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Résumeé

Le cuivre (Cu) est un métal endogene et redox actif présent dans plusieurs
protéines et enzymes essentielles a la vie et joue un réle important dans différents
processus biologiques. Cependant, son activité redox rend également le Cu
potentiellement toxique car il peut favoriser la formation d'espéces réactives de
l'oxygene (ROS). Ce comportement a double tranchant intéresse les chercheurs
depuis longtemps et son exploitation est cruciale pour développer des complexes
de Cu aux propriétés biologiques, catalytiques, diagnostiques et thérapeutiques
uniques. Dans ce travail de theése, différents ligands pour la coordination du Cu
ont été congus et explorés dans deux contextes différents : le cancer et la maladie
d'Alzheimer (MA). La premiére partie de cette thése est consacrée a approfondir
les connaissances relatives aux effets cytotoxiques produits par les complexes de
Cu(I) (C1, C2) de deux ligands (L1, L2). Bien que les complexes aient montré de
faibles interactions avec 1'ADN, des études in vitro réalisées sur des lignées
cellulaires normales (IMR-90, HUVEC) et cancéreuses (A2780, MCF-7) ont indiqué
que C1 et C2 internalisaient les cellules et favorisaient la formation de ROS. Bien
que les effets cytotoxiques n'aient pas été détectés dans les cellules MCF-7, ceux-
cl étaient plus élevés dans A2780 que dans les cellules normales. L1 et L2 ont été
modifiés afin d’améliorer la cytotoxicité. La deuxieme partie de la these évalue les
capacités de chélation du Cu de L1 et L2 en tant qu'agents thérapeutiques
potentiels pour la MA. Les données ont montré que L1 peut arréter efficacement
la production de ROS catalysée par Cu(I)/Cu(Il) en présence et en l'absence de
peptide AB16 et de zinc. Les données suggerent que le rapport L1 : Cu joue un role
important dans l'efficacité de L1 pour arréter la production de ROS. L1 a été
modifié avec succes sans altérer ses propriétés de chélation du Cu pour fournir une

perméabilité a la barriere hémato-encéphalique.

Mots clés : chimie médicinale inorganique, cancer, maladie d'Alzheimer, complexes
meétalliques, cuivre, peptides, especes réactives de 1'oxygene
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Abstract

Copper (Cu) is a versatile redox active endogenous metal that is present in many
proteins and enzymes critical for life and plays important roles in different
biological processes. However, its redox activity also renders Cu potentially toxic
because it can promote the formation of reactive oxygen species (ROS). This double-
edged sword behavior has interested researchers for long time and its harnessing
is crucial to develop Cu complexes with unique biological, catalytic, diagnostic and
therapeutic properties. In this Ph.D. thesis different ligands for Cu coordination
have been designed and explored in two different contexts: cancer and Alzheimer
disease (AD). The first part of this thesis is devoted to providing more insights into
the cytotoxic effects produced by the Cu(Il) complexes (C1, C2) of two ligands (L1,
L2). The complexes showed weak interactions with DNA, but in vitro studies
performed in normal (IMR-90, HUVEC) and cancer cell lines (A2780, MCF-7)
indicated that C1 and C2 internalize into the cells and promote the production of
ROS. While cytotoxic effects were not detected in MCF-7 cells, in line with very
low internalization, they were higher in A2780 than in normal cells. L1 and L2
were further modified to improve cytotoxicity. The second part of the thesis
evaluates the Cu chelating abilities of L1 and L2 as potential therapeutic agents
for AD. Data showed that LL1 can arrest efficiently the generation of ROS catalyzed
by Cu(I)/Cu(Il) in presence and absence of AB16 peptide and zinc. The presence of
excess of i1 lessened this effect but it was counterbalanced by the co-presence of
Zn. A mechanism that involves the redox reaction between Cu(I)L.1 and Cu(I)(LL1)2
1s proposed to explain this behavior. L1 was successfully modified, without altering
its Cu chelating properties and ROS arresting capabilities, to attain blood-brain-

barrier permeability.

Keywords: medicinal inorganic chemistry, cancer, Alzheimer’s disease, metal
complexes, copper, peptides, reactive oxygen species






Preface

he work presented in this thesis is related to different ligands designed

for Cu coordination and explored in two different contexts: Cancer and

Alzheimer’s disease. The first two chapters are focus specifically on the
cancer context, while the two subsequent chapters are related to Alzheimer’s
disease (AD).

The first chapter aims to collect existing literature regarding the efforts of
the medicinal inorganic chemistry community in cancer therapy, providing an
overview of these efforts through the early years of the field and concluding with
the most representative advances in terms of Cu(II) complexes of the last decades.
Lastly, it concludes by describing the thesis objectives relative to this topic.

The second chapter comprises all the work related to the investigation of the
anticancer properties of two Cu(Il) complexes developed and characterized in the
group (C1 and C2). It includes the studies of their interactions with cz-DNA, their
internalization capabilities and their cytotoxic activities exhibited in two human
cancer cell lines in comparison with two normal cell lines. It also discusses these
results and their relationship with the capabilities of these Cu(Il) complexes to
generate intracellular reactive oxygen species (ROS). Subsequently, the chapter
describes the modification of one ligand and the limitations encountered regarding
its Cu(Il) complexation. This chapter ends by mentioning the conclusions and final
remarks on the studies.

Chapter 3 introduces the topic of AD. It opens describing this
neurodegenerative disease, its main histopathological criteria, symptoms and risk
factors. Later, it describes the amyloid cascade hypothesis and the link between
Cu and other metal ions with the pathogenesis and progression of AD. Afterwards,
it reviews the state of art in Cu chelation therapy and concludes with the objectives
of the study in this topic.

The fourth chapter presents the work devoted to explore the potential of a
histidine containing phenanthroline based ligand (IL1) as Cu targeting candidate

for AD therapy. This work was carried out in collaboration with Dr. Charléene
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Esmieu and Dr. Christelle Hureau from the Laboratoire de Chimie de Coordination
(LCC) in Toulouse. Herein, it is described the results obtained regarding the
abilities of L1 to stop the production of ROS and their potential to remove Cu(Il)
and Cu(I) from the harmful complex CuAp, both in the absence and in the presence
of Zn(I). The selectivity of L1 towards Cu ions was studied through the
determination of the affinity constants of Cu(Il), Cu(I) and Zn(II) to L1. This
chapter also explores the effect of using excess of L1 versus Cu In the arrest of ROS
production, and discusses the potential mechanism responsible for the observed
effect. Chapter 4 also includes the design, synthesis and characterization of L1AB,
a ligand that merges L1 with a peptide sequence able to access the central nervous
system. Its Cu(Il) chelation properties and ROS arresting capabilities in presence
of AP peptide and Zn(Il) are reported. Lastly, this chapter ends with the
conclusions relative to this part of the work.

Chapter 5 critically relates the two different approaches of this work to
provide a general conclusion considering the key aspects of each topic.

The last chapter describes the experimental procedures and methods used

in this work.
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CHAPTER 1.

Cancer & Bioinorganic Chemistry

AA

Principles for the development of a complete mind:
Study the science of art. Study the art of science.
Develop your senses- especially learn how to see.

Realize that everything connects to everything else.”

Leonardo Da Vinci






Chapter 1: Cancer & Bioinorganic Chemistry

1.1. Metals in life.

etal ions are always present in biological systems playing important
roles in structure, catalysis and metabolic processes including cellular
replication, signaling pathways, respiration and transport.! Metal
1ons such as sodium (Na), potassium (K), copper (Cu) and iron (Fe), among others
(Figure 1.1) are defined nowadays as bio-metals and their application to
medicinal purposes is described by the interdisciplinary fields of bioinorganic
chemistry or biological inorganic chemistry. Both fields comprehend the
knowledge in biochemistry, inorganic chemistry, coordination chemistry,
molecular and structural biology, environment chemistry, physiology, toxicology,

pharmacy, medicine and more.2

H He
Li | Be B C N (0] F |Ne
Na | Mg Al | S P S |Cl JAr
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Cs|BaQu |Hf|Ta |w |Re|Os| Ir | Pt |JAu|Hg | TI | Pb ] Bi | Po | At |Rn

Figure 1.1. Reduced form of the Periodic Table of the Elements indicating the
essential d metals for life.

1.2. Bioinorganic chemistry in medicine.

The Medicinal inorganic chemistry is still considered a young field, but
many ancient civilizations (Egypt, India and China) have proof the use of metal
1ons in mixtures with medicinal intentions.2 In the last decades, especially after
the discovery of cisplatin (see Section 1.2.1) the field of the bioinorganic chemistry
has shown a notable potential for the design of therapeutic and diagnostic agents.?
The introduction of metal ions in molecules allows a wide range of reactivities not
accessible otherwise. These reactivities can be modulated by the properties of both

the ligand and the metal ion. The identity of the metal ion, its oxidation state, the
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type and number of donor atoms in the ligand, the coordination geometry and
other intrinsic characteristics of the metal ion are determinant in the activity and

behavior of the final metal complex (Figure 1.2).6.7

Type and number of Oxidation state

ligands

Bond strenght Metallic core

Outer-sphere Ligand
interaction

Figure 1.2. Tunable characteristics in the design of a metallodrug.

In the last decades® many metal-containing drugs have been designed,
developed and studied (Figure 1.3). Salvarsan is one of the first metal-based
antimicrobial agents developed described by Paul Ehrlich. In 1920 Ehrlich
published the potential of the 3-amino-4-hydroxyphenyl-arsenic(II) for the
treatment of syphilis.® Since then, this arsenic-based drug was widely used in

humans until its replacement by penicillin after the World War 11.9
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Salvarsan Cisplatin [GA(DTPA)*

Figure 1.3. Metal-based drugs approved by FDA
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The diethylenetriaminepentaacetic acid [HsDTPA] is a metal chelator used
complexed with Gd3* as an injectable macrocycle contrast agent [Gd(DTPA)]2- for
magnetic resonance imaging scans (MRI). It was approved by the US Food and
Drug Administration (FDA) in 1988 and its use as a radiopharmaceutical in
1maging modalities such as single photon emission computed tomography
(SPECT) and positron emission tomography (PET) has paved the way to

theranostics agents.10

Particularly, the field of metal-based anticancer drugs, is one of the most
successful domains in bioinorganic chemistry: nowadays, about 50 % of cancer

chemotherapy agents in use are metal-based drugs.!!

1.2.1. Cancer and the potential of platinum-based compounds in chemotherapy.

According to estimates from the World Health Organization (WHO) in 2015,
cancer is the first or second leading cause of death (before 70 years old) in 91 of
172 countries.12 Additionally, it is expected that by 2030, the number of cancer
cases reaches up to 21.6 million, 21.6 % higher than the reported cases for 2012.13

The cis-diammine-dichloroplatinum(II), best-known as cisplatin (Figure
1.3), was synthesized in 1845 by Michel Peyrone but it was not until 1960 when
Rosenberg discovered its anticancer properties. Two decades later, in 1978, the
FDA approved its use to treat cancer. Since then, the Pt2* squared planar complex

has been one of the most successful metal-based antitumor drugs.14

After the enormous impact of cisplatin, huge efforts were made to
understand the mechanism of action of the drug. Studies indicate that cisplatin
enter the cells by passive diffusion (Figure 1.4), and the uptake is non-saturable
and concentration dependent. Nevertheless, evidence also suggest that the copper
transporter 1 (CTR1) (a transmembrane protein involved in Cu homeostasis) plays
also an important role in the uptake of cisplatin in ovarian carcinoma cells.1> Once
inside the cell, where the chloride concentration decreases from 100 mM to 4-6
mM, the complex hydrolyzes into the active mono-aqua [Pt(NH3z)2Cl1(H20)]* and di-

aqua [Pt(NHs)2(H20)2]2* complexes.'® These complexes can react with the
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nucleophilic centers on purine bases of DNA, mainly with the N7 sites of
guanosine, leading to the formation of cross-links between these nucleotides.1” The
distortion caused by Pt triggers the signal transduction pathways that ultimately
will lead to apoptosis. Additionally, these complexes bind to different nucleophilic
species in the cytoplasm catalyzing the formation of reactive oxygen species (ROS)

causing oxidative stress.18
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Figure 1.4.The mechanism of action of cisplatin. Figure from ref 19.

Unfortunately, cisplatin causes many side effects such as hair loss, nauseas
and vomit, it is nephro-, neuro- and ototoxic.15:20 Peripheral neurotoxicity is the
most important dose-limiting issue linked to cisplatin.2l Data suggest that
cisplatin kills cancer cells but also peripheral neurons.?2 The symptoms and signs
of peripheral neurotoxicity include the loss of taste, of position sense, loss of

vibration sense, tingling, paraesthesia, weakness and tremor.23-25

To overcome the drawbacks of cisplatin a new generation of platinum-based
compounds appeared: among the new compounds the oxaliplatin, carboplatin and
nedaplatin (Figure 1.5), that exhibit same potential as anticancer agents.6

Carboplatin is considered to be less neurotoxic than cisplatin.26
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Figure 1.5. Second generation Platinum-based anticancer agents.

Although cisplatin and its analogs are highly effective in the treatment of
many different tumors and nowadays an estimated of 50 - 70 % of cancer therapies
involves Pt metallodrugs2? the toxicity of the platinum-based drugs persist
limiting the dosage. Evidence has shown that there is still no effective strategy for
the regulation of the neurotoxicity and other side effects induced by these
platinum-based agents.28 Consequently, new strategies to overcome the high

toxicity of the platinum-based drugs are needed.

