or Pd):

[M(NH3)2Cl2] + 2H20 S [M(NH3)2(H20)CI* + CI + H20 S [M(NH3s)2(H20),2])%* + 2CI

\ J
|

15t hydrolysis |

2" hydrolysis



The results obtained for cisplatin are summarized in Figure 1. Calculated free energy
variations along the hydrolysis pathway for each step (rl and r2, respectively) and the
corresponding experimental values from the literature, are shown in Table 1.
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Figure 1. Pt coordination geometry and calculated standard Gibbs free energy values,
relative to the reactant, of the species involved in the hydrolysis reaction pathway for

cisplatin, obtained by DFT calculations.

Table 1. Calculated Gibbs free energy (AG°, kJ/mol) and literature

theorical/experimental data (kJ/mol) for the hydrolysis of the cisplatin. AGa refers to
the activation energy and AG, to the energy difference between reactant and product

of each hydrolysis step.

Theoretical Experimental
MO06-2X B3LYP PBEO Ref. (a) Ref. (b) Ref. (c)
AGa 128.34 146.39 149.37 104.18 99.24 98.95
AGa 104.95 153.67 168.61  105.85 98.55 99.23
AGn 2.71 -8.54 3.28 - 4.2 3.6
AGr, 23.76 11.62 32.10 - - -

(a) J. K. Lau and D. V. Deubel. J. Chem. Theory Comput. (2006), 2, 103-106. (b) J. W. Reishus,
D.S. Martin Jr. J. Am. Chem. Soc. (1961), 83 (11), 2457-1462. (c) J. R. Perumareddi, A. W.

Adamson. J. Phys. Chem. (1967), 72, 414-420.

Based on the results obtained for cisplatin, the M06-2X functional was chosen for the
study of the analogous reactions of cisnickel and cispalladium. The results obtained,

compared with cisplatin, are summarized in Figure 2.
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Figure 2. Calculated standard Gibbs free energy values, relative to the reactants, for
cisplatin (red) cisnickel (black) and cispalladium (blue), obtained by DFT calculations.

These results show that, indeed, the activation barriers are higher for cisplatin and
decrease in the order cisplatin > cispalladium > cisnickel. Moreover, the stability of the
hydrolysis products is much higher for cisnickel than for both cispalladium and
cisplatin. Such results well explain the known higher hydrolysis reactivity of Pd(ll)
compared to Pt(ll) compounds and show also that cisnickel is the most reactive of the

three considered compounds.

The relative kinetic constants have been calculated from the computational results for
each hydrolysis step for the Pd(ll), Ni(ll) and Pt(ll) complexes, using the following

equations:

Method 1

Ea = AH + RT; AH#® = E, —RT (1)
ASiO= (AGHO- AH40)/T (2)
ky = ksT/h - exp (AS#°/R) - exp (-AH«° /RT) (3)

Where E, is the activation energy for each hydrolysis step, AH#°, AS«° and AG«® are
enthalpy, entropy and free energy differences between reactant and transition state,
R is the gas constant and k, and h are the Boltzman and Planck constants respectively.

Method 2
kv = (ksT/h) - exp (AG#°/RT) (4)

Eqg. 4 corresponds to Eyring’s equation, with the same parameters described above.



Using Eq 3. and Eq. 4 the calculated kinetic constants (Table 2) of each hydrolysis step
are equal.

Table 2. Calculated kinetic constants for the first and second hydrolysis steps.

k1 (S'l) ka (S'l)
Pt 1,98-101° 3,64-10°12
Pd 2,41-10° 2,48-108
Ni 8,99-10 4,27-10°01

A comparison between the calculated kinetic constants of cispalladium and cisnickel,
with those of cisplatin, is reported in Table 3. It can be noticed that ki and kz are 10*
and 103 times bigger for cispalladium, of the same order of magnitude with literature
values, reporting that the hydrolysis of palladium complexes is 10° times faster than
that of the corresponding platinum analogues.[*23l Remarkably, the values of ki and kz
for nickel are 107 and 10! times bigger than those of cisplatin. The latter result is also
in agreement with reported literature data,*?3! claiming that nickel(ll) complexes are
always much more labile and reactive. In fact, ligand exchange processes in Ni(ll)
complexes tend to be associative, because Ni(ll) forms a large number of complexes
with a coordination number between three and six. On the other hand ligand
exchange processes are predominantly dissociative for both Pd(ll) and Pt(ll)
complexes, because they preferentially assume coordination number four in square
planar geometry.[123

Table 3. Comparison between the first and second hydrolysis kinetic constants of
cispalladium and cisnickel, relative to cisplatin.

M kavy/Ka(pt) k2m)/ Kz2(pt)
Pd 1,21-10% 6,81-10°
Ni 4,54-10’ 1,17-1011

MD simulations. The effect of the DNA binding of cisplatin and cisnickel on the double

helical structure has been investigated through MD simulations. The DNA binding of
cisnickel has been considered in the hypothesis that it would remain stable and in
square planar geometry in solution, despite literature data and the results of previous
section evidence their high reactivity and ligand lability. This part still needs to be
deepened through further investigations. The results of the MD simulations allow to
visualize the effects caused by the crosslinking of cisplatin and cisnickel on the same
B-DNA sequence and with the same binding mode, see Figures 3 and 4. The different
structural changes induced on the DNA secondary structure can be then associated to
the effect of the metal center. In both systems, due to the square planar coordination
geometry of the two metal complexes, the value of the N7-M-N7’ angle (where N7
and N7’ are the nitrogen atoms from the two guanine ligands coordinated to the M
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metal center) rapidly assume the approximate value of 90°, as expected, and
remaining constant till the end of the MD simulation. At the same time, and as a
consequence, the DNA structure is strongly bended, and a loss of helicity is also
observed, without breaking of the Watson-Crick hydrogen bonds between
complementary DNA bases. The corresponding video files are available as
supplementary files, through the QR codes shown in of Figures 3 and 4.

24 360
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(o) @16ue ZN-1d-LN

0,2 0,4 0,6 0,8 1,0
Time (ns)

Figure 3. RMSD plot for cisplatin/B-DNA system, black line nucleic plot, red line
variation of the defined angle value during the firs ns of MD simulation.
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Figure 4. RMSD plot for cisnickel/B-DNA system, black line nucleic plot, red line
variation of the defined angle values during the firs ns of MD simulation.



The effect of crosslinking is so fast that no significant changes can be identified
between the structures at 0,4 ns of MD simulation and at 100 ns, as it can be seen in
Figure 5 and 6. Analogously, if we look at the complete RMSD, both for the nucleic
structure and for the variation in the described angle, no significant variations are seen
after 0,4 ns of MD simulation, see Figure 7.

Figure 6. Structures for cisnickel/B-DNA system at 0.4 ns and 100 ns.

(o) @16ue LN-3d-IN
(o) @1Bue LN-IN-LN

20 40 60 80 100 20 40 60 80 100
Time (ns) Time (ns)

Figure 7. Complete RMSD analysis for cisplatin/B-DNA (left) and cisnickel/B-DNA
(right) systems over the 100 ns of MD simulation.
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Remarkably, the equilibrium structure of the complex between cisplatin and DNA,
obtained by the MD simulations, is in excellent agreement with the corresponding
experimental structure obtained by x-ray diffraction, PDB id: 1A10,1*3%1 and despite the
different sequences of the two systems, as shown by the superimposed structures in
Figure 8. Remarkably, cisplatin binding induces the same modifications leading to the
same DNA bending. Such results confirm that our MD simulations properly reproduce
the experimentally observed effects of cisplatin coordination on the conformation of
double helical DNA.

Figure 8. Different views of the superimposed cisplatin/DNA structures obtained from
MD simulations (red) and from X-ray crystallography, PDB id: 1A10 (1321 (blue).

5.4 Conclusions

Through DFT calculations it has been possible to obtain the relative energies for the
species involved in cisplatin hydrolysis and to compare them with those of the nickel
and palladium analogues. It can be concluded that both cisnickel and cispalladium are
more susceptible to hydrolysis than cisplatin. In particular, the reaction speed
decreases in the order cisnickel > cispalladium > cisplatin. Since cisplatin hydrolysis is
considered the key-step before DNA binding, both cispalladium and cisnickel, and
eventually their derivatives, should be also able to bind DNA. However, it must be
considered that the rapid formation of the aguocomplex sets the charge of the three
complexes to +2, reducing their ability to cross the cell membrane. The results
obtained have proven that the effect of cisplatin binding on double stranded DNA is
correctly replicated by MD simulations. Moreover, in the hypothesis that the nickel



complex could be stable in solution, its binding to DNA would produce similar
distortions on the double helical conformation.
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Chapter Vi

Kinetic evidence for interaction
of TMPyP4 with two different
G-quadruplex conformations of
human telomeric DNA



Summary

| K=16-10°M1 |

k; = 1.9+ 108 M s

ky,=1.2-102s1

| K=18-10°M1 |

o ky=5.6-10° M5t

ky;=3.0-10° s

TMPyP4

Figure 1. Kinetic behavior of TMPyP4 binding to G-quadruplex hybrid structures:
hybrid-1 named F1K, PDB id: 2HY9''33 and hybrid-2 named F2K, PDB id: 2JPZ,/*3¥ based

on kinetic experimental results.

It is well known that TMPyP4 is a G-quadruplex binder with a very high affinity.
However, kinetic investigations, through T-Jump measurements, as reported in the
present chapter, suggest that TMPyP4 shows a different binding kinetics toward the
two different hybrid G-quadruplex conformations formed in K* solution: F1K and F2K
(Figure 1), although the values of the thermodynamic constants for the equilibrium
represented in Figure 1, calculated as K=kq/k:, are very similar. Usually only the
thermodynamic constants have been reported in the literature concerning the binding
of TMPyP4 to G-quadruplex structures. To the best of our knowledge the binding
kinetics has not been considered before.

To support the interpretation of the experimental studies, my main contribution to
the study was to carry out MD simulations for the TMPyP4/F1K and TMPyP4/F2K
systems, to obtain a molecular recognition process, a possible binding mode and to
valuate if there were indications related to the different binding kinetics of TMPyP4 to
the two G-quadruplex isomers F1K and F2K. Moreover, experimentally it was not been
possible to demonstrate which calculated kinetics constants corresponded to each of
the G-quadruplex hybrid structure in solution, but the computational results allowed
to suggest which of the two kinetics corresponded to the binding to F1K or to F2K.

Surprisingly, the results of MD simulations showed that TMPyP4 binds rapidly to an
adenine residue of both G-quadruplex systems. For the TMPyP4/F2K system (showing
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the higher kr value) it persists leading to a fast equilibrium structure, while for the
TMPyP4/F1K system (showing the lower ks value), during the MD simulation, a second
binding occurs with a thymine residue in the loop, where it finally reaches an
equilibrium state, Figure 2. In the study, it has been assumed that such binding
variation was related to the kinetic difference during the molecular recognition
process. The corresponding video files are available as supplementary files, through
the QR codes shown in Figure 2. Also, it must be mentioned that as TMPyP4 shows the
same binding mode for the two structures, i.e. external stacking with a dangling
adenine base in the loop, and that the final structures are very similar. These results
are also in agreement with the similar values of the experimentally determined
thermodynamic DNA-binding constants. The published article is attached below.

2.5 ns 101 ns 300 ns

Figure 2. Molecular recognition scheme during the MD simulation: (A) TMPyP4/F2K
(B) TMPyP4/F1K.
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Background: Stabilization of G-quadruplex helices by small ligands has attracted growing attention because they
inhibit the activity of the enzyme telomerase, which is overexpressed in > 80% cancer cells. TMPyP4, one of the
most studied G-quadruplex ligands, is used as a model to show that the ligands can exhibit different binding
features with different conformations of a human telomeric specific sequence.

Methods: UV-Vis, FRET melting Assay, Isothermal Titration Calorimetry, Time-resolved Fluorescence lifetime,
T-Jump and Molecular Dynamics.

Results: TMPyP4 yields two different complexes with two Tel22 telomeric conformations in the presence of Na*
or K*. T-Jump kinetic experiments show that the rates of formation and dissociation of these complexes in the
ms time scale differ by one order of magnitude. MD simulations reveal that, in K* buffer, “hybrid 1” con-
formation yields kinetic constants on interaction with TMPyP4 one order lower than “hybrid 2”. The binding
involves s stacking with external loop bases.

Conclusions: For the first time we show that for a particular buffer TMPyP4 interacts in a kinetically different
way with the two Tel22 conformations even if the complexes formed are thermodynamically indistinguishable.
General significance: G-quadruplexes, endowed with technological applications and potential impact on reg-
ulation mechanisms, define a new research field. The possibility of building different conformations from same
sequence is a complex issue that confers G-quadruplexes very interesting features. The obtaining of reliable
kinetic data constitutes an efficient tool to determine reaction mechanisms between conformations and small
molecules.