1.2.2. Copper as an alternative for platinum-based anticancer agents.

Recently, the investigation of copper complexes with medicinal properties
has increased considerably.6 Cu is an endogenous and essential metal ion, present
in a huge number of proteins and enzymes, and plays a crucial role in many
biological processes such as angiogenesis, response to hypoxia and
neuromodulation. The essentiality of Cu for animals and humans has been known
for nearly a century.2? In fact, Cu concentrations are well regulated by different
mechanisms such as ceruloplasmin and albumin in the liver to regulate blood
levels and also copper transporter proteins (CTR1 and Cu ATP7A/B).30 In addition
Cu acts as a cofactor of many enzymes involved in energy metabolism, melanin
(tyrosinase) synthesis, dopamine synthesis (dopamine-B-hydroxylase), cross-
linking of collagen and elastin (lysyl oxidase).29 Nutritional copper deficit gives
rise to anemia and different neuropathies.3! It has been associated with

Parkinson’s disease, Huntington’s disease and Alzheimer’s disease.31.32

Cu has interesting and versatile properties that makes it a potential
alternative to overcome the limitations of other metal cores in metallodrugs under

the assumption that endogenous metals may be less toxic.46:33.3¢ Copper can form
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a wide variety of coordination complexes with mainly oxidation states Cu(I) and
Cu(I).3® Cu(I) complexes show, in general, a tetrahedral geometry by the
coordination of four species. For the case of Cu(I) complexes the coordination can
involve from four to six species: 1) the four-coordinate square-planar (SP-4), i1) the
five-coordinate trigonal bipyramidal (TBPY-5) and square-pyramidal (SPY-5), and
the 1i1) six-coordinate octahedral (OC-6) geometry. Cu is a redox-active metal
mainly in the form of the couple Cu(Il)/Cu(I). If it is not complexed (free Cu) it
causes oxidative damage in cells due to its potential to catalyze the formation of

reactive oxygen species (ROS).31

Overall, Cu has proven its great potential in the medicinal inorganic
chemistry encouraging the design and development of many copper-based drugs

aimed against a wide spectrum of diseases.6:7.36-40

1.2.2.1. Advances in copper-based anticancer agents.

Regarding cancer chemotherapy, copper complexes hold the capability to
catalyze the production of ROS causing damage to cells.4! In terms of chemo-
selectivity, the use of Cu to do redox chemistry inside tumor cells is advantageous
since cancer cells present most likely a reductive environment. This is due to the
increased rate of proliferation compared to normal cells, causing a dramatic
increase on the glucose uptake. This feature produces a shift in the metabolism
known as the “Warburg effect”.42 The metabolism of glucose is essential for
sustaining all mammalian life, the final products are lactate, or over the full
oxidation of glucose, CO2. During the 1920’s Otto Warburg established that in
malignant cells the uptake of glucose is dramatically increased, and lactate is
produced even in the presence of oxygen. Elevated glucose metabolism slightly
decreases the pH in the intracellular environment due to lactate secretion. This

aerobic fermentation is one of the signatures of cancer.43

The reductive environment found into cancer cells can promote the
reduction of Cu(Il) to Cu(l) facilitating the production of ROS and inducing cell
death.#* These mechanisms are possible due to the biologically accessible

Cu(II)/Cu(I) redox cycling. However, this important feature could represent also a
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drawback for the copper complexes if the ligands cannot stabilize both oxidation
states and avoid the destruction of the copper complexes. In this regard, earlier
this year, it has been reported that the glutathione (GSH)/metallothionein (MT)
system represents an important threat for Cu complexes aimed to do redox
chemistry inside cells.44 GSH and MTs are two abundant Cu(I) chelators, they can
bind Cu(I) with log K values around 17 and 20 respectively4546 and they can found
intracellularly in the nucleus and cytosol.47-49 Specifically MTs compromises Cu-
based anti-cancer agents effectiveness due to their role in metal ions homeostasis50

and their reported overexpression in some cancer cell lines.51-53

Regardless, in the last decades, copper-based complexes have shown great
potential as an alternative for Pt-based anticancer agents and the field has been

well reviewed by different research groups6.38.39.54

Herein we provide an overview of the different families of copper complexes
designed for putative application in cancer treatment. Particularly, the review of
Santini et al.® highlights the large number of family ligands that have been
designed to develop Cu complexes with putative anticancer properties (Figure

1.6).
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Figure 1.6. Classification of copper complexes as anticancer agents proposed by
Santini et al.b

Some recent promising examples of copper complexes with efficacy against
different types of cancer are shown in Figure 1.7. The thiosemicarbazone Cu(Il)
complex (1) exhibited 95% tumor growth inhibition on human colon carcinoma
cells (HCT116)%> Carter et al. reported the activity in cell culture and animal
models of the two bis(thiosemicarbazonato) copper complexes (2) and (3)5¢ showing
a 70 % tumor growth reduction on male transgenic adenocarcinoma of the mouse
prostate (TRAMP). Moreover, the biotin- and nano- conjugated complex (4),
exhibited high toxicity against human cervical cancer cells (HeLa), in vivo studies
showed 3.8-fold reduction in tumor volume.57 Sathisha et al. reported the synthesis
and cytotoxic activities of the Cu(l) complexes (5) and (6).5% The
thiocarbohydrazone complexes presented promising cytotoxic activity against
Ehrlich Ascites Carcinoma cells (EAC) and additionally, inhibitory effects against
bacterial and fungal strains. Another example is the complex (7), which induces

apoptotic cell death in vitro on human leukemia cell lines; in vivo studies showed
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that the compound can inhibit 92.4 % of tumor growth after 12 mg kg-! treatment

on male nude mice.?9
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Figure 1.7. Some remarkable examples of Cu complexes with in vivo cytotoxicity
activity in mice.44-52

Hancock et al.60 also reported a thiosemicarbazone (8) (Figure 1.7) able to
induce cell death by increasing the oxidative stress levels on mouse melanoma
cells (B16-F10) and showed 87 % inhibition of growth tumor. A recent study by Qi
et al. indicated that complex (9) is cytotoxic on human leukemia cells (HL-60),
reflecting an increased selectivity and capacity of inhibiting tumor growth
compared to its non-bound to serum albumin (HSA) analogue.6! Another example
of active copper complexes is the 3-formylchromone derivate (10), which exhibits
significant reduction of tumor growth on human pancreatic cancer cells (COLO

357) tested on female nude mice.62

Elesclomol (N-malonyl-bis(N'-methyl-N'-thiobenzoylhydrazide) 1is a
chemotherapeutic agent (mitochondria-targeted) that exhibits anticancer activity
in vitro against a wide range of cancer cell types such as lung, melanoma and

leukemia (Figure 1.8). In addition, enhances the potency of other anticancer
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agents In human tumor models in vivo, therefore exhibiting encouraging
therapeutic potential.63-68 This prodrug has been examined in a phase II trial
against ovarian, fallopian, and peritoneal cancers.®® Elesclomol binds to Cu(II) in
the serum and once inside the cancer cell, Cu(Il) is reduced to Cu(l) inducing DNA
cleavage and elevate levels of ROS production, exhausting the tumor cell
antioxidant capacity. This results in the induction of the mitochondrial

apoptosis.70-72
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Figure 1.8. Copper complexes studied in clinical trials.

Another representative example is Casiopeina IIlia (Figure 1.8). A complex
that belongs to Casiopeinas, a family of copper complexes developed by Ruiz-
Azuara et al.73-78 This type of complexes have the formula [Cu(N-N)(N-O)]* and
[Cu(N-N)(O-0)]*, where N—-N is an aromatic substituted diamine (Phen,
bipyridine or extended planar heterocyclic bases), N-O is an a-L-amino acidato
and O—0 1is acetylacetonate or salicyaldehydate. Many amino acids such as L-
glycine, L-alanine, L-valine, L-leucine, L-isoleucine, L-proline, L-phenylalanine,
L-tryptophan have been tested. In general these complexes are able to bind and
cleave DNA through the generation of ROS and the effect in biological activity of
exchanging the amino acid unit is weaker compared to the effect of changing the
aromatic substituted diamine®77 Casiopeina IIlia has entered into a phase I
clinical trial against acute myeloid leukemia.” This agent induces DNA
fragmentation and base oxidation, indicating that its mode of action involves ROS
generation. In 2016, the group of Ruiz-Azuara and co-workers used transcriptomic

approaches and pathway analysis tools to proof that the analogue, Casiopeina II-
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gly, enhances the metabolism of metal ions and inhibits the migration and

proliferation of HeLa cells. It is currently studied in a phase I trial.80

These Cu complexes encouraged the current investigations in this domain
with the goal to overcome the challenges in the anticancer therapy by the rational

design and development of new Cu ligands.

1.3. Objectives of the study.

One of the main purposes of this thesis is the study of the anticancer
properties of the copper(Il) complexes developed previously in the group8! in order

to better understand and modulate their interactions with biological systems.

The following chapter describes the work done devoted to the achievement

of the following objectives:

1) Study the interactions and intercalation abilities of the complexes C1

and C2 with ct-DNA.

11) Reevaluate the cytotoxic activity of these complexes in human cancer
cells A2780 and MCF-7 and explore their cytotoxicity in normal cells
IMR-90 and HUVEC.

111) Explore the capabilities of these complexes to internalize into these

cancer and normal cell lines.

1v) Evaluate the capabilities of the complexes to induce intracellular

ROS production in these cancer and normal cells.

V) Redesign and synthesize novel ligands and characterize their Cu(II)

complexes.

V1) Evaluate the redox and biological activities of the new Cu(ll)

complexes.
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is to begin to understand.”
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2.1. Background.

he ligands HL.1 and H:L2 (Figure 2.1, A) were previously developed in

the group! and they contain two coordinating units: (i) phenanthroline

(Phen), a bidentate classical metal chelator capable to coordinate Cu
through the nitrogen atoms,? and an attractive scaffold used in anticancer agents
since the discovery of the nuclease activity of Cu(Phen)z by Sigman et al,? and (i1)
histidine (His) an amino acid that plays important roles on Cu coordination on
peptides and metalloproteins providing high thermodynamic stability to the
resulting complexes.+7 HL1 and H:L2 were designed to study the effect that
combining these two units in a single molecule, vs having them as independent
units (i.e. Casiopeinas, see Section 1.2.2.1, Chapter 1), has in the coordination
properties of Cu and how this can affect the cytotoxic properties and biological

activity of the resulting Cu(II) complexes.

Figure 2.1. Structures of ligands HL.1 and Hz2L2 (A) and X-ray structures of the
respective complexes [CulLl ‘H20] (left) and [Cu(NaLZ2) 2H20] (right).
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The ligands HL1 and H2L2 bind Cu(Il) with similar affinity constants at
pH 7.4 (log Kcona = 14.55 and 13.89, respectively) forming a single major species on
a wide range of pH ([CuLi1] = C1 from 3.0 to 9.0 and [CuL2] = C2 from 5.0 to 10.0,
see Annex Figure A.1). The Cu(Il) atom is bound in a similar way in both
complexes, (to the deprotonated amide, the N of the Phen unit and to the imidazole
ring of His) and presents a distorted squared pyramidal geometry with a chloride
1on occupying the axial position (Figure 2.1, B). Cyclic voltammetry indicated that
the complexes C1 and C2 are reducible and that the C2 complex has lower
reduction potential (Epc = —0.452 V vs —0.722 V for C1 and C2, respectively). The
large separation observed between the anodic and the cathodic peaks in both cases
(AEp = AEpa — AEpe = 0.653 V and 0.903 V for C1 and C2, respectively) indicates a
non-reversible Cu(Il) 2 Cu() one electron redox process. Overall, the covalent
attachment of the His to the Phen unit had a double impact: (i) it increased the
Cu(II) binding affinity of HL1 and H2L2 at pH 7.4 in relation to that observed for
related ternary complexes and (i1) it lowered the reduction potential of the C1 and

C2 complexes leading to non-reversible redox process.

The biological studies showed that both Cu(Il) complexes are poorly active
as DNA nucleases, indicating that there is a reduced contribution of hydrolytic
pathways in the DNA cleavage. However, the addition of activators such as H202
or ascorbic acid enhanced their activities revealing the involvement of ROS in the
process. Overall, the C2 complex produces higher DNA cleavage. Consistently, C2
also shows higher cytotoxic activity (Table 2.1). Cytotoxic activity was determined
by a colorimetric method (MTT assay) on the human ovarian cancer (A2780) cell
line, its cisplatin-resistant variant (A2780cisR) and on the human breast cancer
cell line (MCF-7). The HL.1 and H2L2 ligands show no cytotoxicity. A direct and
reliable comparison of the cytotoxic activity of the new complexes with the
congeners of the “Casiopeinas” type is hampered by the fact that the different
compounds have been tested against different cell lines with different responses
to antitumor drugs. Nevertheless, the relative cytotoxicity values of C1 and C2
are in line with the QSAR studies reported for Casiopeinas and related Cu(II)
complexes that pointed out for an increasing of the biological activity for the

weaker oxidants.8
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Table 2.1. Reported ICso values at 72 h treatment of C1, C2 and
of their corresponding ligands obtained for different human tumor

cell lines.
ICs0 (nM)*

Compound A2780 A2780cisR MCF-7
HL1 >200 >200 >200
H:L2 >200 >200 >200

C1 24.24 + 1.85 >200 >200

C2 18.01 £ 1.59 152 + 1.86 88 +£1.55
Cu(NO3)2 42.31 + 1.41 91.47 + 1.77 >200
Cisplatin 0.5+0.1 16.05 £1.12 38 £1.23

*ICs0 values are mean + SD of triplicates obtained after 72 h treatment (MTT
assay).l

This work explores deeper into the potential therapeutic properties of the
C1 and C2 complexes providing insights into their ways of interaction with DNA,
their cellular uptake and their ability to produce ROS inside the cells.

2.1.1. Synthesis of HLL1, H2LL.2 and their Cu(II) complexes.

The synthesis of HL1 and H:2L2 was carried out following the published
protocols! (Scheme 2.1). The common precursor material for both ligands, namely
the 2-carboxy-1,10-phenanthroline (14) was synthesized from the Phen (11) as
reported by Sun et al.® HL1 and H2L.2 were manually assembled on a rink amide
MBHA and a 2-chlorotrityl chloride resins, respectively. The Fmoc-His(Trt)-OH
(15) residue was firstly coupled to the resin (16) using the correspondent standard
Fmoc solid-phase methods1® followed by a Fmoc deprotection step (17) by treating
the resin with 20 % piperidine in dimethylformamide (DMF) solution. The
PhenCOOH was coupled in DMF using PyBOP as coupling agent and DIEA as
base. The ligands were deprotected and cleaved from the resin by a treatment with
a 95:2.5:2.5, TFA/TIS/H20. After filtration the mixtures were evaporated to a

crude oil, from which a precipitate was obtained by addition of cold diethyl ether.
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The ligands were purified as described in the experimental section (Sections 6.3.2
and 6.3.3, Chapter 6). The Cu(Il) complexes were prepared in situ by mixing
equimolar amounts of the corresponding ligands and the Cu salt directly from

their stock solutions and adjusting manually the required pH.

X A X
e N
N/ AcCOOH, H,0, | N L\‘O, KCN, Benzoyl chloride | AN N CN
LN 70-75°C,6h 2N RT,25h N
11 12 13
Reflux, 2 h
NaOH, EtOH, H,O
Fmoc\ o
HN
OH Fmoc
N F 0 0
< o HaN
HN
N 15
Trt N /N
O Couli > </ | 20 % piperidine <N | A
oupling N 16 .y NN e
rt 17 |
—_— Trt N OH
14
PyBOP, DIEA
o]
HL1 - Rink amide MBHA resin, R=" . _I|_ \
N ONH, 1 5 x
| X N NN 0 4
_N HN R 95:2.5:2.5, TFA/TIS/H,O | N s
H,L2 - Chloro-trityl chloride resin, R = )OJ\ N Deprotection and cleavage from the resin
N oH < N
HN

Scheme 2.1. Synthetic pathway to obtain HL1 and Hz2L2.

2.1.2. C1 and C2 DNA interaction studies.

Among the different structures found in cells, DNA is still one of the main
targets for many chemotherapeutic compounds that are currently in clinical trials.
Targeting DNA is a way to modulate transcription (protein synthesis and gene
expression) or to affect replication and therefore cell division.!! UV-VIS
spectroscopy was used to decipher the DNA binding modes of C1 and C2, and their
DNA binding constants. The UV-vis spectra of C1 and C2 complexes were recorded
from 200 - 500 nm (Figure 2.2) at a constant complex concentration of 25 uM,
before (black line) and after each addition of calf Thymus DNA (ct-DNA). For both
complexes, the results show a hypochromic effect upon ct-DNA addition but no

significant bathochromism. These data suggest that C1 and C2 have mild DNA
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binding capabilities, interacting with DNA most likely via groove binding or
electrostatic interactions rather than via intercalation since the change in the
absorbance does not show any shift in the absorption bands.?!2 The slightly higher
hypochromism value observed for C1 (20 %) over the one of C2 (16 %) correlates
with the fact that C1 at pH 7.4 is positively charged favoring it interaction with
the partially negatively charged DNA.