1. Introduction

ions, giving way to extensive research of G-quadruplex conformations
stabilized by K* [6]. The main conformation reported for the human

The study and advancement of small molecules capable of binding
and stabilizing higher-order DNA structures, such as G-quadruplexes,
has attracted growing interest [1]. G-quadruplexes can be formed in
guanine-rich DNA stretches in the presence of stabilizing ions such as
Na* or K*. Although the in vivo existence of such structures is still a
matter of debate [2], under physiological conditions the human genome
contains a large number of potential quadruplex-forming sequences
[3,4]. Human telomeric DNA consisting of TTAGGG repeats is an in-
teresting instance of such sequences. Stabilization of telomeric G-
quadruplex helices by small ligands is known to inhibit the activity of
the enzyme telomerase, which is overexpressed in > 80% of cancer
cells and acts as tumour promoter [5].

In intracellular media, potassium ions abound more than sodium

*“ Corresponding authors.
E-mail addresses: giampaolo.barone@unipa.it (G. Barone), begar@ubu.cs (B. Garcia).
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telomeric sequence in K* solutions “Tel22” (d[AGGG(TTAGGG)3])
consists of a G-quadruplex fold with (3 + 1) G-tetrad core containing
three tetrads, one side-chain reversal loop and two lateral loops [7].
Two distinguishable conformations (known as hybrid-1 and hybrid-2)
have been identified containing this core with the same number and
type of loops but different loop arrangement [8]. On the other hand, in
Na' solutions the antiparallel basket-type structure was found for
human telomeric DNA. Although this basket form is the only folded
conformation fully characterized under these conditions [9], sub-
sequent studies provide evidence for the polymorphism of telomeric
sequences in Na* solutions, with possible interconversion between
various structural forms [10].

In line with these observations, we have reported recently the fast
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processes that govern different Tel22 structures in equilibrium at 25 °C.
Kinetic T-jump measurements provide evidence for the presence of two
G-quadruplex conformations, FIM and F2M, in equilibrium with G-
triplex structures, F1’'M and F2'M, with M = Na™ or K* [11]. These
results, along with other studies, evince the complexity of this system
[12-15], thus posing the question of whether small molecules can dif-
ferentiate between different specific sequence conformations coexisting
in solution, a striking feature not reported hitherto. To this aim, we
have studied the interaction of Tel22 with the cationic meso-tetrakis(N-
methyl-4-pyridyl)porphyrin (TMPyP4), capable of stabilizing quad-
ruplex structures and inhibiting the telomerase activity [16]. In spite of
being nonselective for quadruplex helices over duplex DNA [17],
TMPyP4 is one of the most studied G-quadruplex ligands ever and its
structure has inspired the development of other porphyrin derivatives
[18,19]. Nevertheless, certain controversy over the nature of the G-
quadruplex/TMPyP4 interactions still remains, and intercalation be-
tween adjacent G-tetrads or end-stacking onto the external faces of the
G-quadruplex have been proposed [20-22].

Due to its demonstrated affinity with G-quadruplex structures,
TMPyP4 has been used in this work as a model molecule to show that
certain ligands can exhibit different binding features towards different
conformations of a specific sequence. Even though these features can be
thermodynamically indistinguishable, they take place at different rates,
as suggested recently by J. Lah et al. [23] and shown here by T-jump
measurements and MD calculations. The FIM/TMPyP4 and F2M/
TMPyP4 complexes get formed at low TMPyP4,/Tel22 concentration
ratio and have very close binding constants (K, = ki/ky), whereas the
formation, k;, and dissociation, kg, kinetic constants differ considerably.
At higher TMPyP4/Tel22 concentration ratio, another type of complex
with binding constant K, gets formed. This complex has been reported
before and is assumed to involve an external mode of binding [24]. This
work is a starting point; actually, the interactions of other types of li-
gands biologically more relevant than TMPyP4 with different oligonu-
cleotides are to be explored in future studies.

2. Materials and methods
2.1, Sample preparation

The DNA oligonucleotide d[AGGG(TTAGGG):], known as “Tel22",
was purchased from Thermo Fisher Scientific Inc. as dried samples.
Stock solutions were prepared with nuclease free water in buffers
containing 10 mM Tris-HCl, 1 mM EDTA and 0.15 M of either NaCl or
KCl at pH = 7.5 unless otherwise specified. The formation of the G-
quadruplex was carried out by incubating for 6 min the oligonucleotide
solution at 90 °C and slowly cooling down (~ 5 h) to room temperature
in order to obtain the thermodynamically equilibrated G-quadruplex
structures [13]. Solutions were then stored at 4 °C overnight to avoid
degradation processes and afterwards allow reaching room temperature
prior to carry out the measurements. The concentration of the single
stranded oligonucleotide was determined by measuring at 90 °C the
absorbance at 260nm using the absorptivity value of
228,500 M~ ' em ! provided by the supplier. The double-labeled oli-
gonucleotide FAM-Tel22-TAMRA (F-Tel22-T) was purchased from
Thermo Fisher Scientific Inc. TMPyP4 was supplied by Sigma Aldrich.
Stock aliquots of TMPyP4 were prepared in water and stored in the dark
at —20°C.

2.2, UV spectroscopy

Spectrophotometric measurements were performed with a HP
8453A photodiode array spectrophotometer (Agilent Technologies,
Palo Alto, CA) endowed with a temperature control Peltier system.
Titrations were carried out by adding increasing amounts of Tel22 so-
lutions to the TMPyP4 solution in 1 cm path-length cells with black
quartz sides at 25 °C. The data were corrected by the dilution factor G/
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Cp.
2.3. ITC titrations

Isothermal titration calorimetry (ITC) experiments were performed
at 25°C using a Nano ITC (TA Instruments, Newcastle, USA). The
stirring speed was maintained constant at 250 rpm. The TMPyP4 so-
lution was injected into the calorimetric cell containing the Tel22 so-
lution. Prior to use, all solutions were degassed to reduce to a minimum
the formation of bubbles during the experiments. Control experiments
were carried out to determine the contribution of the heat of dilution of
TMPyP4 and rule out the presence of aggregation processes of the drug
that would interfere with the analysis of the ITC data to obtain the
TMPyP4,/Tel22 thermodynamic parameters. The thermograms (in-
tegrated area of the peak/mole of injectant versus Cp/Cp ratio) obtained
in the titrations were fitted by a “two-site model”, as simpler models
including the “one-site model” were insufficient to fit the data suitably.

2.4. FRET melting assay

F-Tel22-T was dissolved in water as 100 uM stock solutions and then
annealed for 5min at 0.4 pM concentration at T = 90 °C in a buffer
containing 0.15 M KCI or NaCl, 10 mM Tris-HCl and 1 mM EDTA at
pH = 7.5. Each well of a 96-well plate contained 0.2 uM of F-Tel22-T
and different concentrations of TMPyP4. Measurements were per-
formed in a 7500 Real-Time PCR (Applied Biosystems). Readings were
performed with excitation at 450-495 nm and detection at 515-545 nm
from 25 to 95 °C at a scan rate of 0.5 "C/min.

2.5. Time-resolved fluorescence lifetime

Fluorescence lifetime measurements of TMPyP4 were performed
both in the absence and in the presence of different amounts of Tel22 in
Na™ or K* buffer using FLS980 equipment (Edinburg Instruments). The
excitation was accomplished at 405 nm using an EPL 405 pulsed diode
laser and the emission was collected at 705 nm. Data were analyzed by
FAST 3.4.0 software.

2.6. T-Jump measurements

The fast kinetic measurements were performed with a Dialog T-
jump instrument built up according to the Riegler et al. prototype [25]
in 1.0 cm path-length cells, working in the absorbance mode. The ki-
netic curves, collected with an Agilent 54622A oscilloscope (Santa
Clara, CA, USA), were transferred to a PC and evaluated with the Table
Curve program of the Jandel Scientific package (AISN software, Rich-
mond, CA, USA). The time constants were averaged out from 6-fold
repeated kinetic experiments.

2.7. Molecular dynamics

The structures of the Tel22 G-quadruplex in K" solution were taken
from the Protein Data Bank, with PDB id “2HY9” for hybrid-1, F1K, and
PDB id “2JPZ” for hybrid-2, F2K [26]. In detail, the first and last two
nucleotides of the G-quadruplex chain of the two PDB id files, both 26-
mer hybrids, have been removed to generate the same Tel22 sequence
of the experimental studies. The starting molecular structure of
TMPyP4 was obtained by full geometry optimization, firstly through
semiempirical PM6 calculations [27] and, subsequently, through DFT
calculations, using the M06-2X functional [28] in the presence of water
as implicit solvent, mimicked by the “conductor-like polarized con-
tinuum model” implicit method [29,30]. Atomic partial charges of
TMPyP4 were obtained by DFT calculations and force field parameters
of TMPyP4 and DNA models were generated with the ACPYPE software
(AnteChamber Python Parser interfacE) [31,32]. The Amber995B force
field ParmBSCO nucleic acid torsion parameters were used for the DNA
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models [33]. A triclinic box of TIP3P water was generated around the
G-quadruplex/TMPyP4 system, to a 0.8 nm depth on each side of the
solutes, for a total of about 5500 solvent molecules; 39 K* ions and 17
Cl™ ions were added to neutralize the DNA negative charge of the
sugar- phosphate backbone and to set the solution ionic strength to
about 0.15 M.

Explicit solvent molecular dynamics (MD) simulations for F1K/
TMPyP4 and F2K/TMPyP4 systems were performed using the Gromacs
5.0.4 software package, [34,35] in the canonical NPT ensemble (for
which number of particles, N, pressure, P, and temperature, T, are
constant), at 300 K, under control of a velocity-rescaling thermostat
[36]. The mesh particle Ewald method was used to describe long-range
interactions [37]. Preliminary energy minimizations were run for 5000
steps with the steepest descent algorithm, during which the equilibra-
tion of the G-quadruplex/TMPyP4 systems were harmonically re-
strained with a force constant of 1000 kJ mol ! nm~ 2, gradually re-
laxed in five consecutive steps of 100 ps each, to 500, 200, 100 and
50 kJ mol ~ ! nm ™ 2. Four MD simulations with different initial poses of
TMPyP4 (see Figure 4SI) were initially conducted for 100 ns for the
binding of TMPyP4 with each DNA hybrid. The starting structures were
obtained by the Maestro software [Maestro, version 10.2, Schrodinger,
LLC, New York, NY, 2015]. Two final MD simulations were conducted
for 300 ns and 200 ns, for the TMPyP4/F1K and TMPyP4/F2K systems,
respectively.

3. Results and discussion

UV-vis and ITC measurements were carried out to set the most
adequate concentration range to conduct the kinetic study. Same ex-
periments were performed in Na* and K* media to gather information
about the similarities and differences of the studied system in the pre-
sence of these representative ions.

3.1. Isothermal titration calorimetry

ITC titrations of Tel22 (P) with increasing amounts of TMPyP4 (D)
in 0.15M NaCl and 0.15M KCl were carried out. The profile of the
titration isotherms (Fig. 1) shows two well differentiated steps. A gen-
eral mechanism for this behaviour is represented in Eqgs. (1) and (2). For
low Cp/Cp concentration ratios, the complex PD; gets formed (Eq. (1)).
As to the second process, PD, gets formed from PD; when the Cp/Cp

B
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ratio increases (Eq. (2)), and is probably related to formation of ex-
ternal aggregates when the TMPyP4 concentration is raised.

Ky
P+D=PD (€8]
Kz
PD, + D = PD; 2)

The “two-site model” best fitted the experimental data, and the
thermodynamic parameters obtained are listed in Table 1. The ther-
modynamic constant, Ky, for formation of PD; in the presence of K*
was one order higher compared to Na™, whereas with K, the opposite
effect occurs. The reaction enthalpies were always negative. AH, varied
with the type of buffer used, AH; (Na*) < AH,; (K*), whereas AS;
(Na*) < 0and AS; (K*) > 0, indicating different hydration extent of
the Tel22 conformations in Na™ and K* buffers [38]. The AH, values
remained nearly constant, whereas for the reaction entropy AS,
(Na™) > AS, (K') > 0, an effect attributed to dehydration of PD, to
yield PD,, in good agreement with formation of an external complex.
The K; and K, values concur with those reported before in KCI buffer
for the interaction of TMPyP4 and different types of human telomeric
G-quadruplexes [24,39].

3.2. Spectrophotometric titration

The two differentiated processes observed with [TC measurements
were also observed by spectrophotometric titrations of the Tel22/
TMPyP4 system in 0.15M NaCl (Fig. 2A) and 0.15 M KCI (Fig. 1SIA).
The spectral curves recorded upon addition of increasing amounts of
Tel22 to a TMPyP4 solution displayed a biphasic isotherm at
A = 433 nm with minimum at Cp/Cp = 0.5 (Fig. 24, inset). An iso-
sbestic point at A = 429 nm with pronounced bathochromic shift of the
maximum is observed for low TMPyP4 concentration (Cp/Cp < 2)
(Fig. 2B), whereas for Cp/Cp > 2 a new isosbestic point at . = 437 nm
appears and the location of the maximum remains unaltered (Fig. 2C).
This behaviour points to the existence of different types of Tel22/
TMPyP4 complexes depending on the Cp/Cp concentration ratio, con-
current with the ITC results and with the scheme shown in Egs. (1) and
(2).

ts Fig. 1. ITC titrations of Tel22 with TMPyP4 in 0.15 M NaCl
! (A) and 0.15M KCl (B). C§ = 0.065 mM, C} = 1.7 mM,
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Table 1
Thermodynamic parameters determined for the binding of TMPyP4 to Tel22 using a “two-site model”. K; and K; are the thermodynamic constants and AH,; and AH, the enthalpy change
for the processes in Egs. (1) and (2).
107%K,, M~ ! AHy, kJ mol 1 107 5Ky, M7! AHg, kJ mol =1
Tel22/TMPyP4" 1.6 + 0.6 —45 = 2 70 = 30 —-21 =2
Tel22/TMPyP4" 25 = 7 -15 =1 35 = 09 -27 =1
#0.15 M NacCl.
® 0.15 M KCL

3.3. FRET melting measurements

A number of secondary structures, such as different G-quadruplex
conformations, i-motifs and triplexes, can be present in solution for
Tel22 and other important G-quadruplex sequences [11,40]. TMPyP4
promotes a notable increase in the melting temperature of G-quad-
ruplex DNA structures [41]. Forster resonance energy transfer (FRET)
melting experiments were carried out to obtain information about the
main features of the Tel22/TMPyP4 interaction. Tel22 become stabi-
lized upon binding with TMPyP4 both in Na* and K" buffers. Fig. 3A
and B show the normalized FRET melting curves, whereas Fig. 3C and D
show the T, values determined in the mid-transition (T, ,») for each Cp/
Cp ratio. In the presence of TMPyP4, the AT,, value obtained for the
dual fluorescently labeled (FAM and TAMRA) Tel22 oligonucleotide in
the presence of Na* is equal to or greater than in the presence of K* for
the same A(Cp/Cp), which reveals the influence of the ligand on the
stabilization of different G-quadruplex Tel22 structures.

3.4. Time-resolved fluorescence lifetime measurements

Fluorescence lifetime measurements have been widely used to study
the existence and main features of ligand/G-quadruplex complexes

A
0.8

[42]. The emission properties of the Tel22/TMPyP4 system were de-
termined at different Cp/Cp ratios (Fig. 2SI). A monoexponential decay
fitting was applied for free TMPyP4, whereas a biexponential fitting
was needed to obtain acceptable ? values when Tel22 is present. The
T, values were quite close to those of TMPyP4 alone, whereas the 75
values correspond to PD, (Table SI1). By means of this technique it was
unfeasible to differentiate between different hybrid/TMPyP4 com-
plexes, probably due to the close fluorescence lifetime values ascribable
to their similar structure.

3.5. Kinetic T-Jump measurements

Thermodynamic data is valuable material to assess the final state of
interacting systems, even though they cannot provide detailed me-
chanistic information. We studied the kinetic features of the Tel22/
TMPyP4 interaction with the T-Jump technique in the microsecond
time scale to verify if the presence of the two different G-quadruplex
conformations, FIM and F2M, entail any significance on the way the
ligands do interact with Tel22 in the presence of Na* and K*. To this
aim, T-Jump measurements were performed for Cp/Cp ratio < 2,
where PD; (Eq. (1)) prevails. Kinetic measurements monitoring the
absorbance were carried out at two different wavelengths, one at each

Fig. 2. Absorption spectra obtained from the ti-
tration of the TMPyP4,/Tel22 system in 0.15M

=]

[

108 xAA/C, M

NaCl. Inset: Binding isotherm at 433 nm (A). The
spectral curves of Fig. 2A show two differ-
entiated behaviours with two different isosbestic
points at Cp/Cp < 2 (B) and at Cp/Cp = 2 (C).
C3 = 3.5uM, pH = 7.5 (10 mM Tris-HCl, 1 mM
EDTA), T = 25°C.
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Fig. 3. FRET melting curves obtained for the
TMPyP4/Tel22 system in 0.15 M NaCl (A) and in

1.0 — Tel22 alone

—G/G=1

—_— CJCP:Z
084 cpe=5

—c/C.=10
0.6{——CyC,=20

Normalized F
Normalized F

—— Tel22 alone

015M KCl (B) at different Cp/Cp ratios.
Representation of the melting temperature (Ty,)
versus the Cp/Cp ratio in NaCl (C) and in KCl (D).
Cp = 0.2 M, pH = 7.5 (10 mM Tris-HCl, 1 mM
EDTA).

15 20

Fig. 4. Examples of kinetic curves obtained for the

Tel22/TMPyP4 system in 0.15 M NaCl at A = 437 nm
(A) and A =422nm (B) and in 0.15M KCI at
A = 437 nm (C) and A =422 nm (D).
Cp = 3.5-15puM, Cp =6-20pM. pH =75 (10 mM
Tris-HCl, 1 mM EDTA), T = 25 °C.
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side of the 429 nm isosbestic point. Fig. 4 collects examples of kinetic
curves for the Tel22/TMPyP4 system in Na' and in K, recorded at
422 nm and 437 nm (see Figs. 2B and 1SIB). Single exponential func-
tions were fitted to the experimental data (red line), from which the
reciprocal relaxation time 1/t was obtained. Interestingly, the kinetics
observed with equal concentration of Tel22 and TMPyP4 and same type
of ion, showed that two reactions with quite different kinetic behaviour
are at work. The faster reaction, which lasts < 1 ms, could be observed

526

2 3 4
t, mseg

at A = 437 nm for both Na* and K* buffers (Fig. 4A and C, respec-
tively), whereas the slower reaction can be followed at A = 422 nm
(Fig. 4B and D).

To obtain the forward and reverse kinetic constants of the four
processes, plots of the reciprocal relaxation time (1/7) versus the equi-
librium concentration function ([P] + [D]) (Fig. 5) were fitted ac-
cording to Eq. (3):
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A B Fig. 5. (1/7) versus ([P] + [D]) plot and fitting of Eq.
4 5 (3) to the data obtained for the Tel22/TMPyP4 system
in 0.15M NaCl at (A) A =437nm, and (B)
A = 422 nm and in 0.15 M KCl at (C) A = 437 nm and
- 3 - # (D) A = 422 0m,
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where k¢ and ky represent the formation and dissociation rate constants
between Tel22 and TMPyP4 obtained at a specific wavelength.

Table 2 lists the rate constants together with the kinetic equilibrium
constant, K;, obtained from the ratio of the forward over the reverse
kinetic constant (k¢;/kq ;). The kinetic constants kg and kg » obtained at
437 nm were one order higher than k¢; and kg, obtained at 422 nm
both in NaCl and KCl, whereas the thermodynamic value K; obtained at
the two wavelengths are quite close for a particular buffer, being
Ki~4x10°M 'and 2 x 10° M~ ! in the presence of Na* and K*
ions, respectively. This means that, although the two processes ob-
served in the presence of each of the ions display well-differentiated
kinetic behaviour, the overall thermodynamic equilibrium constant
remains virtually unaffected. The binding constants concur fairly well
with the K; value obtained from the ITC measurements in Table 1 for
formation of PD; (Eq. (1)).

In conclusion, P in Eq. (1) is the sum (F1IM + F2M) and PD; is the
sum (F1IM/TMPyP4 + F2M/TMPyP4) in the presence of each M = Na*
or K* ions. Therefore, the equilibrium in Eq. (1) can be split into Eq. (4)
and Eq. (5), kg and kg; being the kinetic constants (Table 1)

Table 2

Kinetic (kg; and kq,;) and thermodynamic (K; = kgi/kq;) constants of the equilibrium
represented in Egs. (4) and (5) for the Tel22/TMPyP4 system at low TMPyP4 con-
centration (Cp/Cp < 2).

107 % kg, 1072 ke, 871 1077K, M7
Mflsfl
F1Na/TMPyP4 (0.15 M 25 + 0.2 55 + 0.2 45 + 0.2
Nacl)'
F2Na/TMPyP4 (0.15 M 242 = 0.6 52 = 4 47 + 2
NaCl)”
F1K/TMPyP4 (0.15 M 1.9 + 0.1 12 + 0.7 16 + 1
Ke®
F2K/TMPyP4 (0.15 M 56 + 4 30 = 10 19 = 7
Ken®
AN = 422nm,
b = 437 nm.
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corresponding to two different conformations. However, so far the ex-
perimental results are insufficient to unambiguously assign the Tel22
conformation and the kinetic constants. This difficulty will be overcome
below by means of the MD simulations.

ke
FIM + TMPyP4 ‘é F1M/TMPyP4
kd1 {4)

F2M + TMPyP4 g F2M/TMPyP4
ka2 )

Several other possible mechanisms could describe the kinetic data in
terms of induced-fit and/or conformational selection pathways.
However, on one side the existence of two hybrid forms in K* buffer
(F1K and F2K) has been described amply (See, for instance, refs [10]
and [11] and references therein), providing useful hints about the types
of processes observed. On the other hand, if, together with the forma-
tion of the TMPyP4,Tel22 complexes, there would exist other T-jump
processes, then some other complex reactions should be observed,
prone to fitting with multiexponential functions. However, as a matter
of fact single exponential functions sufficed to fit absolutely all the T-
jump kinetic curves, which indicate that, under the different conditions
studied, only a single kinetic process in the T-Jump time scale is at
work. Likewise, the good linearity fulfilled by the different instances
shown in Fig. 5 reveals independent reactions from one another in
every case.

To analyze the formation of PD; (Eq. (2)), a number of T-Jump
experiments were conducted in the concentrated region, Cp/Cp = 2, at
different wavelengths around 422 nm, but no signals could be recorded,
probably because the reaction is too fast to be observed by T-jump,
which is compatible with the binding of additional TMPyP4 molecules
to PD; to build the external complex PD,.

As to the type of interaction of TMPyP4 with G quadruplex, different
modes of binding have been proposed, including intercalation of the
ligand between adjacent G-quartets, end-stacking on the external G-
tetrads and groove-binding with external loops [20,22,43]. On one
hand, the rather high k4 values obtained by T-jump measurements
(Table 2) appear to be incompatible with intercalation of TMPyP4 into
the G-tetrads, as the residence time is too short compared to other
processes involving this mode of binding [44]. On the other hand, the
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pronounced red shift observed (Figs. 2B and 1SIB) indicates that PD,
involves stacking between TMPyP4 and Tel22. This shift has been at-
tributed to end-stacking of TMPyP4 on the external G-tetrads of the G-
quadruplex [22.39]. However, the X-ray structure reported by Neidle
et al. for human telomeric G-quadruplex/TMPyP4 complex has shown
that TMPyP4 failed to directly interact with the external G-tetrad due to
steric clashes between the G-tetrad edges and the N-methylpyridyl
groups of TMPyP4 [21]. Instead, TMPyP4 established zn-nt interactions
with external bases and electrostatic interactions between the cationic
N-methylpyridyl groups and the phosphate ions of the telomeric DNA.
Hence, MD simulations were carried out to shed light both on i) the
distinct experimental kinetic behaviour observed as a consequence of
the interaction of TMPyP4 with the two G-quadruplex conformations of
Tel22, and ii) on the nature of its mode of binding.

3.6. MD simulations

The T-jump technique demonstrated quantitatively that the rates of
formation of F1IM/TMPyP4 and F2M/TMPyP4 were different, but it is
unable to differentiate which of the two complexes gets formed faster.
Moreover, the structural difference between F1M and F2M provides a
convincing explanation for the different reaction rates which, not-
withstanding, does not alter the affinity for TMPyP4, thus presenting
very similar values of the affinity constants K;. To discern this issue,
explain the reasons for such a difference and shed some light into the
binding features of the Tel22/TMPyP4 system, MD simulations were
carried out using the well-characterized hybrid Tel22 conformations in
K ™. These two conformations display quite similar structure containing
the same type and number of loops (one reversal and two lateral loops),
but their arrangement is actually different. In the hybrid-1 (F1K), the 5
loop is in the reversed configuration, whereas in the hybrid-2 (F2K) the
3’ loop is the one in the reversed configuration, as represented in
Scheme 1 [40]. Fig. 3SI shows the optimized structure of TMPyP4,
where the central aromatic moiety remains planar, while the methyl-
pyridine groups can rotate nearly perpendicular to the molecular plane.
The Root-Mean-Square Deviation (RMSD) plot, red line in Fig. 6, and
the atom-atom distance between TMPyP4 and a selected nucleotide,
blue line in Fig. 6, both enable one to follow the host-guest binding
process occurring along the MD trajectory, where important con-
formational changes occur before and at the equilibrium phase. Dif-
ferent intermediate structures of the FIK/TMPyP4 and F2K/TMPyP4
complexes, occurring along the MD simulation are also shown (Fig. 6A
and B), and describe the molecular recognition process until the
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equilibrium (plateau) is reached. In particular, the distance between
one of the four pyrrole nitrogen atoms of TMPyP4 and one atom of the
external bases, thymine Ol for F1K and adenine N1 for F2K, reveals
that the final stacking distance between TMPyP4 and both DNA hybrids
oscillates around 4 A when the equilibrium phase has been reached.
The initial and final position of TMPyP4 (gray) is shown in Fig. 7 (see
also Fig. 48l for all considered starting positions). It can be observed
that TMPyP4 binds to the nucleic acid through x-r stacking interactions
with a nitrogen base in the groove (thymine in F1K and adenine in
F2K). In addition, the methylpyridyl groups, positively charged, remain
oriented towards the negatively charged phosphate groups of the G-
quadruplex chain.