1.4 - C1 1.4 A (o]

1.2 1/°) 1.2 1A
g 14 N\ 0-100 uM c£-DNA o 1 1 0-100 uM ct-DNA

o \

&E’ 0.8 - £ 08 -
2 0.6 - 2 0.6 -
Re) o)
< 0.4 < 04 -

0.2 - 0.2

0 T T —  E— 0 T T — T |
200 250 300 350 400 200 250 300 350 400
A (nm) A (nm)

Figure 2.2. UV-vis spectra of complexes C1 (left) and C2 (right) (25 pM) in Tris-
HCl pH 7.4 (6 mM) and NaCl (50 mM) upon additions of c¢z-DNA (0 - 100 uM). The
arrows point the change in the absorbance of the complex after the addition of ct-
DNA. The black bold line represents the initial absorbance of the complex (no ct-
DNA). Data was corrected considering dilution factors and DNA blanks for each
addition.

The Benesi-Hildebrand equation (Equation 2.1) was used to determine the
binding constant K» from the UV-vis spectroscopic data. In this equation Ao
represents the initial absorbance of the complex, A is the absorbance at each given
DNA concentration and ¢g and en-g are the extinction coefficients of the complex
and complex-DNA system, respectively. The variation of absorbance at 212 nm
(Aol(A — Ap)) was plotted vs the inverse of the ct-DNA concentration (1/[ct-DNA])12
(Figure 2.3):

A & & 1 .
0 — ¢ 4 & . (Equation 2.1)
A—Ay EH-G—€G EH-G—EG Kb[Ct—DNA]
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Figure 2.3. Plot of the change of the absorbance of C1
(blue) and C2 (red) at 212 nm (Ao/(A — Ao)) vs the inverse
of the ct-DNA concentration (1/[ct-DNA]). Solid black lines
are the fit of experimental data to the Benesi-Hildebrand
equation (Equation 2.1).

The Kp values obtained are indicated on Table 2.2. and in both cases are in
the order of 103. This K} values are lower than the values known (around 106-107)

for classical and strong metallo-intercalators (DAPI, HOECHST, GMB, etc.) 13-15
and indicate a mild ct-DNA binding affinity.

Table 2.2. Values of Ky (M-}) and hypochromism obtained from
the interaction between ct-DNA and the complexes C1 and C2.

Compound Kp (M) log Kb % hypochromism*
C1 2.97x 103 3.47 £ 0.08 20 %
C2 1.48x 103 3.17+0.05 16 %

*Hypochromism = ((Ao— Ay) / Ao). Ar = final absorbance. Values are mean + SD of 3
independent experiments.
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2.1.3. Ethidium bromide competition studies.

Fluorescence spectroscopy is commonly used to investigate the interactions
between DNA and small molecules. With fluorescence quenching experiments it is
possible to obtain additional information regarding the localization of the molecule
and their mode of interaction with DNA.!! Fluorescence emission is enough
sensible to the environment and given that the fluorophore transfer from high to
low polarity environments, normally causes shifts from 10 to 20 nm in the

excitation and emission spectra.l6

Ethidium bromide (EBr) is probably one of the most well-known fluorescent
DNA intercalating agents. When it binds to DNA enhances its fluorescence by
around 20-fold in comparison with the free EBr. This change in fluorescence allows
to follow the intercalation of molecules into DNA. A molecule that is able to
displace EBr from the DNA will cause a decrease on the fluorescence intensity at

610 nm (EBr-DNA adduct).1?

The EBr competition studies were carried out with the C1 and C2
complexes verifying that the complexes interact weakly with ct-DNA. The
intensity of the band at 610 nm was not significantly affected by the addition of
the complexes (0 - 160 uM) showing only around 10 % of hypochromism (Figure
2.4).

Cc1 c2
350 - 350 -
300 - §or60umc 300 - § ocopmce
250 - 250 A
>
G 200 - Z 200 A
c 0 \
£ 150 A § 150 - \\
- c
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Figure 2.4. Fluorescence spectra (Aexc = 514 nm and Aem = 610 nm) of
EBr:ct-DNA (12.5 uM:2.5uM) in Tris-HCI pH 7.4 (56 mM) and NaCl (50
mM) upon additions of complexes C1 (left) and C2 (right) (0 - 160 uM).
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The Stern-Volmer equation (Equation 2.2) was used to calculate the Stern-
Volmer constant (Ksv),'2 where I, and I represent the emission intensities of the
EBr-DNA complex before and after each C1 and C2 complex addition, respectively.
The plot shows the intensities ratio (I,/1) vs the complex concentration ([Complex])

(Figure 2.5):

17" = K,[Complex] + 1 Equation (2.2)

1.14+
1.124

=
-
N

1.08+
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1.04 e

1.02
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[Complex] (uM)

Figure 2.5. Plot of the I,/I ratio vs the
concentration of C1 (blue) or C2 (red) added.
The Ksv is calculated from the slope of the
linear fitting using the Stern-Volmer model
(Equation 2.2).

Table 2.3. Values of Ksv (M-1) and hypochromism obtained
from the EBr competition studies for the complexes C1 and C2.

Compound Ksv (M) % hypochromism*

C1 8 x 102 11

C2 6 x 102 10

*Hypochromism = ((Io— Iy)/Io). Ir = final fluorescence
intensity. Values are mean of two experiments.
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The values of Ksv obtained for the complexes C1 and C2 (Table 2.1) are
around 102 and are in line with those obtained by UV-vis spectroscopy (Table 2.2)
suggesting that C1 and C2 have poor DNA intercalation abilities and that interact
weakly with DNA most likely through electrostatic interactions.

2.1.4. Evaluation of the biological activity of C1 and C2 inside human cells.

The biological assays were carried out with the cancer cell lines: human
ovarian cancer cells (A2780), and human breast cancer cells (MCF-7).
Furthermore, 2 normal cell lines were also used in order to compare the biological
activities between normal and cancer cells and thus explore the selective
cytotoxicity of the copper complexes. The normal cell lines used were human

umbilical vein endothelial cells (HUVEC) and human lung fibroblast (IMR-90).

2.1.4.1. Cytotoxic activities of C1 and C2.

The antiproliferative activities of the complexes C1 and C2 and of their
corresponding free ligands were previously evaluated in A2780, its cisplatin
resistant variant A2780cisR and MCF-7 human cancer cell lines (Table 2.1).1
However, at that point, their antiproliferative activities were not evaluated in
normal cells. This is indeed an important point in terms of selective chemotherapy
since poor activity in normal cells might provide less side-effects, and therefore

could represent an in vivo advantage.

In order to obtain comparable data, the ICso values of C1, C2 and their
correspondent ligands were reevaluated in parallel in the two human cancer cell
lines and two non-cancerous (normal) human cell lines. Additionally, H2O2 and
CuCl: were also assayed since they are used as a positive control and reference,
respectively, in further experiments (see Section 2.1.4.2 and 2.1.4.3). The same

colorimetric test, i.e. MTT assay, was used to determine the cell viability.
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Dose-response curves after 72 h exposure of different concentrations of C1,
C2, HL1, H:L2, H202 and CuCl;: (0 - 200 uM) were obtained (Figure 2.6). After

their correspondent fittings the 1Cso values were calculated and are presented in

Table 2.4.
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Figure 2.6. Dose-response cell viability assays on two human cancer cell lines
(A2780 and MCF-7) and two normal human cell lines (IMR-90 and HUVEC) after
72 h treatment with C1, C2, HL1, H:L2, CuCls and H:O2 at different
concentrations. The dashed red line indicates the 50 percent of viability.

For some cases, cytotoxicity (Table 2.4) was not detected (N.D.) under the
used experimental conditions. This implies that in comparison with the control
cells, the cell viability was not disturbed after 72 h treatment with the maximum
concentration tested (200 uM). For other cases, where there is a cytotoxic effect,
but the compound was not effective enough to inhibit the cell viability by half, the
ICs0 values are considered over 200 uM (Table 2.4).
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Table 2.4. ICso values (uM) after 72h treatment obtained for C1, C2, HL1, H2L2,
CuClz and H202 in the human cell lines A2780, MCF-7, IMR-90 and HUVEC.

ICs0 values (uM)

C1 C2 HL1 H:L2 CuCl: H:0:
A2780  29.68+2.15 30.43+1.48 N.D. N.D. 12.27+0.51 127.6+14.8
MCF-7  >200(17)  >200 (16) N.D. N.D. >200 (23)  >200 (34.0)
IMR-90  >200 (37)  >200 (49) N.D. N.D. >200 (48)  10.66 + 1.46

HUVEC  >200 (43) >200 (33)  >200(36)  >200 (20) 126.8+33.8  >200 (48)

N.D. = Not detected. Values are mean + SD of 3 experiments.
* Values between parenthesis refer to % inhibition at 200 pM.

The data obtained indicate that the ligands HL1 and H2L2 have small or
no cytotoxic effect over the cells tested, maintaining in most of the cases 100 % of
cell viability. Only a decrease of 36 % for HLL1 and 20 % for H2LL2 was observed for
HUVEC cells. These results are in line with the previous results reported (Table
2.1).1

The ICso values obtained for the complexes C1 and C2 in A2780 are
comparable to the ones reported previously by Leite et al. (Table 2.1) specially for
C1 (29.68 vs 24.24 uM). For C2 the values differ more (30.43 vs 18.01 uM). In MCF-
7 cells both complexes show very small inhibition activity (17 % for C1 and 16 %
for C2, Table 2.1). These results mismatch the results obtained by Leite et al.
where an ICso of 88 uM was observed for C2 (Table 2.1).

For the case of the non-cancerous cell line IMR-90, C1 and C2 showed a
maximum inhibition of 37 and 49 % respectively, at the maximum concentration
tested (200 uM, Figure 2.6). A similar value is obtained for CuClz (48 %). In
contrast, for the case of H202 the calculated ICso value is 10.66 uM (Table 2.4).
On HUVEC cells, C1 and C2 show a maximum inhibition of viability of 43 and 32
% respectively, while HoO2 produced 48 % at 200 uM. The ICso value calculated for
CuClz 1s 126.8 uM.
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Despite the mismatching results obtained with MCF-7, the less sensitive
cell line, the complexes C1 and C2 show a moderate cytotoxic effect over A2780 as
previously reported,! while over the two non-cancerous cells assayed, this effect
was milder. These results can be interesting in terms of selective cytotoxicity

through a deeper study using more cancer and normal cells will be needed.

2.1.4.2. Cellular uptake of the complexes C1 and C2.

The biological activity of metal complexes is strongly influenced by their
cellular internalization across the cell membrane. To be active, these compounds
must reach the desired location inside the cell. The transportation processes of
molecules through the cell membrane involve many different mechanisms,
including passive diffusion and entry through organic and metal transporters, and
they directly affect the rate of uptake and cellular distribution. Different methods
have been used to study cellular uptake (Table 2.5),18 and considering the
intrinsic properties of the complexes C1 and C2, inductively coupled plasma mass
spectrometry (ICP-MS) was chosen to evaluate their uptake in A2780, MCF-7,
IMR-90 and HUVEC.

Table 2.5. Comparison of methods for the study cellular accumulation.18

Method Advantages Disadvantages
Applicable to non-luminescent Low throughput
ICP-MS complexes Cannot distinguish
Quantitative (mean metal content surface-bound vs
per mg of protein) internalized
Sample is degraded
High throughput Limited to luminescent
Flow Semi-quantitative complexes
cytometry Provides population distribution Cannot distinguish
of luminescence intensity surface-bound vs

Can distinguish live vs dead cells  internalized

Confocal Provides subcellular localization Limited to luminescent
microscopy Real-time monitoring in situ complexes
Can distinguish live vs dead cells  Low throughput
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Cells were incubated at 37 °C with 200 pM solutions of C1 and C2. In
addition, non-treated cells (control cells) and cells treated with a 200 uM CuClz
solution were also incubated as references. After 4 h treatment, the solutions were
removed and the cells were collected and digested with HNO3s, as described in
experimental section (Section 6.7.2), prior to Cu quantification through ICP-MS.
The treatment time was chosen (4 h) to avoid cell death and consequently release

of the intracellular medium affecting the reliability of the ICP-MS data.

The data obtained after the Cu quantification are presented in Table 2.6.
The results reveal that in the three cases (C1, C2 and CuClg), the cancer cells
(A2780 and MCF-7) exhibit lower Cu uptake compared to the normal cells (IMR-
90 and HUVEC). Moreover, all the cell lines treated with C1 show higher Cu
uptake in comparison with those treated with C2 (see Figure A.2).

Table 2.6. ICP-MS quantification of the Cu uptake in four
different cell lines after 4 h treatment.

Intracellular Cu (ugcu/mgprotein)®

Cell line C1 C2 CuCl:
A2780 8.24 + 0.31 4.02+0.11 35.97+ 0.84
MCF-7 2.89+0.44 1.54 £ 0.03 16.52 + 0.93
IMR-90 55.83 £ 6.41 30.39+ 1.1 238.98 + 4.72
HUVEC 100.53 £ 3.24 55.46 £ 0.74 420.54 + 14.74

*The experimental values are mean = SD of 3 experiments.

For every cell line, there is a noticeable difference between the Cu uptake
in the cells treated with the complexes C1 and C2, and those treated with CuCls.
This indicates that most likely, the complexes are not destroyed during the

incubation time and that they are internalized as a whole unit.
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On A2780 cells the internalization values of C1 and C2 are 8.24 and 4.02
ugcuw/mgprotein, Which means that C2 internalizes 52 % less than C1. However, the
ICs0 values for C1 and C2 are very similar. This reveals that C2 may have more

cytotoxic activity than C1 but less internalization abilities.

The internalization values observed for MCF-7 cells were the lowest among
the cell lines tested (Table 2.6). For instance, the complexes C1 and C2 internalize
65 and 61 % less respectively, in MCF-7 than in A2780 cells. The low
internalization values obtained for MCF-7 cells may explain their low sensitive to

all the compounds tested (Figure 2.6 and Table 2.6).

The non-cancerous cells exhibited significantly higher Cu uptake values
compared to the cancer cell lines, being HUVEC the ones with the higher uptake
(100.53, 55.46 and 420.54 pgcu/mgprotein for C1, C2 and CuClz respectively) (Table
2.6). These results together with the cytotoxic studies (Table 2.4, Figure 2.6)
indicate that C1 and C2 are less toxic for HUVEC and IMR-90 cells than for A2780

because they inhibit less cell viability in spite of a higher internalization.

It was not possible to compare these values with other values reported in
literature because of the differences in the conditions assayed, such as
concentrations, times or cells. Overall, these data highlight the importance of
carrying out Cu uptake studies when analyzing the cytotoxic effects of metal

complexes.