The analysis of the experimental data demonstrates that the ther-
modynamics of the binding of TMPyP4 to F1K and F2K are similar, as
indicated by the very close values of the thermodynamic constant,
K; = k¢/ky, of the equilibria represented in Egs. (4) and (5). The results
of the MD simulations provide a plausible explanation for such phe-
nomena, as the binding mode and the final structure of the F1K/
TMPyP4 complex and those of the F2K/TMPyP4 complex are closely
akin (Fig. 7), which render them thermodynamically indistinguishable.

On the other hand, the values of the kinetic constants k¢ and kq
indicate that one of the two binding processes is faster by one order of
magnitude than the other (Table 2). Interestingly, remarkable differ-
ences were found in the molecular recognition process along the MD
trajectory. In fact, Fig. 8 reveals that TMPyP4 binds rapidly to an
adenine residue (highlighted green) in both hybrids, F1K and F2K, at
roughly 2.5 ns. However, in the F2K/TMPyP4 system the binding to the
adenine base persists up to the end of the simulation (Fig. 8A), so the
equilibrium is attained faster. By contrast, an important change in the
position of the ligand is observed at 101 ns for the F1IK/TMPyP4 system
(Fig. 8B). In particular, it is released from the binding site at the ade-
nine base and binds to a thymine residue (highlighted yellow), finally
reaching an equilibrium state. In our opinion, this difference can be
related to the slower kinetics of binding experimentally observed by T-
jump for one of the two hybrids.

In summary, the pathway observed during the molecular recogni-
tion process points to a difference in the time needed to reach the
equilibrium structure for the FIK/TMPyP4 and F2K/TMPyP4 com-
plexes. As k; and ky are directly related to the reciprocal time of for-
mation and dissociation of the FIK/TMPyP4 and F2K/TMPyP4 com-
plexes, the MD simulation results are in fairly good agreement with the
two different experimental values observed for k¢; and kg ;.

It also allows one to assess that, in the case of Tel22 in K ¥, the faster

Scheme 1. Schematic representation of the kinetic beha-
viour of the Tel22/TMPyP4 system in K*.

kep = 1.9 x 108 M5!

TMPyP4 = = FIK/TMPyP4
ka1 =12 x 107§
ke2 = 5.6 x 10° M's!

TMPyP4 — F2K/TMPyP4

ka2 =3.0x 10%s!

Hybrid-2 (F2K)
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Fig. 6. RMSD plot (red) and specific distance between one of the four pyrrole nitrogen atoms of TMPyP4 and one atom of the binding base (blue) for the F1IK/TMPyP4 (A) and the F2K/
TMPyP4 system (B).

Fig. 7. Initial and final (top and side views) relative positions in the MD simulation of TMPyP4 (gray) and Tel22. Oxygen atoms in phosphate groups are represented as red balls; water
and counterions have been removed. (A) Hybrid-1 F1K; the thymine base interacting with TMPyP4 is highlighted in green. (B) Hybrid-2 F2K; the adenine base interacting with TMPyP4 is

highlighted in green.

kinetics involves the binding of TMPyP4 to the hybrid-2 form, F2K, sequence is a complex issue that confers G-quadruplexes very inter-
whereas the slower kinetics is related to the binding of TMPyP4 to the esting physical chemistry features. When the biological relevance of
hybrid-1 form, F1K. The k¢; and kg; values of reactions 4 and 5 are these conformations becomes well-known, we shall be aware of the
defined and assigned in Scheme 1 for K* buffer. importance conveyed by the fact that a ligand may stay more or less

The possibility of building different conformations from the same time bound to a particular G4 conformation. For example, in ligand/

Fig. 8. Molecular recognition scheme during the
MD simulation of the F2K/TMPyP4 system (A) and
the F1K/TMPyP4 system (B).
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DNA intercalation reactions, slow dissociation rates are viewed as an
important criterion regarding their efficiency as cancer therapeutics,
because such drugs remain longer in the intercalation position and are
assumed to alter the DNA transcription [45].

4, Conclusions

We have shown for the first time by experimental measurements
and molecular modeling that a small ligand such as the cationic por-
phyrin TMPyP4 interacts in a distinct way with the two forms of G-
quadruplex present in solution for the human telomeric sequence Tel22,
both in Na* and K* buffers. In fact, for a particular buffer, under the
same experimental conditions, two different sets of rate constants (kg
and ky) differing by one order of magnitude but yielding the same af-
finity constant K; = kg/ky were observed. MD simulations performed
with the Tel22 structures in the presence of K* ions suggest that the
hybrid-2 reaches the equilibrium with TMPyP4 faster than with hybrid-
1. However, the structural difference between the two final equilibrium
complexes is small, rendering the two types of Tel22/TMPyP4 complex
thermodynamically indistinguishable and accounting for the only
thermodynamic constant value obtained for K;. Moreover, it provides
convincing explanation for the observation that, although the coex-
istence of different conformations in solution has been probed for
several G-quadruplex sequences, only kinetic techniques can fully
characterize the binding mechanism of small ligands to the different
structures when the final equilibrium states are nearly equivalent.
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Kinetic evidence for interaction of TMPyP4 with two different

G-quadruplex conformations of human telomeric DNA

Cristina Pérez-Amnaiz,” Natalia Busto,” Javier Santolaya,“”b José M. Leal,* Giampaolo

b = ok
Barone” and Begoiia Garcia®

SUPPORTING INFORMATION
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Fig. 1S1. Absorption spectra obtained from the titration of the TMPyP4/Tel22 system in 0.15 M KCI.
Inset: Binding isotherm at 422 nm (A). The spectral curves of Fig. 1SLA show two different behaviours
in diluted solution, Cp/Cp < 2 (B) and in concentrated solution C,/Cp > 2 (C). =35 uM, pH=7.5 (10
mM Tris-HCI, | mM EDTA), T =25°C.
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Fig. 2SI. Fluorescence lifetime decay for TMPyP4 (Cp = 3 pM) in the presence of different
concentrations of Tel22 in 0.15 M KCl using excitation at A = 405 nm and emission at A, = 712 nm.
pH=7.5 (10 mM Tris-HCI, | mM EDTA) and T = 25 °C.
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Fig. 3SI. Optimized structure of TMPyP4.



Figure 4SI. Initial relative positions for TMPyP4 and 2HY9 (F1K A) and 2JPZ (F2K B), opened
F1K (C) and opened F2K (D)

Table 1SI. Fluorescence lifetime obtained for the Tel22/TMPyP4 system at different Cp/Cp ratios using
Aexe = 405 nm and A, = 712 nm. 1, and 1, stand for the lifetime of TMPyP4 and the Tel22/TMPyP4
complex (PD)), respectively. f; and f, stand for the fractional amplitudes.

Na® K*
Co/Cr
mtio  wind ns RO B £ 2 009 =8 L) ROQ .
0 479 - 100 - 106 477 - 100 - 108
02 511 1006 152 848 106 502 1101 128 882 1.04
1 513 1057 406 594 102 475 1073 342 658 099
7 471 1055 858 142 093 472 1073 816 184 101
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Chapter VII

Fishing for G-quadruplexes in
solution with a perylene diimide
derivative labeled with biotins
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Summary

A new fluorescent perylene di-imide derivative with two biotins at the peri positions,
called PDI2B, has been synthesized by the group of our collaborator Dr. Torroba,
Organic Chemistry, (University of Burgos, Spain). As reported in the present chapter,
it has been experimentally shown that this structure selectively binds G-quadruplex
structures. Thermodynamic parameters (such as the binding constant, as well as AH
and AS values) of the binding of PDI2B to Tell22 and Bom17 G-quadruplex, PDB id:
2HY9133l and 1LYGI'35! respectively, were determined and reported. The aim of my
contribution to this work was to provide, through MD simulations, an atomistic model
in agreement with the experimental data concerning the binding mechanism of PDI2B
with both G-quadruplex conformations.

Figure.l Molecular recognition process, described as a host-guest interaction,
proposed through MD simulations for both PDI2B/Bom17 (A) and PDI2B/Tell22 (B)
systems. See QR codes.

The results obtained allowed us to conclude that for the PDI2B/Bom17 system, Figure
1 (A), the binding can be described as a host-guest interaction, where PDI2B is inserted
into a DNA pocket of complementary shape, and the two structures are held together
by non-covalent interactions, in particular hydrogen bonds and hydrophobic
interactions. The corresponding video files are available as supplementary files,
through the QR codes shown in Figure 1.

In a similar way, in the PDI2B/Tell22 system, PDI2B is inserted into a molecular cleft
formed during the MD simulation, leading to a host-guest interaction driven by the
complementary shape of the drug and the DNA hosting site. The synthetic molecule
binds to the DNA GGGTAA loop through m-mt stacking interactions between the 5-
hydroxyisophtalic acid “bay group” and a thymine, and between the central aromatic
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part of the organic molecule and an adenine base. The published article is attached
below.
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Fishing for G-Quadruplexes in Solution with a Perylene Diimide

Derivative Labeled with Biotins

Natalia Busto,*@ Patricia Calvo,” Javier Santolaya,® % José M Leal,” Aurore Guédin,"”
Giampaolo Barone,” Tomas Torroba,”” Jean-Louis Mergny,*™ < and Begofa Garcia*®

Abstract: A new fluorescent, non-cytotoxic perylene di-
imide derivative with two biotins at the peri position,
PDI2B, has been synthesized. This molecule is able to in-
teract selectively with G-quadruplexes with scarce or no
affinity towards single- or double-stranded DNA. These
features have made it possible to design a simple, effec-
tive, safe, cheap, and selective method for fishing G-quad-
ruplex structures in solution by use of PDI2B and strepta-
vidin coated magnetic beads. The new cyclic method re-
ported leads to the recovery of more than 80% of G-
quadruplex structures from solution, even in the presence
of an excess of single-stranded or duplex DNA as competi-
tors. Moreover, PDI2B is a G4 ligand that can display
higher thermal stabilization and greater affinity for 2- over
3-tetrad guadruplexes, which constitutes a novel type of

behavior.
/

G-quadruplexes (G4s) are non-canonical secondary DNA or
RNA structures formed by guanine-rich stretches. Four gua-
nines can interact by Hoogsteen hydrogen bonds, forming a
planar G-tetrad; two or more G-tetrads become stabilized by
stacking interactions and by the presence of monovalent cat-
ions in the central channel.”! The resulting folded structure is
highly polymorphic.” The large number of potential G4 form-
ing sequences spread throughout the genome® renders G4 an
attractive research field, as these structures have been report-
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ed to be involved in a wide range of biological processes such
as telomere maintenance,” genome stability, regulation of on-
cogene expression, replication, translation, etc.” Therefore, the
development of a new molecule capable of interacting with
these structures and catching them selectively in solution
could contribute significantly to achieve progress in the G4 re-
search field.

Perylene diimide (PDI) derivatives are very versatile mole-
cules, extensively used as dyes in, for example, the car industry,
the development of photovoltaic devices, labeling of biomole-
cules, supramolecular assemblies, and as catalysts as well.”
PDIs with five condensed aromatic rings in their structure are
regarded as potential G-quadruplex ligands that offer the ad-
vantage of allowing suitable polar chains to be added to the
aromatic core structure to increase solubility and/or promote
G4 groove binding. Actually, a number of PDI derivatives have
been shown to interact with G-quadruplexes.” A classical ex-
ample is the widely studied PIPER (N,N'-bis-(2-(1-piperidino)eth-
yl)-3,4,9,10-perylene tetracarboxylic acid diimide), which was
described for the first time in 1998 as a G4 binder” PIPER can
bind to G-quadruplexes by m—n stacking with the 3" terminal
G-tetrad and is able to induce the formation of the G-quadru-
plex structure.”

Therefore, we took advantage of these features to synthe-
size the molecule 5, (N,N'-bis-{4-[1-ox0-6-bictinamidohexyl]pi-
peridin-4-yl}-1,6,7,12-tetrakis[3,5-bis(hydroxycarbonyl)phenoxy]-
perylene-3,4,9,10-tetracarboxylic diimide), which is referred to
as PDI2B (Scheme 1). Starting from an N-Boc protected bispi-
peridinyl derivative of a tetrachloroperylenetetracarboxylic di-
imide, we have synthesized the octaester perylenediimide by
an improved method from a previously known example"” that
was used for the synthesis of water-soluble perylenediimide-
cored dendrimers."" Thus, microwave irradiation of a mixture
of N-Boc bispiperidinyl tetrachloroperylenetetracarboxylic di-
imide 1 and dimethyl-5-hydroxyisophthlate under copper-cata-
lyzed cross-coupling Ullmann reaction conditions gave the in-
termediate 2, which was then N-Boc deprotected under acid
treatment to give 3. The diamine 3 was coupled to a commer-
cial biotin derivative to give 4 and the octaester was hydro-
lyzed under basic conditions to get 5, hereafter denoted as
PDI2B (See Figures 51-528 in the Supporting Information).

In view that PDI2B is a fluorescent molecule with 64% quan-
tum yield and 6.57 +0.03 ns lifetime under our working condi-
tions, its potential application as a fluorescent probe to target
G-quadruplex structures has been evaluated. No changes in
the PDI2B fluorescence lifetime were observed in the presence

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of 5 (V,\-bis-{4-[1-oxo-6-biotinamidohexyl]piperidin-4-yl}-1,6,7,12-tetrakis[3,5-bis(hydroxycarbonyl)phenoxylperylene-3,4,9,10-tetracarbox-

ylic diimide) which is referred to as PDI2B.
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Figure 1. A} Percentage of PDI2B initial fluorescence in the presence of a (grey bars) threefold or {black bars) tenfold excess of DNA in several conformations:
single strand, duplex, i-motif and 2-tetrad (TBA and Bom17) and 3-tetrad (c-myc and Tel22) G-quadruplexes. oy s =2 pm and T=25°C. B) AT, Radar Plot of
several oligonuclectides in the presence of PDI2B (4) 5 um and (m) 10 puM. Cpjge=0.2 pm. [=0.11m (90 mm LiCl, 10 mm KCl, 10 mm LiCaC) and pH 7.2, except

for i-motif (pH 5.8).

of different DNA G-quadruplexes (Figure S31) although a
quenching effect is observed when PDI2B is titrated against
G4 DNA. Interestingly, the quenching effect with 2-tetrad
quadruplexes (Bom17 and TBA) is greater than with 3-tetrad
quadruplexes (Tel22 and c-myc), whereas this quenching effect
is almost negligible—within the experimental error—with the
duplex, single strand and i-motif samples, revealing high selec-
tivity of PDI2B towards G-quadruplexes (Figure 1A). These re-
sults suggest selectivity of PDI2B for G4 structures over other
DNA conformations as well as higher affinity of PDI2B towards
2-tetrad quadruplexes than over 3-tetrad quadruplexes.
Moreover, the FRET melting experiments reveal thermal sta-
bilization of G-quadruplex structures by PDI2B to different ex-
tents (the larger the AT, the higher the observed stabilization)
as a function of the number of G-tetrads (Figure 1B). Most of
the G4 ligands exhibiting some selectivity for one quadruplex
type over another prefer the parallel G4 conformation.”” With
PDI2B greater stabilization is observed for the 2-tetrad G-quad-
ruplexes (FBom17T and FTBAT) than for the 3-tetrad quadru-
plexes (F21T, F21RT, F25CebT, F21CTAT, and FmycT), whereas
no thermal stabilization is observed for the intramolecular
duplex DNA, FdXT, where F and T stand for the Fam (F) and
Tamra (T) fluorophores. To the best of our knowledge, PDI2B is
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the first G4 ligand reported with higher thermal stabilization
towards 2-tetrad than over 3-tetrad G-quadruplexes; this be-
havior has not been described hitherto: the radar plots of
other known G4 ligands such as Braco19, TmPyP4, 360A, Phen-
DC3, TrisQ, and pyridostatin reported by De Rache et al."? indi-
cate greater thermal stabilization of the 3-tetrad human telo-
meric G-quadruplex (F21T), in sharp contrast with the profile of
PDI2B.

To properly assess the affinity of PDI2B with the different G4
structures, we have studied the interaction between PDI2B
and Bombyx telomeric DNA (Bom17) and the human telomeric
DNA (Tel22), as representative examples of 2- and 3-tetrad
quadruplexes, respectively. ITC titrations of both G-quadruplex
structures (P) with increasing amounts of PDI2B (D) have been
conducted. The thermograms reveal a unique binding mode
(Figure $32). The thermodynamic parameters of the interaction
of PDI2B with Bom17 and Tel22 are collected in Table 1. In
light of these data, it can be concluded that the binding is en-
tropically driven for both systems. PDI2B displays fourfold
greater affinity constant, K,, towards 2-tetrads G4 than towards
3-tetrads G4. It should be noted that no binding was observed
with calf thymus double-stranded DNA, confirming that PDI2B
is selective for G-quadruplexes. The binding constants ob-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Thermodynamic parameters for binding of PDI2B to Tel22 and
Bom17 at /=0.11m (90 mm LICl, 10 mm KCI, 10 mm LiCaC), pH 7.2, and
T=25"C determined using an “independent sites” model.

105K, M) AH [KImol 1] AS Umol K]
PDI2B/Bom17 3.00£0.02 —19=01 98.3
PDI2B/Tel22 0.75+0.02 —43=02 79.1

tained with G4 are the same order of magnitude than those
previously reported."* Thermal stabilization is one of the not-
able effects of stabilizing G4 ligands; nevertheless, the obtain-
ing of a high affinity constant is not a guarantee for high
AT, As to the PDI2ZB compound, it is possible to correlate
higher affinity and quenching effect with enhancement of
thermal stability (Figure 1).

On the other hand, no CD changes were observed in the
molar ellipticity of Bom17 and Tel22 in the presence of differ-
ent amounts of PDI2B (Figure $33), suggesting that PDI2B
does not induce any significant conformational change in the
G-quadruplexes conformations.

These findings are supported by MD simulations, which
have allowed us to outline an atomistic model of the binding
mode of PDI2B with both Bom17 and Tel22 G-quadruplexes.
The equilibrium structures (Figures 534 and S35) show that the
binding can be described as host-guest interaction. In particu-
lar, a molecular recognition process occurs along the MD tra-
jectory (Figures 536 and 537), followed by important structural
changes. In detail, PDI2B is inserted into a DNA pocket of com-
plementary shape, and the two structures are held together by
noncovalent interaction.

Selected interatomic distances related to H-bond formation
or cleavage and to typical stacking interactions are reported in
Figure 2 as a function of the simulation time. Concerning the
PDI2B/Bom17 system, at about 20ns PDBI2 rapidly ap-
proaches the oligonucleotide, placing the “elbow” shaped
group, (formed by folding one biotin arm) into a cavity formed
between two thymine residues of the loop previously joined
by H-bonding between H3 and 04 (Figure 2A, top left struc-
ture, black line). Whereas this part of the molecule remains
fixed (Figure 2A, green line), the other biotin arm is oriented
towards the G-quadruplex, interacting weakly with different
DNA residues during the MD (Figure 2A, top right structure,
red line).

On the other hand, the binding mechanism of PDI2B with
Tel22 is somewhat different. PDI2B quickly approaches the G-
quadruplex structure and, at about 200 ns, one biotin arm of
PDI2B is inserted within the external GGGTAA loop, previously
closed by a H-bond between the thymine7 and adenine 9
bases (Figure 2B, top left structure, green). After the move-
ment of adenine 9 (Figure 2B, red), one of the 5-hydroxyiso-
phthalic acid “bay groups” interacts by - stacking with ade-
nine 9 (Figure 2B, black). Lastly, additional H-bond interactions
occur between the biotin group and thymine and adenine
bases in the GGGTTAGGG loop (Figure 2B, top right). Also in
this case, the second biotin arm exhibits more flexible behavior
and continuously changes its position. In particular, it can

Chem. Eur. J. 2018, 24, 1129211296 www.chemeurj.org
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Figure 2. Selected interatomic distances of A) PDI2B/Bom17 system: H-bond
breakage between T7/H3" and T12/04 (black); H-bond formation between
T7/H3" and PDI2B/016 (red); H-bond formation between T13/H3 and T12/
O1P (green) and B) PDI2B/Tel22 system: Stacking distance between PDI2B/
C73 and A9/C2 (black); increasing distance between T8/N1 and A9/N7 (red);
H-bond cleavage between T7/02 and A9/H62 (green).

either be folded over the central part of the organic com-
pound (Figure S35A) or extended on the other side of the
loop, close to the other biotin arm, generating a structure in
which the G-quadruplex loop is embraced by the two biotin
arms (Figure S35B). Additional data and structural description
of the final structures for PDI2B/Bom17 and PDBI2B/Tel22 sys-
tems are reported in the Supporting Information (Figures S38-
S41 and, as supporting material, video files PDI2B_Tel22.mpg
and PDI2B_Bom17.mpag).

Because PDI2B is able to interact with G-quadruplexes dis-
playing no affinity towards other DNA structures such as
single- or double-stranded DNA, this molecule could be very
useful for the recovery of G-quadruplexes structures in solution
by means of streptavidin-coated magnetic beads. Actually, pro-
tein-coated magnetic beads are becoming increasingly popular
for the recovery and purification of RNA/DNA. For example,
magnetic beads have been employed recently in the detection
of G4 structures in human genomic DNA by immobilization of
the hf2 antibody."® The well-known high affinity of streptavi-
din-coated magnetic beads with biotin (10 has enabled us to
use this molecule with two biotin residues in its structure to

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Experimental design for the fishing of DNA G-quadruplex structures in solution by means of streptavidin-coated magnetic beads. B) Fraction of
oligonucleotide remaining in solution after each cycle. C) Fishing of labeled Bom17 with FAM (F-Bom17) followed by fluorescence measurements. Plot of the
fraction of F-Bom17 remaining in solution in the presence of unlabeled competitors: single-stranded DNA (10x), duplex (10x), or Tel22 quadruplex either in

equimolar amounts (1 x) or with tenfold excess (10x).

selectively catch G-quadruplex molecules in solution. A
method based on the use of a cytotoxic pyridostatin derivative
(IC5=13.4 um in HT1080 cells) consisting of a single step for
recovery, has been previously described."” Our method, de-
signed to recover large amounts of G-quadruplex structures in
solution and implemented for the first time in this work,
makes use of a cyclic methodology depicted in Figure 3A. The
method makes no use of urea or heating for DNA recovery be-
cause it can be achieved by removal of K' from the solution
and, more importantly, PDI2B is much less cytotoxic (ICs,>
100 um) (Figure S42) than pyridostatin (IC,,= 2.5 um)™ in Hela
cell line. This absence of cytotoxicity constitutes an important
advantage in terms of safety for its potential routine use in lab-
oratory tasks. In addition, if pulling down G4 from cellular ex-
tracts were feasible, then the absence of cytotoxicity would be
favorable in order to maintain the cellular integrity.

Taking advantage of the fluorescence of PDI2B, we have cor-
roborated by fluorescence measurements that at least 97 % of
PDI2B remains attached to the streptavidin-coated magnetic
beads after 5 min of incubation. Then, the PDI2B-streptavidin-
coated magnetic beads were incubated for another 5 min with
a solution of DNA oligonucleotide and the amount of DNA in
the supernatant was determined by absorbance measure-
ments. Afterwards, the DNA-PDI2B-streptavidin-coated mag-
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netic beads were washed twice with warm water and the pro-
cess was repeated for several cycles. As observed in Figure 3B,
single- and double-stranded DNAs are not retained to the
PDI2B-streptavidin-coated magnetic beads, because almost all
the DNA remains in solution. In contrast, G4 structures are
caught by this procedure even though multiple cycles are re-
quired, 12 cycles to recover 90% with 2-tetrads G4 (Bom17
and TBA) and 14 cycles to reach 80% with 3-tetrads G4 (Tel22),
an effect that can be easily related to the higher affinity con-
stant of PDI2B for Bom17 than for Tel22.

To unambiguously confirm the selective pulling down of G4
structures, some competitive fishing experiments were per-
formed with a labeled oligonucleotide (F-Bom17), both alone
and in mixtures containing unlabeled oligonucleotides acting
as potential competitors. Figure 3C shows that, when F-Bom17
is incubated with tenfold excess of single stranded DNA or
duplex, there are no changes in the recovery of F-Bom17 com-
pared to that shown in the absence of competitor. On the
other hand, when the pulling-down of the labeled Bom17 is
conducted in the presence of an equimolar amount of non-la-
beled Tel22, the uptake efficiency is (roughly) 70%, whereas in
the absence of competitor the efficiency rose to 90%. In con-
trast, with tenfold excess of Tel22 competitor, this efficiency is
about 509%.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



The efficacy of the G4 pull down by PDI2B is notable be-
cause, with only 1 um PDI2B, approximately 10% of Tel22 can
be recovered in a unique step and up to 80% by using the
presented cyclic methodology, even in the presence of single
or double-stranded DNA as competitors (see Figure 3B,C). In
contrast, 3 pum of the pyridostatin derivative is required to re-
cover 10% of Tel22."” Therefore, our procedure is effective, in-
expensive (only involves warm water and the magnetic beads
are recycled), and safe (not cytotoxic); by contrast, it takes
longer, as it requires a limited number of cycles.