2.1.4.3. Measurement of intracellular ROS by HL.1, H2L.2, C1 and C2.

It was previously established (Section 2.1.2) that complexes C1 and C2
interact weakly with DNA, and they might not affect replication or induce cell-
death by binding to DNA and changing its structure. Therefore, their cytotoxic
activity should be induced by another mechanism of action. One of the main
pathways involved in the cytotoxic activity of Cu-based anticancer molecules is to
induce apoptosis/necrosis in cells via generation of intracellular ROS.19.20 It has
been reported that, overall, cancer cells present higher inner concentration levels

of ROS compared to normal cells.2! This is a consequence of their higher
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metabolism rate and their genetic associated alterations. Considering this fact
(higher basal ROS levels), cancer cells show higher vulnerability to ROS level
changes than normal cells do, and this difference can be advantageous and

represents a unique opportunity to selectively target cancer cells (Figure 2.7).22

Breaking point ---

I Basal intracelular ROS

B Induced intracelular ROS

Concentration of ROS

Normal cells Cancer cells

Figure 2.7. [llustration of the selective strategy by induction of intracellular ROS
taking advantage of the different basal levels of oxidant stress between normal
and malignant cancer cells.

Considering that the DNA cleaving studies carried out with the complexes
C1 and C2 (Section 2.1) indicate an oxidative dependent mechanism of action, and
that their calculated apparent half-wave potentials (E1/2 = (Epc - Epa)/2) for the
Cu(I)/Cu() redox pair -0.1255 and -0.2705 vs Ag/AgCl for C1 and C2,
respectively) are inside the window of biological redox chemistry (Figure 2.8),
these complexes could most likely perform redox chemistry inside cells.23 In this

context, it was considered important to confirm the formation of intracellular ROS.
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Figure 2.8. Calculated E:/2 values for C1 and C2 placed in the window of
biological redox window.23

An evaluation of the amount of the ROS produced inside the A2780, MCF-
7, IMR-90 and HUVEC cell lines after treatment with the complexes C1 and C2
was carried out using 2',7'-dichlorofluorescin diacetate (DCFDA), a permeable
non-fluorescent dye that after being oxidized by ROS generates dichlorofluorescin
(DCF), a non-permeable and fluorescent dye (Scheme 2.2). The experiments were
also done with the respective ligands, HL1 and H:L2, and the two positive
controls, CuClz and H202. The experiments tested concentrations from 0.3 to 200

uM, and fluorescence was recorded at initial time after 4, (see Annex, Figure A.3

and A.4) and 72 h of treatment (Figure 2.9).
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Scheme 2.2. Generation of the DCF by intracellular ROS.

The results obtained after 72 h treatment are presented herein (Figure 2.9)
and reveal that, in general, HL1 and Hz2L2 ligands are not producing intracellular
ROS, this is in line with the fact that they are not redox active as previously
reported.! Moreover, the ligands are not producing any cytotoxic effect on cells
(Section 2.1.4.1). The controls H202 and CuCly produce higher amounts of
intracellular ROS compared to the control cells for the A2780 and IMR-90 cell
lines. Different situation is observed for MCF-7 cells, where the production of ROS
by these agents was not significative in comparison with the control cells. For the
case of HUVEC cells CuClz was able to produce intracellular ROS, while for H202
almost no effect was observed. (Figure 2.9). Overall, these data correlate with the

ICs0 data (Table 2.4).

The complexes C1 and C2 generate intracellular ROS in A2780 cells but not
inside MCF-7 cells, in agreement with the cytotoxic data reported in Table 2.4.
The ROS production in A2780 correlates with the cytotoxic activities of the
complexes C1 and C2, (IC50 = 29.68 and 30.43 uM, respectively).
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Figure 2.9. Intracellular induced ROS production assayed with DCFDA in A2780, MCF-7, IMR-90 and HUVEC cell lines after
72 h incubation with the HL1, HzL2, C1, C2, and the controls H2O2 and CuCl: at different concentrations. Values (expressed
in relative fluorescent units, RFU) are mean of 3 experiments.
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The complexes C1 and C2 also generate ROS inside the IMR-90 cell line.
The amount is lower than that produced by H202 at high concentrations and
slightly lower than that produce by CuCls in all the concentration range tested.
This trend correlates with the cytotoxic data. In HUVEC, only C1 produces

significant intracellular ROS.

In summary, these results indicate that Cl1 and C2 complexes have a
similar behavior. They can internalize into cancer and normal human cells (4 h)
showing a higher uptake in the last cells (Table 2.6). Interestingly, their
cytotoxicity in A2780 cells is higher than in normal cells (IMR-90 and HUVEC)
indicating that indeed C1 and C2 are more toxic in these cancer cells than in

normal ones.

The cytotoxic effect of C1 and C2 in A2780 cells 1s consistent with their
abilities to generate intracellular ROS. The ICs0 values for C1 and C2 in A2780
are respectively 29.68 and 30.43 uM and Figure 2.10 summarizes the
intracellular ROS production induced by the complexes at 25 mM (the closest
assayed concentration to their ICsp). At 4 h, both C1 and C2 complexes can
generate ca. twice the amount of ROS observed on control A2780 cells and similar
amounts than the ones produced by the positive control HoO2 and CuCls. It should
be noticed that the internalization values of C1 and C2 are largely lower than the
internalization of CuCls. After 72 h of treatment, i.e. the same time of the cytotoxic
assays, the intracellular ROS almost reached 4-fold in respect to the control cells.

Under these conditions, C1 and C2 can produce a similar amount of ROS than

CuClg

C2 is better to generate ROS in A2780 considering the low uptake of C2
regarding C1 in these cells (8.24 vs 4.02 ngcuw/mgprotein, respectively for C1 and C2)
and the cytotoxicity values (Table 2.4).

On the contrary, on MCF-7 cells, no induction of ROS by the complexes is
observed. This fact agrees with the cytotoxic experiments and with the low uptake

of C1 and C2 by these cancer cells.
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Figure 2.10. Intracellular induced ROS production assayed with DCFDA in
A2780 cells after 4 and 72 h incubation with the C1, C2, HL1, H:L2 and the
positive controls H202 and CuClz at 25 uM. Values are mean of 3 experiments.
Control cells = untreated cells.

All these results highlight that production of intracellular ROS and copper
uptake are crucial aspects to consider in the final cytotoxicity of C1 and C2
complexes. Therefore, improving both or any of these aspects should enhance the
final biological activity. The promising data obtained in A2780 cells where the
cytotoxic effect of C1 and C2 is consistent with their abilities to generate
intracellular ROS encouraged the modification of the ligands HL1 and H2L2 in
order to provide enhanced cytotoxic activities to the resulting complexes, 1i.e.

1mprove their Cu(II)/Cu(I) redox cycling process.

2.2. Synthesis and characterization of the ligand L3.

The structure of the ligands HL.1 and Hz2L2 allows the formation of stable
Cu(Il) complexes, C1 and C2, that have low redox potentials and present a
nonreversible Cu(Il) 2 Cu(l) one electron redox process (Section 2.1). This impacts

their ability to produce ROS and therefore their cytotoxic activity. As a proof of
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concept, the ligand HL1 was modified in order to enhance the redox activity of the
corresponding Cu(Il) complex. For that aim, the amide nitrogen was methylated

to block the formation of the amidate and weaken the Cu(Il)-nitrogen amide bond.

The new ligand L3 was prepared manually by standard solid phase peptide
synthesis starting from the commercially available Fmoc-N-Me-His(Trt)-OH and
using the rink amide resin. A similar method to the one used for the synthesis of

1ts analog HL.1 was employed (Scheme 2.3).
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Scheme 2.3. Synthetic route of L3.

After the removal of the Fmoc protecting group of the rink amide MBHA
resin with 20 % of piperidine, the Fmoc protected N-methylated His (21) was
attached to the resin in NMP using HBTU as activator and DIEA as base. The
Fmoc group was subsequently removed using 20% piperidine and the Phen unit
(14) was coupled in NMP, using this time PyBOP as coupling agent. Simultaneous
deprotection and cleavage from the resin were done by treating the resin with a
solution containing TFA/TIS/ H20 95:2.5:2.5 (v/v/v) for 2 h. The resin was removed
by filtration, the solution was concentrated using a steam of N2 and the crude
ligand was precipitated by addition of cold diethyl ether. The crude ligand was
purified by preparative reversed-phase HPLC and the purity was verified by
analytical reversed-phase HPLC (greater than 97 %). L3 was characterized by
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ESI-MS: m/z calc. for [LL3 + H]* = 375.16, found 375.1 £+ 0.5. Interestingly, the 1H
and 13C NMR spectra (see Figure A.9 and Figure A.10 in Annex) showed two set
of chemical shifts for each expected signal with a 2:1 ratio (Figure 2.11).

Figure 2.11. 1H NMR (600 MHz, D20) spectrum
(expansion). Arrows indicate the duplicated
signals for Hz (red) Has (yellow) Hg (purple) and
H4 (green) (see Figure 2.12 for numbering).

The presence of two times the number of signals expected in the 'H and 13C
NMR spectra, but only one molecular weight according to ESI-MS and one single
peak on analytical HPLC, suggested racemization or different conformers in
solution. In order to gain insights into this fact, the ligand was analyzed in
different chiral columns (i.e. Chiralpak IA, IB, IC, ID, IE, IF, IG, AD-H, AZ-H,
Lux-Amylose-2, Lux-Cellulose-3, Lux-Cellulose-4 and Chiralcel OD-3) in the
platform of chiral chromatography at Aix-Marseille University (https://ism2.univ-
amu.fr/fr/plateforme-chromato-chirale) and in every case, a single peak was
observed. These results excluded the possible racemization of the ligand during its

synthesis.

Two-dimensional Nuclear Overhouser Effect NMR spectroscopy (2D
NOESY) was then carried out in order to study the intramolecular through-space

interactions of the 'H nuclei in L3 (Figure A.11 in Annex). The NOESY data
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indicate that the two sets of observed signals correspond to the same compound

L3 in two different conformations (Figure 2.12, A).
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Figure 2.12. L3 two major conformers in solution (A). 2D NOESY (partial) spectra
recorded in D20 at 600 MHz (B): Scalar coupled partners are shown in red while
NOE cross peaks are shown in blue.

The structures for the conformers A and B (Figure 2.12, A) are proposed
based on the different intramolecular through-space interactions (NOE cross
peaks) seen between the 'H of the conformer A and the 'H of the conformer B;

remarkably for the Hi7 (methyl group) showing cross peaks with Hig, H21 and Has
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for the conformer A, and cross peaks with His, H21, Hes and Hio for the conformer
B. Additionally, it is possible to observe another small 1H signals with weak cross
peaks reflecting that there is at least another conformation of the L3 ligand (~
1/8). However, the intensity of these signals and of the correlations was too small

to be analyzed.

Further NMR analysis were performed to check if temperature and solvents
could affect the ratio of the conformers. A temperature dependent 'H NMR
experiment between 300 and 350 K was carried out. In addition, experiments
replacing D20 with MeOD-d4 and acetone-d6 were recorded. However, the
differences observed respect to the initial ratio (2:1) between the two species were

not significant in any case.

2.3. Study of the Cu coordination properties of L3.

The coordination of L3 with Cu was studied under different conditions and
using different spectroscopic techniques. Several issues were encountered during

these studies and they are described on the following sections.

2.3.1. Cu(Il) coordination of L3 in water.

The UV-Vis spectra of a solution containing equimolar amounts of LL3 and
CuCl: (0.5 mM) were recorded at different pH values to investigate the
coordination of Cu(Il) to L3 upon pH change. The pH value was increased by
adding varying volumes of 0.5 M NaOH solution. UV-vis spectra were collected
between pH 4.0 and 10.0 and showed a strong increasing absorption band at 470
nm. The band at 470 nm was intense enough to saturate the signal. The
experiment was repeated at 0.1 mM concentration (Figure 2.13) and the same
behavior was observed. Replacing the Cu(Il) source for Cu(NOs)2 did not change
anything. In all cases, the colorless solution turned yellowish between pH 4.0 and
6.0, subsequently it became yellow at pH 7.0 and finally turned red as the pH was
increased. An absorption d-d band at 650 nm is observed indicating the formation
of a Cu(Il) specie, however this band is rapidly overlapped by the intense
absorption band appearing at 470 nm. Re-adjusting the pH to 3.0 did not produce
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any effect, 1.e. the solution remained red and the band at 470 nm did not disappear.

These results point most likely to an irreversible process that could or not affect

the ligand.
0.6 - —pH 4.0
8 pH 6.0
.cgu 0.4 - —pH7.0
2 03 - —pH 8.0
0

< 0.2 | —pH 9.0
—pH 10.0
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0 = T x [ ==
350 450 550 650 750
A (nm)

Figure 2.13. UV-vis spectra of a solution containing
equimolar amounts of L3 and CuClz (0.1 mM) at
different pH values.

In another experiment, the solution containing the equimolar amount (0.5
mM) of L3 and CuCly at pH 7.0 was monitored over time. It was observed an
increase in the absorbance of the band at 470 nm indicating that this increase is

independent of the pH changes (Figure 2.14).

1 _
o 0.75 -+ — T,
O
[ .
© 1 min
2
s 0.5 1 — 2 min
(%]
o)
<
0.25 A
O T T T T
350 450 550 650 750

A (nm)

Figure 2.14. Evolution overtime of the UV-vis spectra

of a solution containing equimolar amounts of L3 and
CuClsz (0.5 mM) at pH 7.0.
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In order to discard the possibility that the effect was due to a change in the
ligand upon increasing pH, a UV-vis pH titration was done only with the ligand.
The formation of the band at 470 nm was not observed (Figure 2.15) and the

solution remained colorless.

—pH 3.65
—pH 4.0
pH 5.0
pH 6.0
pH 7.0
—pH 8.0
—pH 9.0
—pH 10.0
O I | 1 1 | |
200 300 400 500 600 700 800
A (nm)

Absorbance

Figure 2.15. UV-vis pH titration spectra recorded at 298 K
of a solution containing L3 (0.1 mM).

The data obtained so far indicate that the process is induced by the presence
of Cu(IT) at pH > 4.0. Additionally, further experiments were done under anaerobic
conditions, but no significant effect in the generation of the band at 470 nm was

observed, suggesting that the reaction involved does not need Oz to occur.

To obtain more information about the system Cu(Il)-L3, electron
paramagnetic resonance (EPR) spectra of a solution containing 1 mM of L3 and 1
equiv. of CuClz were recorded at different times after adjusting the pH to 7.0. For
that, aliquots of 0.2 mL were collected at the initial time (to), after 40 mins, and

after the stabilization of the UV-vis band at 470 nm (5 h) (Figure 2.16).
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Figure 2.16. The X-band EPR spectra of the frozen
solution at 120 K containing L3 (1 mM) and 1
equivalent of CuClzin H20 at pH 7.0 recorded at the
initial time (blue), after 40 minutes (red) and after
5 h (green). The solution contained 10% glycerol.