In conclusion, a new perylene diimide derivative, PDI2B,
able to selectively interact with G-quadruplex structures, has
been synthesized. The presence of the biotin residues at the
peri positions as well as the absence of cytotoxicity has en-
abled us to design a new, effective, and safe method to selec-
tively pull-down G-quadruplex structures in solution, even in
the presence of other DNA structures as competitors.
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Synthesis and characterization of perylene diimides

N,N’-Bis({N"-tert-butoxycarbonyl)piperidin-4-yl)-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic
diimide 1.
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Figure S1: Synthesis of 1
Anhydrous DMF (20 mL) and 4-amino-1-(N"-tert-butoxycarbonyl)piperidine (0.47 g, 2.30 mmol) were

added under nitrogen to 1,6,7,12-tetrachloroperylenetetracarboxylic acid dianhydride (0.50 g, 0.94
mmol) and DABCO (0.26 g, 2.30 mmol). The mixture was irradiated in a microwave device at 110 °C for 1
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hour. Then, it was poured on an aqueous solution of HCI 1M (15 mL), stirred for 1 hour, filtered and
washed with water (30 mL). Purification was carried out by silica gel flash chromatography using
DCM:MeCN (80:20) as eluent to give 1 as an orange solid in 95% yield (0.79 g, 0.89 mmol). R¢
(DCM:MeOH 50:2): 0.6, mp > 350 °C. FT-IR (KBr, cm™): 2977 (C-H), 2931 (C-H), 2852 (C-H), 1701 (C=0),
1661 (CONH), 1590 {Ca-Cay), 1420 (CH,), 1366 (C-N), 1337 (C-0), 1275, 1243, 1150, 1005, 951, 908, 749,
684, 547 (fingerprint region). '"H NMR (300 MHz, CDCls) &: 8.65 (s, 4H, Ha:), 5.24 — 5.15 (m, 2H, N-CH),
4.32 (s, 4H, CH.), 2.88 — 2.72 (m, 9H, CH3), 1.70 (d, J = 12.8 Hz, 3H, CH,), 1.51 (s, 18H, COOC(CHs)s). **C
NMR (75 MHz, CDCls) &: 162.7 (CO), 154.8 (CO), 135.5 (Cas), 133.2 (CH), 131.5 (Ca), 128.6 (Car), 123.6
(Car), 123.4 (Car), 79.9 (Cq), 52.6 (CH), 44.2 (CH.), 43.9 (CH.), 29.8 (CH,), 28.6 (CHs), 28.4 (CH.). HRMS
(MALDI+, DCTB): m/z calcd. For CssHa3ClsN4Os ([M+H-(COOC(CHs)s)]*): 793.1149; found: 793.1142. ®
(CHCI3) = 0.65 £ 0.01. Fluorescence Lifetime t/ns (CHCls, x?): 5.64 (1.06).
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Figure S2. 'H NMR (300 MHz, CDCl;) of 1
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Figure S5. Mass spectrum (MALDI+, DCTB) of 1

N,N’-Bis{(N"-tert-butoxycarbonyl)piperidin-4-yl)-1,6,7,12-tetrakis(3,5-bis(methoxy-
carbonyl)phenoxy)perylene-3,4,9,10-tetracarboxylic diimide 2.
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N,N’-bis((N"'-tert-butoxycarbonyl)piperidin-4-yl)-1,6,7,12-tetrachloroperylene-3,4,9,10-tetracarboxylic

diimide (100 mg, 0.1 mmol), o-phenantroline monohydrated (13 mg, 0.06 mmol), copper(l) iodide (6 mg,
0.03 mmol) and caesium carbonate (430 mg, 1.32 mmol) were added under nitrogen to a suspension of
NaH (18 mg, 0.44 mmol), anhydrous DMF (20 mL) and dimethyl-5-hydroxyisophthlate (104 mg, 0.49
mmol). The mixture was irradiated in a microwave device at 110 °C for 1 hour. The solvent was
evaporated under reduced pressure. Purification was carried out by silica gel flash chromatography
using DCM:MeCN (70:30) as eluent. 2 was obtained as deep pink solid in 40% yield (70 mg, 0.04 mmol).
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R (DCM:MeOH 50:2): 0.2, mp > 350 °C. FT-IR (KBr, cm™): 2951 (C-H), 2925 (C-H), 2849 (C-H), 1735 (C=0),
1698 (C=0), 1664 (CONH), 1587 (Car-Car), 1505 (Car-Car), 1454 (CH,), 1431 (CH,), 1414 (CH,), 1320 (C-N),
1297 (C-0), 1280, 1249, 1175, 1004, 999, 792, 758, 721, 669 (fingerprint region). 'H NMR (300 MHz,
CDCls) 6:8.31 (t, J = 1.4 Hz, 4H, Hy,), 8.13 (s, 4H, Har), 7.67 (d, J = 1.4 Hz, 8H, Ha;), 5.08 — 5.00 (m, 2H, CH),
4.21 (s, 4H, CH,), 3.86 (s, 24H, CHs), 2.75 — 2.52 (m, 9H, CH,), 1.60 (d, J = 11.6 Hz, 3H, CH,), 1.40 (s, 18H,
CHs). **C NMR (101 MHz, CDCls) &: 165.1 (C0O), 163.1 (CO), 155.9 (Ca), 154.9 (Ca/), 154.7 (CO), 133.1 (Ca/),
132.7 (Car), 132.0 (Car), 126.5 (CH), 124.5 (CH), 124.0 (Car), 121.2 (CH), 121.1 (Car), 120.9 (CH), 120.9 (Cas),
79.8 (Cy), 52.7 (CHa), 52.6 (CH), 52.4 (CH), 44.1 (CH,), 43.6 (CH,), 29.9 (CH;), 28.6 (CHa), 28.4 (CH,). HRMS
(MALDI-, DCTB): m/z calcd. for CsaH76NaO2s ([M]): 1588.4641; found: 1588.0849. ® (CHCls) = 0.99 + 0.01.
Fluorescence Lifetime t/ns (CHCls, x?): 7.41 (1.13).
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N,N’-Bis(piperidin-1-yl)-1,6,7,12-tetrakis{3,5-bis{methoxycarbonyl)phenoxy)perylene-3,4,9,10-

tetracarboxylic diimide 3.
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Figure S11. Synthesis of 3.

Trifluoroacetic acid (4.4 mL, 56.97 mmol} was

0 OO
\(é\o O.Q /@/ TFA
o

added dropwise

N,N"-Bis((N"-tert-

butoxycarbonyl)piperidin-4-yl)-1,6,7,12-tetrakis(3,5-bis(methoxy-carbonyl)phenoxy)perylene-3,4,9,10-

tetracarboxylic diimide 2 {170 mg, 0.097 mmol) dissolved in degassed DCM (6.5 mL). The mixture was
stirred at 25 °C for 2 hours, neutralized with 10% NaOH (15 mL}) and extracted with DCM (3 x 20 mL). The
combined organic extracts were evaporated under reduced pressure to obtain 3 as a pink-purple
product in 97% yield {144 mg, 0.11 mmol). Rf (DCM:MeOH 50:4): 0, mp > 350 °C. FT-IR (KBr, cm™): 3437
{NH), 2951 (C-H), 2923 (C-H), 2849 (C-H), 1732 {C=0}, 1695 {C=0), 1661 (CONH), 1587 (Car-Car), 1508 {Car-
Car), 1459 (CH,), 1431 (CH,), 1411 (CH,), 1385 (CHs), 1320 (C-N), 1300 (C-0), 1286 (C-0), 1252, 1181,
1007, 999, 903, 803, 752, 721 (fingerprint region). *H NMR (400 MHz, CDCls) &: 8.34 (t, / = 1.4 Hz, 4H,
Har), 8.17 (s, 4H, Har), 7.70 (d, J = 2.1 Hz, 8H, Ha/), 5.08 — 5.02 {m, 2H, N-CH}, 3.89 (s, 24H, COOCH:), 3.20
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(d, J =12.5 Hz, 4H, CH,), 2.74 — 2.55 (m, 9H, CH), 1.64 (s, 3H, CH,). *C NMR (101 MHz, CDCls) &: 165.1
(CO), 163.1(CO), 155.9 (Cay), 154.9 (Car), 133.1 (Car), 132.7 (Car), 126.5 (CH), 124.5 (CH), 124.2 (Car), 121.2
(CH), 121.1 (Car), 120.9 (Ca,), 120.9 (Ca,), 52.7 {CHs), 52.6 (CH), 46.9 (CHa), 30.1 (CH:), 29.9 {CH:). HRMS
(MALDI+, DCTB): m/z calcd for CraHeoNsOaq ([M+H]"): 1389.3703; found: 1389.3803. (CHC) = 0.44 +
0.01. Fluorescence Lifetime t/ns (CHCl, x%): 5.64 (1.14).
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N,N’-bis-(4-(-1-ox0-6-biotinamidohexyl)piperidin-1-yl)-1,6,7,12-tetrakis(3,5-bis(mehoxy-
carbonyl)phenoxy)perylene-3,4,9,10-tetracarboxylic diimide 4.
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Figure S16: Synthesis of 4.

N,N’-Bis(piperidin-1-yl)-1,6,7,12-tetrakis(3,5-bis(methoxycarbonyl)phenoxy)perylene-3,4,9,10-
tetracarboxylic diimide 3 (20 mg, 0.01 mmol) and PyBOP (15 mg 0.03 mmol) dissolved in DCM (1.1 mL)
were added under nitrogen to N-succinimidyl-6-biotinamidohexanoate (13 mg, 0.03 mmol) and DIPEA
(10 pL, 0.06 mmol) dissolved in DCM (0.7 mL). The purple-pink mixture was stirred at room temperature
for 2 hours until the reactant disappears in TLC. The solvent was removed under reduced pressure.
Purification was carried out by silica gel flash chromatography using DCM:MeOH (80:20) as eluent to
give compound 4 as a deep pink solid in 63% yield {18 mg, 0.01 mmol). Ry (DCM:MeOH 50:4): 0.41, mp >
350 °C. FT-IR (KBr, cm™): 2957 (C-H), 2925 (C-H), 2854 (C-H), 1732 (C=0), 1701 (C=0), 1647 (CONH), 1590
(CarCar), 1462 (CH;), 1428 (CH;), 1326 (C-N}), 1300 (C-0O), 1286 (C-0O), 1258, 1107, 996, 758 (fingerprint
region). 'H NMR {300 MHz, CDCl;) 6: 8.31 (t, J = 1.5 Hz, 4H, Ha), 8.13 (s, 4H, Ha,), 7.67 (d, J = 1.5 Hz, 8H,
Har), 6.66 (s, 1H, NH), 6.07 (d, J = 6.0 Hz, 1H, NH), 5.18 — 5.10 (m, 2H, CH), 4.72 (d, / = 9.6 Hz, 3H, CH,),
4.47 — 4.43 (m, 2H, CH), 4.32 — 4.22 {m, 2H, CH), 3.86 (s, 24H, CHs), 3.70 — 3.61 (m, 2H, CH), 3.17 — 3.04
(m, 6H, CH,), 2.85 (dd, J = 12.9 Hz and 4.9 Hz, 2H, CH,), 2.68 (d, J = 12.9 Hz, 2H, CH,), 2.63 — 2.55 (m, 7H,
CH.), 2.37 = 2.30 (m, 4H, CHy), 2.13 (t, J = 7.3 Hz, 4H, CH;), 1.79 — 1.51 {m, 15H, CH,), 1.48 — 1.34 (m, 8H,
CH,). *C NMR (101 MHz, CDCl::MeOD) 6: 174.1 (CO), 171.9 (CO), 165.1 (CO), 163.1 (CO), 162.9 (CO),
155.8 (Car), 154.7 (Car), 132.9 (Car), 132.5 (Car), 126.3 (CH), 124.3 (CH), 123.8 (Ca), 123.7 {Ca,), 123.6 (Car),
120.9 (CH), 120.8 (CH), 61.9 (CH), 60.1 (CH), 55.3 (CH), 54.2 (CH), 52.5 (CHs), 43.8 (CH,), 43.7 (CH,), 40.3
(CHz), 38.9 (CH,), 36.3 (CH,), 35.6 (CH,), 30.7 (CHz), 29.6 (CH.), 28.5 (CH,), 28.1 (CH,), 27.8 (CH,), 26.4
(CH2), 25.4 (CH,), 25.1 (CH.). HRMS (MALDI+, DCTB): m/z calcd for Cio6H110N10030S; {[M+H]*): 2067.6904;
found: 2067.6920.® (CHCI:) = 0.69 * 0.01. Fluorescence Lifetime t/ns {Hz0, x?): 6.82 (1.02).
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N,N’-Bis-(4-(1-oxo-6-biotinamidohexyl)piperidin-4-yl)-1,6,7,12-tetrakis(3,5-bis-
(hydroxycarbonyl)phenoxy)perylene-3,4,9,10-tetracarboxylic diimide 5.
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Figure S21. Synthesis of 5.

Lithium hydroxide (21 mg, 0.92 mmol) dissolved in H,O (2 mL) were added to N,N’-bis-(4-(-1-ox0-6-
biotinamidohexyl)piperidin-1-yl)-1,6,7,12-tetrakis(3,5-bis(methoxycarbonyl)phenoxy)perylene-3,4,9,10-
tetracarboxylic diimide 4 (24 mg, 0.01 mmol) dissolved in THF (8 mL). The mixture was stirred at 45 °C
overnight. The solvents were removed under reduced pressure and the residue neutralized with
amberlite IR-120 ion exchange resin to obtain a brown oil-solid 5 in 99% yield (23.5 mg, 0.01 mmol). R;
(MeOH): 0, mp > 350 °C. FT-IR (KBr, cm!): 3431 (O-H), 2940 (C-H), 2857 (C-H), 2781 (C-H), 1976 (C-H),
1635 (CONH), 1567 (Ca-Car), 1454 (CH,), 1408 (CH,), 1385 (O-H), 1320 (C-N), 1260 (C-O), 1206, 1152,
1124, 1104, 1022, 968, 871, 596 (fingerprint region). *H NMR (300 MHz, D;0) &: 7.88 (s, 2H, Ha:), 7.77 (d,
J=8.7 Hz, 2H, Har), 7.64 (d, J = 6.8 Hz, 2H, Ha), 7.53 (s, 4H, Har), 7.43 — 7.32 (m, 6H, Har), 4.56 — 4.53 (m,
2H, CH), 4.36 — 4.32 (d, 2H, CH), 3.62 — 3.50 (m, 2H, CH,), 3.32 —3.22 (m, 4H, CH,), 3.13 (t, J = 6.8 Hz, 3H,
CH;), 2.93 (dd, J = 18.1 Hz J = 5.3 Hz, 4H, CH>), 2.73 (d, J = 13.1 Hz, 2H, CH;), 2.59 (m, 3H, CH,), 2.42 -
2.28 (m, 4H, CH3), 2.14 (m, 5H, CHa), 2.01 (s, 5H, CH,), 1.57 — 1.45 (m, 15H, CH,), 1.35 — 1.29 (m, 10H,
CH,). ®C NMR (101 MHz, D,0) &: 176.8 (CO), 165.5 (CO), 143.4 (Ca), 127.4 (Ca,), 125.3 (CH), 125.3 (CH),
117.9 (Car), 111.5 (CH), 62.2 (CH), 60.4 (CH), 55.5 (CH), 39.9 (CH,), 39.4 (CH;), 37.7 (CH.), 35.7 (CH>), 28.3
(CHz), 28.0 (CHz), 27.8 (CH2), 27.3 (CHz), 26.3 (CHz), 25.7 (CH2), 25.4 (CHz). HRMS (MALDI-, DHB neg.):
m/z calcd for CagHoaN10030S2 (M*): 1954.5573; found: 1954.5588. One single peak detected by HPLC by
UV-vis and fluorescence detection. ® (H.0) = 0.64 + 0.01. Fluorescence Lifetime t/ns (H.0, x): 6.57
(1.01).
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Figure S26. HPLC of 5. Signal 1 detected by UV-vis: VWD1 A, Wavelength = 468 nm. Signal 2
detected by fluorescence: FLD1 A, Ex =430, Em =512 nm
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Figure S27. Left: Absorbance spectrum of 5. Right: Fluorescence spectrum of 5.

Solvent: Water.

Figure S28. Solutions of 5 under white light and UV light, 366 nm.
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Materials

All the oligonucleotides used in this work were purchased from Eurogentec as dried samples. Stock
solutions of 100 uM were prepared with doubly deionised water and stored at -20 °C. Oligonucleotide
strands concentration were spectrophotometrically determined at A = 260 nm using the absorptivity
coefficients provided by the manufacturer. The double-labelled oligonucleotides have as donor
fluorophore in the 5' end FAM (6-carboxyfluorescein) and the aceptor fluorophore in the 3’ end was
TAMRA (6-carboxytetramethylrhodamine). Sequences of all the oligonucleotides used in this work are

collected in Table S1.

Table S1. Sequences of the oligonucleotides used in this work

Name Sequence (5°— 3") Type and Topology
cmyc TGAGGGTGGGTAGGGTGGGTAA 3-tetrad Parallel DNA G-quadruplex of c-mye
promoter
Tel22 AGGGTTAGGGTTAGGGTTAGGG 3-tetrad Hybrid DNA G-quadruplex of human
telomere
Bom17 GGTTAGGTTAGGTTAGG 2-tetrad Antiparallel DNA G-quadruplex of
Bombyx telomere
TBA GGTTGGTGTGGTTGG 2-tetrad Antiparallel DNA G-quadruplex of
Thrombin binding aptamer
i-cmyc TTACCCACCCTACCCACCCTCA DNA i-motif
ds26 CAATCGGATCGAATTCGATCCGATTG ~ DNA Duplex
dl7a CCAGTTCGTAGTAACCC Single stranded DNA
F21T FAM -GGGTTAGGGTTAGGGTTAGGG-  Doubly labelled 3-tetrad Hybrid DNA G-
TAMRA quadruplex of human telomere
F2IRT FAM-GGGUUAGGGUUAGGGUUAGGG-  Doubly labelled 3-tetrad Parallel RNA G-
TAMRA quadruplex of human telomere
F25CebT FAM- Doubly labelled 3-tetrad Parallel DNA G-
AGGGTGGGTGTAAGTGTGGGTGGGT-  quadruplex of human minisatellite
TAMRA
F21CTAT FAM-GGGCTAGGGCTAGGGCTAGGG- Doubly labelled 3-tetrad Antiparallel DNA G-
TAMRA quadruplex of human telomere
FmycT FAM- Doubly labelled 3-tetrad Parallel DNA G-
TTGAGGGTGGGTAGGGTGGGTAA- quadruplex of c-myc promoter
TAMRA
FBom17T FAM-GGTTAGGTTAGGTTAGG-TAMRA  Doubly labelled 2-tetrad Antiparallel DNA G-
quadruplex of Bombyx telomere
FTBAT FAM-GGTTGGTGTGGTTGG-TAMRA Doubly labelled 2-tetrad Antiparallel DNA G-
quadruplex of Thrombin binding aptamer
FdxT FAM-TATAGCTAT-hexaethyleneglycol- Intramolecular duplex

TATAGCTATA-TAMRA

Oligonucleotides were prepared by dissolving the stock solutions in annealing buffer consisting of 90
mM LiCl, 10 mM lithium cacodylate (LiCaC) and 10 mM KCl at pH = 7.2 unless otherwise is stated. The
resulting solutions were heated at 90 °C during 5 minutes and then slowly cooled to room temperature.

Methods

Quantum Yields and Fluorescence Lifetime measurements were performed in a FLS980 equipment
(Edinburgh Instruments). The quantum yield was measured with an integration sphere.l*! The precision
of this method is checking by repeating three times each sample obtaining an error always inferior to
2%. The photoexcitation was made with a EPL 475 pulse diode laser and the data emission collected at
540 nm was analyzed by FAST 3.4.0 software.
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Quenching measurements were carried out in 384-well plates (Greiner Bio-one 384-well black flat
bottom) with a microplate reader (Tecan Infinite M1000). Fluorescence of a final volume of 40 pL
containing 2 pM of PDI2B in the presence and absence of different amounts of DNA were recorded at
at Aexc = 530 nm, Aem = 657 nm and 25 °C by triplicate. For the i-motif, i-cmyc, the buffer was adjusted at
pH=5.8.

FRET Melting Assay was performed in a real time PCR (Mx3005P, Stratagene). The doubly labelled
oligonucleotides were annealed at a final concentration of 0.25 uM in the annealing buffer by the
procedure previously described instead F21RT which was prepared in buffer containing 99 mM LiCl, 10
mM LiCaC and 1 mM KCl at pH = 7.2. The samples containing 0.2 uM oligonucleotide in the absence and
in the presence of different excess of PDI2ZB were prepared in 96-well plates and scanned from 25 to
95°C at 1°C/min. The emission of FAM was measured during the denaturation in labelled
oligonucleotide.The stabilisation induced by PDI2B was calculated as the diffference between the mid-
transition temperature of the oligonucleotide (ATm) with and without PDI2B.

Isothermal Titration Calorimetry (ITC) experiments were carried out at 25°C in a Nano ITC (TA
Instruments, Newcastle, USA) by adding increasing amounts of PDI2B (D) to the calorimetric cell
containing Tel22 or Bom 17 solutions (P). Prior to use all solutions were degassed during 30 minutes in a
degassing station (TA Instruments, Newcastle, USA). Dilution control experiments were performed to
determine the contribution of the heat of dilution of PDI2B and rule out drug aggregation. The
thermograms (integrated area of the peaks corrected by the dilution effect/mole injectant as a function
of Co/Cr ratio) were fitted by means of NanoAnalye Software (TA Instruments, Newcastle, USA) using the
“Independent Sites” model.

Circular Dichroism Titrations were carried out in a JASCO J-815 CD spectrometer equipped with a
temperature control Peltier system. Titrations were carried out by adding increasing amounts of PDI2B
solution to the DNA solutions in 1 cm path-length cells with black quartz sides at 25 °C. The CD spectra
were recorded after each addition and some of them (1:10 and 1:1 PDI2B-DNA ratio) also after heating
to 90 °C during 5 min and slowly cooling down to 25 °C.

MD simulations. Sequence and structure of the employed G-quadruplexes in the experimental assays
were taken from the Protein Data Bank, Bom17 PDB id “2LYG”, ¥ and Tel22 PDB id “2HY9”. Bl The
starting molecular structure and atomic partial charges of the organic compound PDI2B were obtained
by geometry optimization through semiempirical PM6 calculations, ¥ in the presence of water as
implicit solvent, mimicked by the “conductor-like polarized continuum model” implicit method (Fig.
2951). B! Force-field parameters of PDI2ZB and the DNA model were generated with the ACPYPE
software.® A triclinic box of TIP3P water was generated around the G-quadruplex and PDI2B, Figure
308, to a depth of 0.8 and 1.2 nm on each side of the solutes, for a total of about 5500 and 8750 solvent
molecules for Bom17 and Tel22 G-quadruplex, respectively. 31 K* ions for Bom17 and 39 K* ions for
Tel22 in addition to 17 CI ions were added to neutralize the DNA negative charge of the sugar-
phosphate backbone and to set the solution ionic strength to about 0.15 M. Explicit water solvent
molecular dynamics simulations of the PDI2B/DNA systems were performed in the canonical NPT
ensemble (for which number of particles, N, pressure, P, and temperature, T, are constants), at a
temperature of 300 K, under control of a velocity-rescaling thermostat.”) The particle mesh Ewald
method®! was used to describe long-range interactions. Preliminary energy minimizations were run for
5000 steps with the steepest descent algorithm, during which the equilibration PDI2B and the G-
quadruplex system were harmonically restrained with a force constant of 1000 kJ mol™* nm, gradually
relaxed into five consecutive steps of 100 ps each, to 500, 200, 100 and 50 kJ mol™ nm™?, The MD
simulations were conducted for 500 ns and 600 ns for the PDI2B /Bom17 and the PDI2B /Tel22 systems
respectively.
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Figure S29. PDI2B initial (left) and optimized (right) structures obtained by PM6 calculations.

Figure S30. PBC box generated for the PDI2B /Bom17 system; water molecules represented as red dots
and ions as blue (Na*) and cyan (CI') spheres.

Fishing with magnetic beads: a vial containing 600 pL of streptavidin coated magnetic beads
(Streptavidin MagneSphere Paramagnetic Particles, Promega) was washed twice in anneling buffer.
Then, 1 ml of 1 uM of PDI2B whose fluorescence was previously measured at Aexc = 530 nm and Aem =
657 nm in a Fluoromax 4 spectrofluorimeter (Horiba Scientific), was added to the vial containing the
magnetic beads and incubated for 5 min at room temperature mixing by inversion every 1 — 2 min. The
supernatant was magnetically separated from the beads, its fluorescence measured again to know the
amount of PDI2B attached to the magnetic beads and discarded. Aproximately the 97% of of PDI2B
remain attached to the magnetic beads. In a second step, 1ml of DNA oligonucleotide 1 uM whose
absorbance was previously measured by triplicate in a Nanodrop ND-1000 spectrophotometer (Thermo
Scientific) was added to the modified magnetic beads and incubated for other 5 min at room
temperature mixing by inversion every 1 — 2 min. The supernatant was magnetically separately and its
DNA concentration was determined by absorbance measurements and conserved for further steps. The
modified magnetic beads were washed twice with warm water (5’ at 37°C) and then incubated again
with the conserved supernatant of the previous step to start a new cycle. Several oligonucleotides in
different conformations (d17a as single stranded DNA, ds26 as duplex, Bom17 and TBA as 2-tetrads G4
and Tel22 as 3-tetrads G4) were used, one at a time. As to the competition fishing experiments
performed, the procedure is very similar. Once PDI2B is attached to the magnetic beads, we added 1 ml
of 1 uM of a labelled Bom17 with FAM (FBom17) alone and/or in the presence of competitors whose
fluorescence was previously read (Aexc = 490 nm) on a microplate reader (Cytation 5 Cell Imaging Multi-
mode Reader, Biotek Instruments, USA). As to competitors, 10 fold excess of single stranded DNA
(d17a), duplex (ds26) and 3-tetrads G-quadruplex structure (Tel22) were used, the latter also in
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equimolar conditions respect to FBom17. Next steps are almost the same described above, but the
FBom17 content in the supernatant is now measured by fluorescence.

Cytotoxicity was studied by means of the CellTiter Non Radioactive Cell Proliferation Assay (Promega).
Approximately 3 x 10° Hela cells were cultured in EMEM (Eagle's Minimum Essential Medium medium)
suplemented with 10% Fetal Bovine Serum in 96-well plates and incubated at 37 °C under a 5% CO;
atmosphere. The cells were grown for 24 h and then treated with different concentrations of PDI2B for
72 h. Then, we proceed according to the technical specifications. Absorbance was read at570 nminaa
microplate reader {Tecan Infinite M1000). Three replicates per dose were included.