The obtained spectra are large and un-resolved. This indicates a mixture of
species with different environments and/or copper centers that are close to each
other (i.e. polymeric or weakly coupled species where the spin-spin dipolar
Iinteraction may lead to enlargement). Only from the EPR spectrum recorded at
the initial time (Figure 2.16, blue curve) it was possible to estimate some
parameters of the main species: gn = 2.23, gperp > 2, Ay =140 x 104 cm-! and gi/An
= 140 x 10 cm.! It has to be noticed that these values were not extracted from
simulation, they were estimated directly from the spectrum reading due to the fact
that the EPR spectra were un-resolved. These parameters suggest that the Cu
atom 1s in distorted square-planar or square pyramidal geometry with possible
equatorial ligands containing 2 N and 2 O donors. Although the EPR spectra do
not allow any further interpretation, the data support the presence of different Cu
containing species and correlates with the UV-vis data where an absorbance band

1s observed at 650 nm.
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2.3.2. Cu(Il) coordination properties of L3 in methanol.

The coordination of Cu to L3 was studied in anhydrous MeOH to check if
H20 could play a role in the behavior observed. For that, the UV-vis spectra of 0.5
mM L3 in MeOH were recorded overtime (Figure 2.17), A) after the addition of 1
equiv. of anhydrous Cu acetate (anhydrous Cu(OAc), in MeOH). After 40 h, no more
changes were observed. The addition of Cu to L3 produced the same effect than
the one observed in H20, i.e. the appearance of an absorption band at 470 nm. The

band increased slower in comparison with the experiments done in H20.

A)
1.4 - '
—L30.5mM
1.2 - L3 + Cu(OAc), - t,
—After 10 min
o 14
g — After 30 min
_reu 0.8 —After 90 min
3 After 18 h
2 06 7 After 40 h
0.4 -
0.2 -
O T T T —-_\__:—\-:ﬁ
250 350 450 550 650 750
A (nm)
B) C)

1 1 1 1 1
L L 1 L 1 L
260 280 300 320 340 360 260 280 300 320 340 360 |
Magnetic Field (mT) Magnetic Field (mT)

Figure 2.17. (A) UV-vis spectra of 0.5 mM L3 with 1 equiv. of Cu(OAc)z21n
MeOH recorded at different times. (B) EPR spectra of a frozen solution at
120 K containing 0.5 mM L3 with 1 equiv. of Cu(OAc)2 in MeOH after 90
mins and (C) after stabilization of the UV-vis signal (40 h). Red dashed
curves represent the simulated spectra of the major species, while * points
the signals for the minor Cu(Il) species.
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EPR spectroscopy was also carried out. Aliquots for EPR analysis were
sampled 90 min after the addition of Cu(OAc), and after the stabilization of the
UV-vis spectra (40 h). Both EPR spectra showed at least two different species in
solution, (Figure 2.17, B and C). The parameters are indicative of an electron in
dx2-y2 orbital and thus of Cu ions in distorted geometries from ideal square-planar

or square pyramidal (g//Ay > 130 x 104 cm)?4 (Table 2.7).

Table 2.7. EPR parameters obtained for solutions of L3 (0.5
mM) and 1 equiv. of Cu(OAc), in MeOH at 90 minutes and 40 h.

8 Al Sperp g/ An Ligands?5
Sample (104 cm) (x 104 cm?)
90 min 2.223 139 * 161 N3O or N4
40 h 2.246 157 * 143 N3O0 or N202

*Not determined

These data are in agreement with the data obtained in aqueous media and

highlight the presence of different Cu species in solution.

2.3.3. Cu(I) coordination properties of L3 in water.

To obtain more insights about the effect observed when adding Cu(II) to the
L3, the coordination experiment was repeated using Cu(I) and anaerobic
conditions. Namely, the UV-Vis spectra of a solution containing L3 (30 uM) in 50
mM HEPES buffer pH 7.0 were recorded before and after the addition of 1 equiv.
of tetrakis(acetonitrile)copper(l) (Figure 2.18, A). The addition of Cu(I) produced
a shift on the UV-Vis absorption band of L3 at 270 nm suggesting the coordination
of Cu(I). No changes on the spectra were observed for 4 h. Interestingly, these
spectra did not show the band at 470 nm that appeared in presence of Cu(Il). After
4 h air was added into the system and the solution was monitored by UV-vis for 4

additional hours. The band at 470 nm appeared over time after air exposure

(Figure 2.18, B).
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This is consistent with the oxidation of Cu(I) into Cu(II) and therefore the
generation of the non-stable Cu(II)-L3 system. The intensity of the UV-vis
absorption band at 277 nm decreased as the new band at 470 nm appeared
(Figure 2.18, B). The fact that the absorption band of the free L3 ligand is not

recovered suggests a chemical change in L3 in the presence of Cu(Il).

A) B)
1 - 1
L3 L3 + Cu(l) (4 h)
v 08 - 13 +Cu(l) (4 h) S 08 - |"g" —13 + Cu(l) + Air 45 min
% 0.6 - _‘8" 06 | ‘ —L3+Cu(l) + Air4 h
2 o
o 2 04
'8 04 | < ' 470 nm
<02 - 0.2 - 1
0 T T [ I | | 0 T T I | |
200 250 300 350 400 450 500 200 300 400 500 600 700
A (nm) A (nm)

Figure 2.18. UV-vis spectra of L3 (30 uM) in 50 mM HEPES buffer pH 7.0: A)
before and 4 h after the addition of 1 equiv. of Cu(I) under anaerobic conditions;
B) after the addition of air at different times.

2.4. L3+ Cu(I) — ?: ESI-MS and MS/MS analysis.

In order to obtain more insights about the process occurring after the
interaction of L3 with Cu(Il), mass spectra analyses were carried out at different

values of pH and different times.

Three solutions containing 1 mM of L8 and 1 equiv. of CuClz were prepared
at different pH values (3.0, 7.0 and 10.0) and analyzed at different times (see
Annex Scheme A.1 and A.2). The different species found at the initial time (to)
are shown in the Table 2.8. At pH 3.0, 5 major species were detected: the species
(1a) corresponding to the Cu(Il) complex of the ligand L3 and with the higher
signal intensity, the species (2a) found with a smaller signal intensity and
corresponding to the Cu(I) complex of L3, the species (3a) and (4a) corresponding
to the specie (1a) with a molecule of trifluoroacetic acid (TFA) and chloride,

respectively, and finally, the species (5a), that corresponds to the free ligand L3.
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Table 2.8. Species and structures proposed for the m /z found by ESI-MS analysis
after the addition (initial time) of 1 equiv. of CuCls to L3 at 298 K, and pH 3.0, pH
7.0 and 10.0.

to
pH  Species m/z m/z cale. Condensed formula Proposed %%*
structure
la 218.5417 437.0776 [C20H18CuNeO2]2* = 100.0
3.0 X N/ oo
| N ,'I —N
~cu? NH;
N
J)*
2a 437.0835 437.0782 [C20H18CuNeO2]* A 34.0
Y Y9
_N C/lu\-"/N NH,
N
H<; |
3a 550.0679 549.9739  [C22H1sCuF3sNeO4]* N o 25.0
XONT o
on Gr AN TNH,
Fsccoo” N
<’N|
H
4a 472.0576 472.0476  [C20H18C1CuNeO2]* A 16.0
VY8
~ N\:Cr,u\2+/N NH2
Cl <;N
HN’
ba 375.1613 375.1491 [C20H18N6O2]* N 6.0.
P
| N (0]
N+
§
7.0, 6a 436.0782 436.0698 [C20H17CuNeO2]* 100.0
10.0
[1a - H]
la 218.5417 437.0776 [C20H18CuNeO22]* A 3.0
7 oO
| [
N G2t N NH,
N
{
5a 375.1613 375.1491 [C20H18N6O2]* N 6.0
NP o
< |

*Percentage of the signal intensity.
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At pH 7.0 and pH 10.0, only 3 main species were found: the one with the

highest intensity corresponds to the species (1a) minus a H* (species (6a)), and the

other two species that are present with very small intensities are the species (1a)

and (5a). Since the spectra of the solution at pH 7.0 and the one at pH 10.0

contained the same species with similar intensities, it was decided to work further

only with the solution at pH 3.0 and 7.0. All the solutions were again analyzed

after 18 h at room temperature in order to check the evolution of the species

overtime. The results are compiled in Table 2.9. At pH 3.0 the species and

proportions found indicated small changes compared to the initial time, i.e., the

species (4a) was detected with a higher signal intensity.

Table 2.9. Species and structures proposed for the m /z found by ESI-MS analysis
after 18 h of the addition of 1 equiv. of CuClz to L3 at 298 K and pH 3.0.

t=18h

Species

m/z

m/z calc.

Condensed formula

Proposed %*
structure

la

218.5417

437.0776

[C20H18CuNgO2]2*

4a

472.0576

472.0476

[C20H18C1CuNsO2]*

50.0

2a

437.0835

437.0782

[C20H18CuNgO2]*

30.0

3a

550.0688

549.9739

[C22H18CuF3N6O4]*

N oo 16.0

Sa

375.1613

375.1491

[C20H18N6O2]*

D 4.0

*Percentage of the signal intensity.
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On the contrary, at pH 7.0, a mixture of several peaks (containing or not
Cu(Il) and Cu(I)) was found, unfortunately its complexity represented a limitation
to elucidate the structures. These results are in line with the previous EPR
experiments (Figure 2.16) where several Cu(Il) species were observed in solution

at pH 7.0.

In order to obtain more information of the species present in solution after
18 hours of the addition of Cu(Il) at pH 7.0 and to know if it was possible to recover
the intact ligand after 18 hours of the addition of Cu(Il) at pH 3.0, EDTA was
added to the solutions prior to the ESI-MS analysis. The results are shown in
Table 2.10. The ligand L3 (species (5a)) was recovered intact from the solution at
pH 3.0 indicating that L3 was stable under these conditions even after 18 h. On
the other hand, for the sample at pH 7.0 many peaks were detected corresponding
to different organic compounds and pointing to the degradation of the ligand L3
in the presence of Cu(Il). The fact that different Phen derivatives were observed
(Table 2.10, species (species (7a) — (14a)), suggests that there is more than one
pathway of degradation of the ligand.

Additionally, to verify that the compound observed in solution by ESI-MS
at pH 3.0 after 18 h and after the addition of EDTA corresponds to the unmodified
ligand L3, MS/MS experiments were performed on both: on the pure ligand L3
and the compound recovered after the addition of EDTA.

The MS/MS spectra (Figure 2.19) show the same fragmentation pattern for
both samples. These results demonstrate that the ligand L3 is not modified by
Cu(I) at pH 3.0. This fact was also confirmed by analytical reversed-phase HPLC
analyzing the same solution used in ESI-MS analysis and comparing it with a

solution containing pure L3 (see Figure A.14).
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Table 2.10. Species and structures proposed for the m/z peaks found by ESI-MS
analysis after adding 3 equiv. of EDTA to the solutions incubated for 18 h after
the addition of 1 equiv. of CuCl: to L3 at 298 K and at pH 3.0 and 7.0.

pH Species m/z m/z calc. Condensed Proposed %%*
formula structure
3.0 5a 375.1599 375.1491 [C20H18N6O2]* m 100.0
P (0]
| N (6]
N+
<
HN
7.0 7a 246.0636 246.0637 [C1sHoN3sONa]* ™ Na+ 100.0
N N NP
| _N NH,
8a 262.0377 262.0377 [C13HoN3OK]* N ke 48.0
N NP
| N NH,
9a 285.0035 285.0037 [C1sH7N202NaK]* N K+ 28.0
N O NP
| _N ONa
10a 269.0297  269.0297 [C13H7N202Na2]* A Na(; 22.0
B N~
| _N ONa
11a 169.1083 169.1084 [C7H12N4OH]* s Q 10.0
- NH,
(NJJ/‘LH+
HN
12a  124.0870 124.0869 [CeH10N3]* R 5.0
N
<
HN
13a  237.1136 237.1135 [C14H1sN4]* N 3.0
O N/ @ NH,
n _NH
14a 224.0819 224.0818 [C1sHoNsOH]* N He 1.5
N W NP
| N NH,

*Percentage of the signal intensity.
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Figure 2.19. ESI/MS/MS fragmentation pattern of L3 pure (A) and after adding 3 equiv. of EDTA to the

solution incubated for 18 h after addition of 1 equiv. of CuClz pH 3.0.
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To obtain more information about the Cu(Il) species present at pH 3.0, the
EPR spectra of a solution containing equimolar amounts of L3 and CuCls (1 mM)
were recorded at t = 0 and after 18 h (Figure 2.20, A). The spectra revealed that
there 1s “free” Cu(Il) in solution both at t = 0 and after 18 h. To determine the EPR
parameters of the Cu(Il) species observed at pH 3.0, the “free” Cu spectrum was
subtracted and the final spectrum simulated (Figure 2.20, B) The EPR
parameters and the approximate quantity of the Cu(Il) species are reported in

Table 2.11.

A) B)

* "free" Copper

2400 2650 2900 3150 3400 3650 250 270 290 310 330 350
Magnetic field (G) Magnetic field (mT)

Figure 2.20. EPR spectra of L3 (1 mM) with 1 equiv. of CuCl2 in H2O with 10 %
glycerol at pH 3.0. A) t = 0 (black curve) and 18 h (red curve). B) The EPR spectrum
after subtraction of the “free” Cu(Il) (green curve). The dashed curve represents
the simulated spectra.

Sagakushi and Addison2* showed that the gi/As ratio can be used as a
useful empirical index of tetrahedral distortion. The wvalue ranges from
approximately 105 to 135 cm for square-planar structure and the quotient
increases upon the introduction of tetrahedral distortion contributions. Using this
relationship and the parameters obtained from the simulation (Table 2.11) we
can posit that the species observed at pH 3.0 most likely displays a distorted
squared planar or square pyramidal geometry. Additionally, according to Peisach-

Blumberg correlations for g and A values,?> the equatorial ligands of the Cu(Il)
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center are most likely 2 N and 2 O donors. This could correspond to a Phen unit

and two water molecules.

Table 2.11. EPR parameters obtained at t = 0 after the
subtraction of the “free” Cu(Il) (L3 (1 mM) and 1 equiv. of
CuCl:z in H20 with 10% glycerol at pH 3.0).

% g Ay Sxly gilAy

(10-4cm1) (104 cm)
L3-Cu(Il) 50 - 60 2.336 142 2.09/0.06 164.7
Free Cu 40 - 50 2.413 132 2.081/2.081 183.0

These results show that the methylation of the amide N altered totally the
stability and coordination properties: while the parent ligand HL1 is able to
coordinate Cu(Il) generating stable Cu(Il) complexes in the 3.0 to 10.0 pH range,
L3 is not stable in presence of Cu(Il) at pH values higher than 4.0 conditions from
which the coordination to His and to the carbonyl group of the amide could occur.
The mechanism of the degradation of the ligand remains unclear so far. However,
the species reported in Table 2.11 seem to indicate that the amide bond becomes
unstable upon the coordination of Cu(Il) to L3. Under the assumption that Cu(II)
will coordinate to the oxygen atom of the amide bond (due to the methylation of
the amide nitrogen), the electrophilic character of the carbon atom of the carbonyl
group will increase making it more vulnerable to a nucleophilic attack. The results
show that molecular oxygen is not involved in the process, and the only presence
of Cu(Il) and the increase of pH by the addition of base is enough to trigger the
reaction. Additionally, the Cu(I) L3 complex is stable, and the degradation process
1s only triggered after the oxidation of Cu(I) into Cu(II).
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A better strategy for the enhancement of the redox activity of the Cu(Il)
complexes of the ligands HLL1 and H:2L2 is needed that will not compromise the
stability of the final ligands. In this regard, a potential modification to explore is

the replacement of the amide group by a tertiary amine (Figure 2.21).

Figure 2.21. Structure of the proposed new ligand L4.

2.5. Conclusions and final remarks.

This section was devoted to study in more detail the anticancer properties of
the Cu(Il) complexes C1 and C2 since it was previously reported their cytotoxic
activities in A2780 and MCF-7 human cancer cell lines. As DNA stands as one of
the most studied targets for many chemotherapeutic compounds, the interactions
of C1 and C2 with ct-DNA were assayed. Results conclude that both complexes
interact weakly with ct-DNA, most likely through electrostatic interactions and
presenting low Kp values (3.47 for C1 and 3.17 for C2). These results agree with
the EBr competition studies which reflected their poor DNA intercalation abilities
(Table 2.3). In order to evaluate their selective cytotoxicity, cytotoxic assays were
carried out with the two complexes C1 and C2 and their relative ligands (HL1 and
H:L2) in two human normal cell lines IMR-90 and HUVEC). Additionally, for the
sake of comparison (same experimental conditions), we decided to reevaluate their
cytotoxic activities in the two human cancer cell lines, A2780 and MCF-7. The
results indicate that while the ligands can only slightly inhibit HUVEC cells
viability (Table 2.4), C1 and C2 produce a stronger cytotoxic effect on A2780 than
over the two normal cell lines assayed. These results are in line with the data

previously reported (Table 2.1). However, for MCF-7 cells, the results are
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mismatching since the new studies showed no cytotoxic effect by C2, which

displayed an IC50 value of 88 uM.!

The cellular uptake of C1 and C2 stablished that these complexes internalize
more in normal than in cancer cells, interestingly the cytotoxic effect produced in
cancer cells 1s higher than the one observed in normal cells (Table 2.6). On A2780,
where the complexes present the higher cytotoxic effect (Table 2.4), C2
internalized 52 % less than C1, highlighting the higher cytotoxicity of C2 in this
cell line. The cells with the lowest Cu uptake values were MCF-7, in accordance

with the low cytotoxic effect showed.

C1 and C2 induce intracellular ROS formation in IMR-90, HUVEC and in
A2780. For the case of MCF-7, the production of ROS by C1 and C2 was low
(Figure 2.9), these data agree with their low internalization and cytotoxic
activity. In A2780, both C1 and C2 were able to produce intracellular ROS,
comparable to the amounts produced by H202 and CuCls, (Figure 2.10). This
observation correlates with their cytotoxicity values for this cell line (Table 2.4).
Despite the high internalization of C1 and C2 complexes and their ability to
generate ROS in normal cells (especially C1 in HUVEC cells), their cytotoxic
properties exhibited in these cells are low compared to the cytotoxic effects

produced in A2780 cells, particularly C2.

Our data motivated the modification of the complexes via the modification of
the correspondent ligands. In this context, the new ligand L3 was designed. While
the addition of 1 equiv. Cu(l) to L3 at pH 7.0 under anaerobic conditions seems to
lead to a stable Cu(I) complex, the addition of Cu(Il) produces important
irreversible changes in the L3. UV-vis shows the appearance an increasing pH-
triggered absorption band at 470 nm that increases with time (Figure 2.14). This
reaction in the ligand is produced also under anaerobic conditions and was
observed using H20 and MeOH as solvents. EPR spectra suggest a complex
mixture of Cu(Il) species, indicating the destruction of L.3. This effect is produced
only in presence of Cu(Il) and it is triggered with the increase of pH. ESI-MS
validate these results and indicated that at pH 3.0 it is possible observe the

expected m/z for the complexation of the unmodified L3 bound to Cu even after
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18 h of exposure (Table 2.8). On the contrary, when the complexation is carried
out at pH 7.0 it exists a complex mixture of Cu species and fragments of the ligand.
ESI-MS and analytical HPLC confirmed the recovery of the intact L3 after the
addition of EDTA to the mixture L3-Cu(Il) after 18 h at pH 3.0, while at pH 7.0
ESI-MS showed a mixture of different fragments of L3 (Table 2.10). In line with
these results, EPR spectra of the solutions concluded the presence of a mixture of
Cu(I) species in solution and free Cu(Il). At this level of understanding, the

mechanism of the degradation of L3 remains unclear.

This work provides important hints in the understanding of the cytotoxic
effects of both C1 and C2, which are key to inspire a successful modification of the
ligands that allows more selective and effective cytotoxic effects as well as a higher
internalization. Further work is necessary to fully understand the behavior of C1
and C2 inside cells. Future research must be dedicated to explore the stability of
these complexes in presence of the threatening glutathione/metallothionein
system described by Santoro et al.26 (see Section 1.2.2.1, Chapter 1), these data
could provide additional insights to better understand and control these systems

in order to overcome the issues encountered in the field.
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3.1. Alzheimer’s disease.

esponsible for around 60 - 80 % of cases of dementia, Alzheimer disease

(AD) is a complex neurodegenerative disease (NDDs),! first described by

Alois Alzheimer in 1907.2 It is characterized by the loss of memory, a
significant cognitive decline, behavioral and physical disability, dramatic changes
in the personality and eventually, death.34 Studies estimates that there were
approximately 46.8 million people worldwide affected by AD in 2015. This number
1s expected to be tripled by 2050.5:6

3.2. Symptoms and diagnosis.

Commonly, patients with initial AD symptoms lose the ability to remember
new information. This occurs because the first neurons to be damaged are usually
in brain regions involved in forming new memories. Other early clinical symptoms
include the apathy, depression and the difficulty to remember names, events or
conversations. Later symptoms can involve disorientation, confusion, poor
judgement, difficulty speaking, and behavior changes.! Brain regions responsible
for learning and memory processes are decreased in size up to 12 % yearly as a
consequence of degeneration of synapses and death of neurons (Figure 3.1, A).7
AD causes a significant decrease of cellular energy metabolism in living patients
and this is reflected on a lower glucose uptake (Figure 3.1, B). Positron emission
tomography (PET) of an AD patient’s brain shows the significant decrease in
energy metabolism in the frontal cortex (top of the brain) and temporal lobes (sides

of the brain).8
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A) Normal brain |AD patient’s brain

Figure 3.1. A) In comparison with a normal brain (healthy
person) the brain of an AD patient reflects important damage in
the temporal lobe (lower part of the brain) and frontal lobes (left
part of the brain). B) PET images showing glucose uptake
(warm colors indicate higher glucose uptake rates) inside a

living heathy person’s brain (left) and in an AD patient’s brain
(right).8

There are two main histopathological criteria observed for AD: (i) the
presence of extracellular deposits of fibrillar peptides called senile plaques and (i1)
intracellular fibrillar tangles. The senile plaques (SPs or amyloid plaques) are
constituted by the self-aggregation of the amyloid-beta peptide (AB), a fragment of
40 to 42 amino acids? cleaved from the transmembrane amyloid precursor protein
(APP) by the enzymes p-secretase (BACE-1) and y-secretase (amyloidogenic
pathway, Scheme 3.1).10 These aggregates are mostly found extracellularly
between neurons and affect the synaptic connections causing significant neuronal

damage and eventually death.!

A more detailed graphic representation of Ap peptide aggregation paths is

shown on Scheme 3.2. Monomeric Af random self-assemble can generate
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amorphous aggregates, however the well-ordered assemble leads to the formation
of amyloid fibrils (fibrilization). The equilibrium between the amyloid fibrillation
or amorphous aggregation is affected by different factors such as pH and
temperaturel2. This process is responsible for the generation of oligomers and
eventually amyloid fibrils, and it can be imaged in post-mortem brains by light
microscopy using specific dyes such as thioflavin-T (ThT) or Congo red (CR),13 two
probes widely used in the recognition of AP aggregates, including prefibrillar
structures. ThT and CR follow the AP peptide aggregation by enhancing their

fluorescence emission after their intercalation into the AP aggregates.
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Scheme 3.1. Amyloidogenic and non-amyloidogenic processing pathways of APP
cleavage. 1. Amyloidogenic pathway (right) produced by B-secretase generates
soluble APP-B and C99, then C99 is cleaved by y-secretase generating APP
intracellular domain (AICD) and A peptide. 2. Non-amyloidogenic pathway (left)
by a-secretase generates sAPP-a and C83. Image from reference 14.

The second histopathological criteria for AD is the presence of

neurofibrillary tangles (NFTs), which are formed by hyper phosphorylated Tau
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protein that aggregates intracellularly in neurons.11.15 Interestingly, studies have
shown that 20 to 40 % of AD unaffected elderly individuals possess enough SPs
and NFTs to be diagnosed post-mortem with AD,16 reflecting that this disease still

requiring a better pathogenic understanding.
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Scheme 3.2. [llustration of the AP peptide aggregation (top) and typical evolution
describing a sigmoid curve (bottom), representing fibril formation. Figure from
refence 17.

Current treatments for AD are only symptom-relieving and typically
effective for up to a year at best.1® Additionally there is no test for AD at early
stage, since the differences in brain activity or size are minimal to be detected.
Therefore, diagnosing Alzheimer’s requires a comprehensive medical evaluation.!
Diagnosis of AD is realized with 70 % of accuracy with clinical examination in
combination with brain imaging techniques. An AD diagnosis includes series of
exams as a subjective memory complaint (SMC) test and speech, olfactory, eye and

gait testing. Another method for the diagnosis of AD consist in the dosage of AD
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biomarkers present in blood such as APi.42/ABi.40 ratio in the plasma, over
expression of cytokines and total cholesterol.1® The presence of AB peptide in the
plasma is due to the cerebrospinal fluid absorption in the blood. If the SMC tests
are positive, neuroimaging is performed (PET and magnetic resonance imaging,
Figure 3.1).20 A definitive AD diagnosis implies post-mortem confirmation by the

observation of the two main histopathological criteria of AD (SPs and NFTSs).

3.3. Risk factors.

Alzheimer’s i1s a complex multifactorial disease, commonly occurring
sporadically with no apparent inheritance.2! Aging is the main risk factor1%22 and
only 1 % of Alzheimer’s cases are estimated as consequence of genetic mutations
involving the gene for the APP and the genes for the presenilin 1 and 2, which are
constituents of the y-secretase enzyme complex. Individuals with mutations on

these genes exhibit 95 % chance to develop AD symptoms before age 65.

Additionally, exogenous factors such as brain trauma,! chronic stress,23
smoking,24 obesity,2> diabetes?6 and hypertension?’ are also involved with the

development of AD.28

3.4. Amyloid cascade hypothesis.

AD progress involves many factors and consequently, there is still debate
about the pathogenesis of the disease. In the last decade diverse hypotheses have
emerged including the AP peptide cascade hypothesis,81029 metal ion
hypothesis,30-33  oxidative stress hypothesis,3435> Tau hypothesis3® and

inflammation hypothesis.37:38

The amyloid cascade hypothesis?9 is one of the most accepted hypothesis and
states that the impaired balance between A peptide generation and clearance is
the most contributing feature in AD, being the AP peptide oligomers the most
neurotoxic substances.39-41 As it was mentioned in Section 3.2, AB peptides are
cleaved from the APP by the B- and y-secretases, and diverse proteoforms of

different lengths are produced, being AP1.40 and ABi.42 the major species (Figure
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3.2).9 Disruptions in the balance of the production and clearance of AP peptide can
be easily produced by alterations over certain conditions, e.g. low pH (y- secretase
have a low pHoqpt),%2 hypoxia or oxidative stress (enhancing the generation of A
peptide by altering - and y-cleavage),*345 and hypercholesterolemia (reduced

cholesterol levels inhibits B- and y-secretases).46

SAPPB ABy
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AR # 11 10 16, 20 30 laQ 42 |

KMEDAEFR DSGYEV QKELVFFAEDVGSNKGAIIGLMVGGVEVEIAETEVI
~— Y

ABigy
AB16 RAGE binding

Metal binding domain
W _—_4
APP # 672 687
APP Membrane

Figure 3.2. Ap peptide sequence contained by the APP and the two main cleavage
positions. AB# (above) and APP# (below) numbering is indicated. Amino acid colors
represent negative charge (red), positive charge (blue), histidine (orange) and
hydrophobic (green).

Moreover, recent studies suggest that the dyshomeostasis of metals (Cu, Zn
and Fe) is key in the pathogenesis and development of several neurodegenerative

disorders among them AD.47.48

3.5. A link between AD and metal ions.

Metals play very important roles in human metabolism, consequently their
homeostasis is critical: deficiency or excess of metal ions are directly linked to the
development of many diseases.4® During the last decades, the interactions between

AP peptide aggregates and the metal ions has been vastly studied!450 since
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evidence has indicated that the dyshomeostasis of Cu, Zn and Fe are key in the
pathogenesis of AD.51 It has been reported that the amount of these metal ions in
AD patients is 3- to 5-fold higher in comparison with healthy brains.5253 They are
involved with pathological processes of AD, including AP aggregation and

oxidative stress,5455 and found in SPs, coordinated to the AB peptide.>¢

Scheme 3.2 shows the typical evolution of the aggregation process of A
peptide. However, evidence suggest that this process can be dramatically affected
by the presence of Cu, Fe and Zn ions and that this effect can be modulated by
different factors such as pH, temperature or concentrations. These ions can affect
the aggregation process in two different ways: (i) binding and subsequent
structural changes (excluding covalent modification) and (i) by altering the

peptide through the production of ROS (Cu and Fe).57-60

It has been reported that Cu(Il) and Zn(II) bind rapidly to the AB peptide
monomers, specifically to the N-terminal 1-16 (metal binding domain, see Figure
3.2), forming M(II)AB monomeric complexes. This major complex is the main basic
constitutive element for aggregation. Overall, evidence suggest that the presence
of Cu(Il) and Zn(II) ions affect the kinetics and intermediates (structure and
stability), impacting the nucleation phase and the amount and structures of

oligomers (Figure 3.3).14

| A)

ThT fluorescence

Y 50 100 150 200
Time (h)
Figure 3.3. Kinetic measurement of AP aggregates formation using ThT
fluorescence of AB (A), Cu(AB) (B), Zn(AB) (C) and their correspondent atomic force
microscopy images (5 um x 5 um). [AB] = 20 uM, [Cu] = [Zn] 18 uM, [phosphate
buffer] = 0.05 M, pH 7.1, T = 37 °C. Figure from reference 61.
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Moreover, evidence shows that Cu and Fe6263 are associated to ROS
generation and therefore, to the oxidative damage caused on phospholipids®4
mitochondria,b5 proteins, DNA%6 and RNA¢7.68 ag well as to the oxidative damage
on the AP peptide itself, that can lead to the generation of A peptide forms with

enhanced aggregation capabilities (Scheme 3.3).
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Scheme 3.3. Effects of metal ions in the aggregation of AB peptide and ROS
production. Figure from reference 69.