A. Fluorescence Lifetimes Measurements

—— PDI2B alone

—— PDI2B/Tel22
PDI2B/Bom17

—— PDI2B/Duplex

10 Counts

20 40
Time, ns

Figure S31. Fluorescence lifetime measurement for PDI2ZB (Cp = 4 pM) in the absence and in the
presence of different telomeric G-quadruplexes, Tel22 and Bom17, Cp/Cp = 5, Aexe = 475 nm, Aem = 540
nm, pH=7.2,1=0.11 M (90 mM LiCl, 10 mM KCI, 10 mM LiCaC) and T = 25 °C.
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B. Titrations
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Figure S32. ITC Titrations of PDI2B with Bom17 (A) and with Tel 22 (B) and fitting for “Independent
Sites™ model of the obtained data pairs (red line). Cp = 1 mM in (A) and 1.5 mM in (B), C#/Cp = 0-15.6,
pH=72,1=0.11 M (90 mM LiCl, 10 mM KCI, 10 mM LiCaC) and T =25 °C.
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Figure S33. CD spectra for PDI2B/Bom17 (A) and PDI2B/Tel22 (B) systems. Cp =2 uM) Cp/Cp =0- 5,
pH=72,1=0.11 M (90 mM LiCl, 10 mM KCI, 10 mM LiCaC) and T =25 °C.
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C. Computational Results

Figure S34: Two different views of the final structure of PDI2B/Bom17; PDI2B is highlighted by a purple
surface.

Figure S35: Top and side views of the most frequently occurring structures at the equilibrium phase of
the MD simulation, mimicking the binding of PDI2B (purple surface) with Tel22. (A) PDI2B with one arm
inserted into the DNA groove; (B) PDI2B “embraced” to the GGGTAA loop, through both arms.
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Figure S37: Key step in the molecular recognition process for PDI2B/Tel22 system: the first biotin arm is
inserted and stacking interactions begin. Interacting bases highlighted yellow, thymine above, adenine
below.

S23

137



138

— guanine
— all atoms

P S TR (N TR N S R |

0 l 1OOI l 200 300l 400 500
time (ns)

Figure S38: RMSD plot for Bom17 structure in the presence of PDI2B in green (all atoms: red, guanine
bases: blue).
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Figure $39: RMSD plot for Tel22 structure in presence of PDI2B in green (all atoms: red, guanine bases:
blue).

Geometry clustering was performed to identify and sample the structures most often occurring during
the last part (i.e. the equilibrium phase) of the MD for PDI2B/Tel22 system. The first seven most
populated clusters can be grouped into two main structural types (see overlapped structures, Figures
40SI and 41SI) in which the clusters of each group only differs by the oscillation of side chains of the
ligand molecules. These clusters represent 66% of equilibrium structures, therefore the two structures
(Figure 35SI) can be considered as equilibrium structures.
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Figure S41. Cluster group 2 for the PDI2B/Tel22 system, each formed by 4 overlapped structures.

D. Cytotoxicity
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Figure S42. % Survival HeLa cells versus PDI2B concentration after 72 h of incubation.
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8.1 Introduction

As previously mentioned, FRET DNA melting assays allow to study the binding toward
different G-quadruplex sequences in a very fast mode and with diluted samples
without spending large quantities of reagents. Different series of 17 metal complexes,
divided into 4 main groups, and some of their isolated ligands have been considered
as potential G-quadruplex binders. The large number of potential G4 forming
sequences spread throughout the genomel!36137] renders G4 an attractive research
field, as these structures have been reported to be involved in a wide range of
biological processes such as telomere maintenance,!*38 genome stability, regulation
of oncogene expression, replication or translation.['3® In particular, the role of
different substituents in the ligands and of the metal center was also investigated. This
preliminary study allowed to screen the selected compounds for further investigation
of their properties.

8.2 Materials and methods
8.2.1 Materials

The complexes have been synthesized by the group of Dr. Espino, Inorganic Chemistry
(university of Burgos, Spain), and can be grouped into 3 families as shown below in
Figures 1-4.

@)

Figure 1. Group 1.
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Figure 2. Group 2.
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Figure 3. Group 3.
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4.1 4.2 4.3 4.4

.....

Figure 4. Group 4.

8.2.2 Experimental techniques

FRET melting assays. The employed oligonucleotides are described in Table 1 section
2.2.1. and the technique is described in section 2.1.1.5 (See Chapter II).

Competition assays. The FRET melting can be performed in the presence of competitor
such as double stranded DNA ds16 (5 -CAATCGGATCGAATTCGATCCGATTG-3") in order
to determine the selectivity of 2.2 and 2.4 toward the G-quadruplex over the ds26 was
added to FTBAT/drug mixture (TBAT has been chosen as it was the one which shows
the higher ATnm). Since the ds26 is not labeled it does not interfere with the fluorescent
measurements. Solutions were prepared analogously, except different concentrations
of ds26 were added, from 0.2 uM to 5 pM, using a final volume of 25 uL, 0.2 uM of
FTBAT, and 4 uM of drug.

8.3 Results and discussion

FRET DNA melting assays. The collected results for each group are shown in a graph,

Figures 5-7, that refers to the increase of the melting temperature values (ATm) for
each G-quadruplex conformation in the presence of the drug. First, for group 1,
interesting and promising results were obtained, but they were not reproducible,
working with stock solutions stored in the freezer, not reproducible results were
obtained, surely due to the lack of stability of the drug in solution. Therefore group 1
was discarded and went back to the synthesis development. For group 2, initially the
ligands were discarded as their ATm compared to the metal complexes was not
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significant, but complexes 2.2 and 2.4 generated interesting results, shown in Figure

F21T
20

FdxT 15 F21RT

10

e 1 UM 5
—2pM

FTBAT ! F25CebT
3puM
—apum
FBom17T F21CTAT
FmycT FmycT

Figure 5. ATm spider plot for the different fluorescent oligonucleotides under
increasing concentrations of 2.2 (left) and 2.4 (right) [Coligo] = 0.2 UM, pH=7.4and | =
0.11 (90 mM LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).

Group 3 complexes do not show highly significant results, given that the temperature
increases are quite low. However, it must be considered that the complexes are highly
similar, so small changes in one of the substituents generates variations in ATp,.

F21RT

—3.1
—3.2

33
—3.4

FTBAT F25CebT

FBom17T F21CTAT

FmycT

Figure 6. AT, spider plot for the different fluorescent oligonucleotides in presence of
the complexes of group 3. [Cpl= 4 UM, [Coligo] = 0.2 uM, pH=7.4and | =0.11 (90 mM
LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).

In the case of group 4 quite different results were obtained, from complexes that
barely interact, as 4.1, to complexes that stabilize in more striking way, like 4.6.



FdXT ™~ F21RT

—d.1
—4.2
—4.3
—a.4
—4.5
—4.6

FTBAT ¢

FBom17T" | "F21CTAT
FmycT

Figure 7. AT, spider plot for the different fluorescent oligonucleotides in presence of
the complexes of group 4. [Cpl= 4 uM, [Coiigo] = 0.2 uM, pH=7.4and | =0.11 (90 mM
LiCl, 10 mM KCl and 10 mM LiCl, except for 21RT as described before).

Surprisingly, from the spider plots shown in Figures 5-7, it is noted that there is not
stabilization for intramolecular duplex DNA, FdxT, suggesting a potential selectivity
toward G-quadruplex. In order to verify this selectivity, it has been decided to
accomplish the competition assays.

Competition assays. As it is shown in Figure 5 complexes 2.2 and 2.4 exhibit strong

affinity to FTBAT G-quadruplex, so that it was chosen for the competition assay. If the
ligand is not selective, this value of ATm must decrease. The variation in the AT values
observed for 2.2 are not significant. By contrast, a slight decrease in the AT, values
when the duplex DNA is in high excess (10-fold) respect G-quadruplex. Therefore, 2.2
seems to display rather selectivity towards G-quadruplex over duplex whereas 2.4 is
not so a selective G-quadruplex binder.

4 TEmzz
-2

Variation in AT °C,

0
0.2 M ds26 2 pMds26 5 pM ds26

Figure 8. ATm change of FTBAT/2.2 (black) and FTBA/2.4 (red), under increasing
concentrations of ds26. [Coligo] = 0.2 UM, [Cp] =4 uM, pH =7.4,1=0.11 (90 mM LiCl,
10 mM KCl and 10 mM). Means and standardized deviations for 3 experiments are
shown.
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8.4 Conclusions

Although results obtained by FRET-melting assays represent a modest stabilization,
especially complexes of group 3 and 4, compared to other well-established G-
quadruplex binders.[1401411 A remarkable stabilization for Bom17 and TBA G-
guadruplex was found in presence of complexes 2.2 and 2.4, interestingly both formed
by two tetrads, additionally 2.2 exhibits a remarkable selectivity for G-quadruplex than
double helical DNA. But the most promising complex seems to be 4.6 since it generates
high stabilization in several G-quadruplex conformation, while it has no affinity for the
intramolecular helix DNA, consequently it will be considered for future studies. It is
also of interest the possibility of evaluating the binding modes an make a comparison
about how it affects G-quadruplex Tm depending on the ligands or the metal center,
so that this study must still be continued.

According to the obtained results, as differences in T occur within each main group,
itis being proposed to carry out MD analysis for each complex binding to G-quadruplex
structures. The aim is to evaluate the effect of each substituent, within each main
group, in the binding toward the G-quadruplex structures.






Chapter IX

General overview



English

Despite the different subjects considered in Chapters 3-8 presented in this thesis, they all have
in common the combination of experimental and computational methods. This work
methodology resulted to be very useful and has led to interesting results, as witnessed by the
quality of the scientific journals in which they have been published. The combination of
theorical data and experimental results was originally presented as the main objective in the
PhD project, and so it can be concluded that this aim has been achieved. From the student
perspective, there has been a remarkable improvement of knowledge of different fields of
theoretical and experimental and theoretical physical chemistry. This has led to the use of
different techniques and methodologies, as well as the analysis and understanding of results
in both experimental and computational fields

Espafiol

A pesar de que los Capitulos 3-8 presentan estudios que conciernen a diferentes dmbitos,
todos ellos presentan en comun: la combinacion de métodos tanto computacionales como
experimentales. Esta metodologia de trabajo ha resultado ser muy util y ha conducido a
resultados interesantes, como se demuestra en la calidad de las revistas cientificas en las que
han sido publicados. La combinacién de datos tedricos y resultados experimentales se
presentd como el objetivo principal de este proyecto de doctorado, de modo que se puede
concluir que se ha conseguido. Desde la perspectiva de estudiante, se ha producido una
mejora significativa en el conocimiento de distintos campos de la quimica fisica tedrica y
experimental. Ello ha conducido a la utilizaciéon de diferentes técnicas y metodologias, asi
como al anadlisis y comprension de resultados en ambos campos experimental vy
computacional.

Italiano

Nonostante i diversi argomenti considerati nei Capitoli 3-8 presenti in questa tesi, tutti i
capitoli presentano una caratteristica comune: la ricerca si basa sulla combinazione di metodi
sperimentali e computazionali. Questa metodologia di lavoro si e rivelata molto utile e ha
portato a risultati interessanti, come dimostrato dalla qualita delle riviste scientifiche in cui
sono state pubblicate. La combinazione di risultati teorici e sperimentali e stata
originariamente presentata come |'obiettivo principale del progetto di dottorato, e quindi si
puo concludere che questo obiettivo e stato raggiunto. Dal punto di vista dello studente, c'e
stato un miglioramento significativo nella conoscenza di diversi campi della chimica fisica
teorica e sperimentale. Cio ha portato all'utilizzo di diverse tecniche e metodologie, nonché
all'analisi e alla comprensione dei risultati in campi sia sperimentali che computazionali.
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153



e European Summer School in Quantum Chemistry (ESQC), Palermo, Sicily (Italy),
September 2017.
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Abbreviations

B-DNA
bp
bpyst
[Col

[Ce]
[Coligo]
ct-DNA
cispalladium
cisplatin
cisnickel
DNA
DFT
FAM
FRET
G/AG
H/ AH

|

KCl

k)

LiCaC

LiCl

MD
MM
N7

NaCaC

Deoxyribonucleic acid in double helical conformation

Base pairs
4,4'-bis(a-styrene)-2,2'-bipyridine
Ligand concentration
Polinucleotide concentration
Oligonucleotide concentration
Calf thymus deoxyribonucleic acid
cis-diamminedichloropaladium(ll)
cis-diamminedichloroplatinum(Il)
cis-diamminedichloronickel(ll)
Deoxyribonucleic acid

Density functional theory
6-carboxyflourescein
Fluorescence resonance energy transfer
Gibbs free energy / Gibbs free energy variation
Enthalpy /Enthalpy variation

lonic strength

Potasium chloride

Kilojoules

Lithium cacodilate, (CHs)2AsO,Li
Lithium chloride

Metal center

Molecular dynamics

Molecular mechanics

Nitrogen 7 of a guanine residue

Sodium cacodylate, (CHs)2AsO2Na)
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ns

PDB
QM
RMSD
S/AS
Tm/ ATm
TAMRA

TMPyP4

nanoseconds

Protein data bank

Quantum mechanics

Root mean square deviation

Entropy /Entropy variation

Melting temperature / Melting temperature variation
6-carboxytetramethylrhodamine

Tetra-(N-methyl-4-pyridyl) porphyrin
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