The binding of Cu to AP peptide, in presence of biological reductants such
as ascorbate, which is present in the brain at ca. 200 to 400 uM, generates a redox
active species able to catalytically cycle between Cu(Il)/Cu(l) redox states and
produce ROS. The Cu coordination to AP plays a critical role in the oxidative
damage of AD. Cu(Il) binds AB at physiological pH in two main binding modes
(components I and II) exhibiting both distorted squared planar geometries
(Scheme 3.4, a).70.71 Likewise, Cu(I) is coordinated through two of the three His

residues present in AP sequence in a linear mode (Scheme 3.4, b).72.73



Chapter 3: Alzheimer’s Disease: A Metal Related Disease

0
0 _<
_/< _
0
o:
Asp1 / Asp1
NG OY‘\NH
HN NH.
@) A2 STy = e vl
0—Ccu(iy—N’ a N—cCu(i) —N
/ — = / \%
7 His13 0) His
HIN ] 'L/ or His14 HN
His6 Glu3
Component | Component Il

His6 His14 His13 His14 His6 His13

\ J
~\/

Major species
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from reference 74.

As previously mentioned, the second main histopathological criteria for AD
involves the accumulation of intracellular NFTs, in that context, it has been also
stablished that the oxidative stress produced by the AP fibrils in presence of these
transition metals contribute in the degeneration of tau proteins and consequently

in the formation of NFTs.75-77

3.6. Therapy approaches for AD treatment.

Although during the last decades large efforts have been devoted to design
agents that would provide an efficient treatment against AD, there are still no
effective drugs against this neurodegenerative disease. Currently, there exist four
FDA approved drugs to treat AD symptoms: tacrine (TAC), donepezil (DNP),
galanthamine and rivastigmine (Figure 3.4). These drugs help lessen or stabilize
symptoms for a limited time,”® but do not treat the causes involved in AD. These
drugs are acetylcholinesterase (AChE) inhibitors. This enzyme is involved in the
hydrolysis of choline-based esters, several of which serve as neurotransmitters

within the synapsis.?
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Figure 3.4. FDA approved drugs for treat AD symptoms.

Recently, novel targets including the regulation of AP peptide and metal
1ons concentrations have emerged introducing the next generations of AD therapy
approaches. Metal targeted strategies play an important role in the medical
treatment of AD given their potential to attenuate the metal mediated effects
describe in the previous section, namely the oxidative stress produced by Cu,

bound to AP peptide.

3.6.1. Copper targeted strategies in AD therapy.

The goal of chelation therapy (or chelatotherapy) is to restore the brain’s Cu
homeostasis in AD patients to eliminate the toxicity produced by the coordination
of this metal to proteins and peptides. In this context, many promising Cu
chelating agents has been widely studied, classified and reviewed.55:80-83 These
chelators must be selective for Cu vs any other metal ion. This property is defined
by the ratio between the affinity values of the ligand for the two metal ions (namely
Kcur/Kur > 100). Additionally, the ligand must be capable to compete for Cu(II)
and Cu(l) against A4, (107> M1 in HEPES buffer 100 mM at pH 7.1 for Cu(Il)
and 1069 M-1 in HEPES buffer 100 mM at pH 7.4 for Cu(I))8485 and maintain its

selectivity in presence of Zn (AP4: affinity constant for Zn is about 105 M1 in
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HEPES buffer 50 mM at pH 7.4).86 Moreover, the ligand Cu affinity should not be
excessively large in order to avoid competition against essential metalloproteins.86
The redox silencing of the Cu in both oxidation states and the kinetics of Cu
removal are also crucial. Apart from these features, the ideal chelating agent must

hold metabolic stability and be innocuous to the cells.

Another important characteristic of chelating agents for neurodegenerative
diseases is the brain-blood-barrier (BBB) permeability. The BBB is a highly
selective and semipermeable border of endothelial cells that allows the entrance
of certain molecules in the circulating blood into the extra cellular fluid of the
central nervous system (CNS) and it represents a major pharmacokinetic issue to

access the brain.87

3.6.1.1. Synthetic Cu ligands.

Despite the numerous chelating agents developed in the last decades, only
a few possess favorable pharmacological effects suitable for their use as anti-AD
drugs. One of the first and most explored chelating agents in AD is the 8-
hydroxyquinoline (8HQ) derivate clioquinol (CQ, Figure 3.5) which was formerly
used as an antiprotozoal antifungal. CQ is capable to remove Cu(Il) and Zn(II)
ions from AP peptide and SPs formation in vitro.8® A pilot phase Ila clinical trial
suggested that CQ can slow cognitive deterioration and decrease the Afs2 levels,
however, its phase II clinical trials were suspended due to the neurotoxicity effects
exhibited.8990 Another issue found on CQ was the low brain-blood-barrier (BBB)
permeability. In this regard, PBT2 was designed as a second generation derivate
of 8HQ, to improve solubility and brain-blood-barrier permeability (Figure 3.5).
PBT2 presented promising features such as the ability to remove Cu(Il) from AB
peptide, decrease SPs deposition and a high capacity to interact with AP
aggregates. Moreover, PBT2 reduced cognitive deterioration in transgenic mice.%°

Further studies suggested that it is safe and well tolerated in AD patients.9!
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Figure 3.5. Structures of synthetic ligands with anti-AD properties.

Tetraazamacrocycles have been also used as promising scaffolds in AD

therapy due to their high metal affinity and their high selectivity for Cu(Il) over

Zn(IT). For instance, TAMCI1 (cyclam) has been used as main structural scaffold

for several different ligands such as TAMC2 (Figure 3.5). TAMC1 can modulate

the AP peptide aggregation and improve the neuronal cell survival. However, it

can only arrest partially the production of ROS.92 The cyclam derivate (TAMCZ2)

owns a lipophilic pyridine group in order to display improved antioxidant

properties and BBB permeability.93 TAMC2 can modulate AP aggregation,

decrease the production of H2O2 and reduce the toxicity induced by Cu(I)Ap

complex, decreasing intracellular ROS.
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Aminophenol derivates such as APD1 and APD2 have been also explored in
the context of AD. At neutral pH, APD1 and APD2 exhibit moderate-high Cu(II)
affinity (1015 M-1), they act as ROS scavengers due to the phenolic moieties while
their carbohydrate units provide them with solubility and BBB permeability.94
APD3, a derivate of APD1 and APD2 (Figure 3.5), is capable to stop ROS
production and to restore the apo-like type aggregation even in presence of

Zn(IT).%

The aminopyridine based ligand APL1 (Figure 3.5) can form Cu(Il) and
Zn(II) complexes. However, it cannot compete with AP peptide for any of these
metal ions. APL2, a derivative that has 2 APL1 units in one single molecule, forms
more stable Cu(Il) and Zn(IT) complexes, holding greater affinity values than A
peptide at neutral pH (105 and 1010 M-! for Cu and Zn, respectively). Additionally,
Zn(II) induced aggregation studies reflected that APL2 can solubilize AP

aggregates.?6

Considering that AP peptide coordinates Cu in both redox states, targeting
both Cu(Il) and Cu(l) is key in chelation therapy. In this regard, the phosphine
derivate PB1 (triaza-7-phosphaadamantane, Figure 3.5) has been explored in AD.
It is the first ligand reported able to remove Cu(Il) and Cu(I) from AP peptide. PB1
is able to remove Cu(I) from AP peptide and to form an oxidant resistant complex.

This effect 1s maintained even in presence of Zn(II), since the ligand is selective

for Cu(I) over Zn(II).97

The bis(thiosemicarbazonato) ligands BTSC1 and BTSC1 (Figure 3.5) were
tested in neuron-like cells and AD animal models. BTSC1 and BTSC2 could
solubilize AP aggregates and restore cognitive performance in transgenic AD

model mice.98

3.6.1.2. Peptidic Cu ligands

Peptide and protein scaffolds have been also used in chelatotherapy as Cu

ligands in the context of AD since they own many advantages such as water
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solubility and a wide structural versatility.?® Peptides can be easily functionalized

and synthetize through standard peptide synthesis protocols.100

In this respect, the amino-terminal Cu(II)- and Ni(IT)- binding (ACTUN) has
inspired several candidates in the context of AD. The ATCUN motif contains the
sequence HaN-Xxx-Zzz-His, being Xxx and Zzz any amino acid (except proline).
This motif has higher affinity for Cu(Il) than AP peptide (about 3 orders of
magnitude) and coordinates Cu(Il) through 4 N atoms, i.e. the N-terminal amine,
the first two amides and the N atom of the imidazole (His). It has been reported
that the Cu(Il) complexes formed by ATCUN motifs are stable and resistant to
reduction to Cu(I).191 The ATCUN-like tripeptides AL1— AL3 have been reported
(Figure 3.6).102 The addition of these peptides at the beginning of the aggregation
process can restore the AP apo-like type aggregation, meaning indirectly that the
tripeptides are able to remove Cu from AP peptide. Additionally, these ATCUN-
like peptides can reduce moderately the production of ROS.
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Figure 3.6. Peptide based ligands explored as potential anti-AD agents.
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Recently, five His-containing decapeptides structurally preorganized for
Cu(Il) binding were also explored in the context of AD.103 Among them, C-Asp
(Figure 3.6) had the highest Cu(Il) affinity and it was capable to compete against
AP peptide for this metal ion. Furthermore, C-Asp Cu(II) complexation reduced
the production of ROS, and in vitro aggregation studies indicated that C-Asp
avoids the formation of the harmful Cu-stabilized AP oligomers easing the apo-like

type fibrillation.

The peptide-like ligand, tris-histidine (NTA(HisNH3)3 (Figure 3.6), is able
to chelate both Cu(Il) and Cu(I).19¢ The ligand is able to coordinate Cu(Il) in a
squared-planar geometry and Cu(l) in a tetrahedral geometry, the conditional
stability constants for Cu(II) and Cu(I) are larger than the ones corresponding to
the sequence APi-16 (AB16 peptide), and the generated Cu(Il) and Cu(I) complexes
are redox-silent. These properties and the fact that the ligand can be easily

functionalized confers special interest in this compound for the AD chemotherapy.

3.6.1.3. Multi-target ligands

The ability to chelate Cu is a crucial property that should be considered in
the design of drug candidates for AD treatment. However, due to the complexity
of AD, the design of multi-functional metal chelators has become one of the most
explored strategies. It involves the combination of two or more molecules with
well-known activities in one single molecular system with the purpose of
expanding the therapeutical potential. Different scaffolds with the ability to
interact with different targets in AD, such as the inhibition of AChE or A
aggregates intercalation (Figure 3.7) have been functionalized with metal
chelators in order to provide further clinical effects. In this context, several
multifunctional metal chelators have been described and reviewed by many

authors.80.82,105-108
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% Metal

chelator

Figure 3.7. Illustration of the most common targets in AD usually linked to
metal chelators.

Considering the crucial roles of BACE-1 in the generation of A peptide, the
strategy of hybridizing a metal chelator with a BACE-1 inhibitor was utilized by
Huang et al. to design MCB1 (Figure 3.8).109 MCB1 could chelate Cu(II) and Fe(II)
1ons, and exhibited higher BACE-1 inhibition potency than the inhibitor alone by
forming two hydrogen bonds through the urea group with the catalytic aspartate
(Asp228) in BACE-1. Using the same design strategy, the synthesis of MCB2
(Figure 3.8) was reported,!1° combining structural scaffolds of different BACE-1
inhibitors and one metal chelator (triazole), in one single molecule. MCB2
exhibited high BACE-1 inhibitory activities due to the hydrogen bond interactions
with the Aps32 and Asp 228 within the catalytical cavity of the BACE-1 active
site. Moreover, MCB2 could chelate Cu(Il) and exhibits moderate antioxidant

properties.
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Multitarget drugs based on AChE inhibitors have been developed by M. A.
Santos et al. (Figure 3.8, AC1-AC5).111.112 AC1-AC3 combine the AChE inhibitor
TAC (Figure 3.4), with a hydroxy benzoyl pyridine (HBP) unit to provide metal
chelation capabilities. A similar approach was followed in the design of the
compounds AC4 and AC5, combining a TAC moiety with
hydroxyphenylbenzimidazole (BIM).112 The TAC-BIM hybrids showed improved
AChE inhibition compared with TAC (ICso 12.5, 208.5 puM and 350 pM,
respectively). AC4 and AC5 also displayed 70.9 and 57.4 % of inhibition of the Cu-
induced AP aggregation and could moderately stop the production of Cu catalyzed
ROS.

The neuroprotective properties via inhibition of oxidative stress of MCAP1
(Figure 3.8) were reported.13 MCAP1 combines the radical scavenging properties
of the radical scavenger TBA moiety with the chelation abilities of deferiprone
(DFP, Figure 3.8). The ability to protect cerebellar granule cells from iodoacetate-
induced toxicity exhibited by MCAP1 were higher as compared to the
administration of TBA and DFP individually..
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The multi-target strategy of the molecules BIN1114 and BIN21!5 is based on
the structure of two AP aggregates intercalator dyes, ThT and IMPY (Figure 3.8),
combined with an aniline or pyridine rings, respectively, to additionally confer Cu
chelation. Thus, the resultant BIN1 and BIN2 possess the ability to intercalate in
AP aggregates and to bind Cu(Il) stopping the metal catalyzed production of ROS.

Peptide scaffolds have been also used in multi-targeted strategies to
conceive AD drug candidates with different targeting properties or to provide

better pharmacokinetic properties.116

The design and synthesis of the bifunctional peptide Pepl (Figure 3.8) were
reported by Jensen et al.1l7 The rational design of Pepl combines two functions in
one single peptide i.e. it merges a Cu chelator moiety with the B-sheet breaker
moieties of AP peptide KLVFF (ABi6.20), a sequence able to inhibit of the formation
of AP aggregates. The hydrophobic ABie20 sequence is related to the formation,
oligomerization and fibrilization process by interacting between two Ap molecules.
In Pepl, KLVFF is elongated by four amino acids to include the metal binding
domain of AP peptide and provide metal chelation properties to the resultant
peptide. Pepl could bind Cu(Il) with higher affinity than the native sequence of
APz and efficiently suppress the production of ROS. Pepl exhibited a kinetic effect
on the nucleation step of the aggregation of apo-AB4o retarding the formation of
fibrils (see Scheme 3.2). Regarding the Cu-induced AB aggregation, the presence
of Pep1 recuperate the characteristic apo-Ap aggregation, which is consistent with

its capability to remove Cu(Il) from Apao.

Monoamine oxidase B (MAO-B) is another of the most explored targets for
the treatment of AD. This enzyme is overexpressed in the frontal cortex and
hippocampus in AD patients and it has been associated with regulatory effects on
intraneuronal A levels.!18 MAO-B is responsible for the oxidative deamination of
neurotransmitters (noradrenalin, dopamine, serotonin) and exogenous amines.!19
Its catalytic activity implicates production of H202 which increases oxidative
stress linked with AD progression. In this regard, M30 and HLA20 molecules
(Figure 3.8) combine the MAO-B inhibitory moiety (propargyl) of the Parkinson
drug RS1 with a Fe chelating scaffold. M30 and HLLA20 suppressed iron-induced
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lipid-peroxidation in rat brains and displayed greater MAO-B inhibitory potency

than RS1.120 Additionally M30 could effectively reduce AP peptide accumulation,

revealing promising potential for the treatment of various neurodegenerative

disorders including AD.121

3.7. Objectives of the study.

The goal of this thesis is to explore the chelating capabilities of His containing

Phen based ligands (L1, L2) as potential candidates for the treatment of AD. For

this aim several objectives have been pursued:

3.8.

(1)
)

1) Study the antioxidant properties of the Cu(Il) complexes of these
ligands

11) Determination of the affinity binding constants of Cu(I), Cu(Il) and
Zn(II) to the ligand L1 in order to determine their potential to remove
Cu from AP peptide.

111)  Evaluate the capabilities of L1 to remove Cu(I) and Cu(Il) from the AB
peptide in the absence and in the presence of Zn(II) and to arrest the
ROS production.

1v) Study the effect of the stoichiometry of L1 in its effectiveness to stop
the ROS production.

V) Modify L1 in order to provide enhanced therapeutic potential.

%) Evaluate the effect that the modification of L1 produced in its
capability to coordinate Cu(Il) and to arrest the ROS production.
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Exploring the Cu Chelating
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Context of Alzheimer’s Disease
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Measure what is measurable,
and make measurable what is not so.”

Galileo Galilei.
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4.1.Previous data: Molecular design and synthesis of the ligands L1 and L2.

s described in Chapter 2, L1 and L2 (Figure 4.1) were previously
developed in the group! and contain two coordination units: (1)
phenanthroline (Phen), classical chelator, capable to coordinate Cu
through the nitrogen atoms? and (i1) histidine (His), an amino acid that plays

significant roles on Cu coordination in metalloproteins and peptides.3-7

X X
| NP o | NP o
_N HN NH, _N HN oH
N
< ] <
HN HN
L1 L2

Figure 4.1. Chemical structure of L1 and L2 .

Both ligands (Figure 4.1) chelate Cu(Il) forming a single major species
where Cu(Il) displays a distorted squared planar geometry. These complexes are
stable in a wide range of pH values: from 3.0 to 9.0 for C1 (Cu(II)LL1) and from 4.5
to 10.0 for C2 (Cu(IT)L2 ) and their conditional affinity constants (log Kcond) at pH
7.4 are 14.55 (Cu(II)L1) and 13.89 (Cu(II)L2 ). Please, note that for the sake of
simplicity the protonation state of the ligand in the complexes will not be
described. Therefore, for the case of L1 the complex Cu(II)LL1H.; (deprotonation of
the amide)! will be denoted as Cu(II)L1. Cyclic voltammetry studies at pH 7.4
revealed a nonreversible redox process Cu(Il) 2 Cu(l) for both complexes.8
Namely, C1 shows a cathodic (Epc = —0.452 V) and an anodic peak (Epa = 0.201 V)
with a peak to peak separation AE, = Epa — Epe = 0.653 V, and likewise, C2 shows
a cathodic (Epc = —0.722 V) and an anodic peak (Epa = 0.181 V) with a Agp, = 0.903
V. Taking into account these properties, 1.e. high affinity constants for Cu(Il), non-
reversible Cu(Il) 2 Cu(I) redox process and the characteristics observed in the Cu
chelators reported in literature in the context of Alzheimer’s disease (AD), the
question that naturally arises is: Are L1 and L2 potential Cu chelators in AD
therapy?
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This chapter focuses therefore on the study of the Cu coordination
properties of ligands L1 and L2 in the context of AD. Moreover, it explores how
the functionalization of L1 with a carrier peptide known to cross the brain-blood-

barrier (BBB) affects these properties.

4.2. Results and discussion.
4.2.1. Evaluation of Reactive Oxygen Species production by L1 and L2.

Oxidative stress is one of the main pathological hallmarks of AD although
1t 1s not clear whether this is a cause or a consequence of abnormal processes in
the brain.?® The brain has a rather reductive environment and the synaptic cleft
contains ca. 200 to 400 uM of ascorbate (AscH-). In the presence of this biological
reductant, reactive oxygen species (ROS) such as Oz, H202 and HO, can be
produced by the redox cycling of Cu(Il)/Cu(I) and promote the neuronal damage
(Scheme 4.1).10.11

In vitro ROS formation can either be followed by monitoring HO* formation
through the detection of the fluorescent 7-hydroxyl-coumarin-3-carboxylic acid (7-
OH-CCA) dye formed after the reaction of HO* with the coumarin-3-carboxylic acid
(CCA) molecule,!? or by tracking the AscH- consumption in UV-vis spectroscopy at
265 nm and correlating the consumption of AscH- with the generation of ROS. The
latter has proven its reliability reflecting effectively the ROS production and it has

been widely used in the field.12-14

AscH-* AscH- AscH-* AscH- AscH-* AscH-

TR o e

Cul(L) cCu'(L)

cu'(t) C "(I.) CUI(L) cu'(1)
0, % 05' ;i. H,0, LA» Ho' +HO

+ 2HY

Scheme 4.1. AscH- oxidation and generation of ROS
catalyzed by a redox active Cu complex.
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In that regard, the capabilities of L1 and L2 to stop the production of ROS
were evaluated in two different ways (Figure 4.2). (1) Starting from the mixture
of Cu(II)/Cu(l) (panel A): in this assay the correspondent ligand is added after the
AscH- consumption has started by the addition of Cu(II) (CuCly). (i1) Starting only
from Cu(I) (panel B): in this experiment Cu(Il) is initially reduced to Cu(l) by
AscH- under anaerobic conditions and then the corresponding ligand is added.

Subsequently, air (Og2) is introduced to the system.

The results obtained (Figure 4.2) reflect the Cu(ll)/Cu() chelation
properties of L1 and L2 (blue and red lines, respectively) and their different
capability to arrest AscH- consumption. Clearly, the addition of L1 slows down
significantly the AscH- consumption in both experiments, while the addition of L2
can only mildly decrease it. Thus, the data indicate that under the tested
experimental conditions, L1 can chelate Cu(Il) and Cu(I) and form, respectively,
Cu complexes that do not contribute to the formation of ROS. Based on these
results L1, was selected for further studies. Since the presence of AP peptide and

other metals (i.e. Zn(II)) can affect this behavior, these factors were studied next.

A) Cu(Il) / Cu(l B) | CULl)]

1.6 1.6
g 14 —1.1 —1.2 —No ligand g 141 L1 —-1L2 —No ligand
2 1o I >\ Addition 9 1 |
© I of Cu(II) S p
R = 1 Addition
@ © Addition \ of air
15} i S 0.8 .
£ 0.8 g of ligand
e J e i
£ 06 Addition g
ERYE of ligand £ Addition

0.2 0211 , of Cudl)

0 T T T 0 ‘ ‘ ‘ ‘ ‘
0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000
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Figure 4.2. Kinetics of AscH- consumption by CuCls (black lines) followed by UV-
vis spectroscopy at the maximum absorbance of AscH- (265 nm), in presence of L1
(blue curves) or L2 (red curves): A) Starting from a mixture Cu(II)/Cu(I), order of
additions: AscH- + Cu(Il) + ligand @f any). B) Starting from Cu(l), order of
additions: Cu(Il) + AscH- + ligand (if any) + air.
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4.2.2. Ability of L1 to remove Cu(Il) from AP peptide.
4.2.2.1. L1, AP peptide and Cu.

As 1t was described on Section 3.5, the resulting complex formed between
AP peptide and Cu generates ROS and is considered as one of the main responsible
sources of neuronal damage in AD. In this context, the capability of L1 to sequester
Cu(II) 1ons in the presence of the AP peptide was assessed. The soluble and non-
aggregating AP16 fragment was selected for this study to avoid aggregation-
derived interferences in the spectroscopic measurements; this fragment contains
the whole metal-binding region of the aggregation-prone Af fragments that are
responsible for the formation of senile plaques, such as APi.40 and APi.42 (see
Figure 3.2, Chapter 3). No significant differences between the short and the full-
length AP peptides have been observed regarding Cu(Il) coordination, binding
affinity and ROS production. Therefore, the AB16 peptide is used as an
appropriate/valuable model for studying metal coordination and ROS

production.15.16

A way to assay the capability of L1 to coordinate Cu(Il) in presence of AB16
peptide is to follow the d-d transition band of the Cu(II)L1 complex by UV-vis
spectroscopy in the absence and presence of AB16. A pH titration (from pH 3.0 to
pH 10.0) was performed using stoichiometric amounts (1:1, ratio) of L1, and Cu(II)
(0.5 mM) in absence and presence of 1 equiv. of AB16 and following the d-d
transition band corresponding to the formation of the Cu(II)L1 complex (see
Annex Figure A.15 and A.16). No significant changes were observed between both
sets of spectra. For clarity, only the spectra obtained at pH 7.1 are overlaid and
presented here (Figure 4.3). The UV-vis spectrum of Cu(I)AB16 shows a d-d
transition band at 624 nm and the complex Cu(II)LL1 at 605 nm. When the two
ligands (L1 and AB16 peptide) are in presence of Cu(Il), only the d-d transition
band corresponding to the complex Cu(II)L1 is visible. The data clearly indicate
that under these experimental conditions the AB16 peptide does not compete with

L1 for Cu(II) coordination.
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Figure 4.3. Overlay of the UV-vis spectra of Cu(II)LL1, Cu(I)AB16
and Cu(Il) in presence of 1 equiv. of L1 and AB16 at 0.5 mM and pH
7.1.

In order to validate the results obtained on UV-vis spectroscopy, the Cu(Il)
coordination properties of L1 in the presence of the AB16 peptide, were also
evaluated using electron paramagnetic resonance (EPR) spectroscopy. For this
experiment, two solutions containing 200 uM of Cu(II) in 50 mM HEPES at pH 7.1
and either 1.2 equiv. of AB16 or 1.2 equiv. of L1 were prepared. To an aliquot of
the solution containing 1 equiv. of Cu(Il) and 1.2 equiv. of L1, 1.2 equiv. of AB16
peptide were further added. The three solutions were frozen at 120 K in quartz
EPR tubes after the addition of 10 % of glycerol as a cryoprotectant. The Figure
4.4 shows the superimposed EPR data of these solutions. The blue and green
curves on Figure 4.4 represent the mixture of Cu(Il) with L1 or AB16,
respectively, while the red curve represents the mixture of Cu(Il), L1 and AB16
peptide, (in this order of additions) reflecting that the addition of AB16 to the
solution containing Cu(II)L1 did not affect the coordination properties of the
preformed complex. These data indicate the formation of one single species
(Cu(II)L1) even in presence of the AB16 peptide and confirm what was observed
by UV-vis spectroscopy (Figure 4.3).
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Figure 4.4 Cu(Il) competition experiments between AB16
peptide and L1 in 50 mM of HEPES at pH 7.1 and 10 %
glycerol. EPR spectra of Cu(II)LL1 [200 uM] (blue curve),
Cu(I) [200 uM] + 1.2 equiv. AB16 + 1.2 equiv. L1 (red line)
and Cu(II)AB16 [200 uM] (green curve).

As described in Section 3.6.1, the Cu(II) binding to AB peptide has been
deeply studied and reviewed.13.17-21 The Cu(Il) conditional affinity constant of the
AB16 peptide (Kcu(i)—Ap16,cond) reported is 1.6 x 109 M-1 at pH 7.1.2! For the sake of
comparison and to get a better insight into the affinity of L1 for Cu(Il) at pH 7.1,
the conditional binding constant (Kcond = X conc. all complex species/[(Z conc.
ligand species not bound to copper) x (X conc. copper species not bound to ligand)])
was calculated using the potentiometric data.! This value (Kcu@p-Li,cond = 2.99 x
1014 M-1, log Kcuwn-Li,cond = 14.3) is 5.09 log units higher than the value reported
for the binding of Cu(Il) to AB16 peptide. This means that LL1 has higher affinity
for Cu(Il) than the AB16 and under stoichiometric concentrations, Cu(Il) will bind
preferentially to L1. These observations agree with the UV-vis and EPR

experimental data described above.
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4.2.2.2. L1, AB16 peptide, Cu and Zn.

As it was described on Chapter 3, Section 3.5, Cu has been identified as the
main responsible for the oxidative stress caused in the brain,22 however, it has to
be considered that the metal dyshomeostasis observed in AD patients23.24 affects
Cu and Zn concentrations. This implies that Zn(II) can act as a competitor of Cu
for the ligand and preclude Cu coordination. Additionally, the Zn(II) concentration
within the synaptic cleft is much higher than Cu concentration, namely up to 350
puM for Zn2> and from 10 to 100 uM for Cu.26:27 Therefore it is important to study

the behavior of these systems in presence of Zn(II).

Initially, the potential of Zn(II) to replace Cu(Il) from the complex Cu(II)L1
was evaluated by UV-vis spectroscopy. Namely, the d-d transition band of the
complex Cu(IT)LL1 was monitored before and after the addition of 1 equiv. of Zn(II)
(Zn(NO3)2) at pH 7.4 (adjusted using NaOH solution).

Panel A in Figure 4.5 shows the absorption spectra of L1 (0.5 mM, black
line) before and after the addition of 1 equiv. of Cu(Il). An absorption band
corresponding to the d-d transition of Cu(II)L1 complex appears at 605 nm with
a maximum absorbance of 0.04. No significant changes were observed after the
addition of 1 equiv. of Zn(Il) (yellow line). The panel B) shows the absorption
spectra of L1 (0.5 mM, black line) before and after the addition of 1 equiv. of Zn(II)
(green line). No new bands were detected in the 500 - 700 nm spectral window. It
should also be noted that in the 200 - 400 nm window (50 uM), a bathochromic
shift is observed on the band correspondent to the free L1 after the addition of 1
equiv. of Zn(Il) indicating the formation of the Zn(II)LL1 complex (see Annex,
Figure A.17). Lastly, 1 equiv. of Cu(Il) was added and the spectrum was recorded
again (maximum absorbance 0.04 at 605 nm). These data show no significant
differences between the three recorded d-d transition bands (panel C), suggesting
that Zn(II) does not interfere with the coordination of Cu(Il) to L1 at 1:1 equiv.

ratio.
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Figure 4.5. Comparison of the Cu(II) d-d transition bands obtained after addition
of Cu(II) to L1 (0.5 mM) at pH 7.4 under different experimental conditions: Panel
A) L1 + 1 equiv. Cu(Il) + 1 equiv. of Zn(II). Panel B) L1 + 1 equiv. Zn(II) + 1 equiv.
of Cu(II). Panel C) Overlay of the resulting d-d bands.

The bathochromic shift observed in presence of L1 with 1 equiv. of Zn(II)
suggests the formation of the species Zn(II)LL1, however the presence of 1 equiv.
of Zn(IT) does impact the coordination of Cu(Il) to L1. Considering that Zn(II)
concentration within the synaptic cleft is much higher than Cu(Il) concentration,
a better knowledge of the affinity binding constants of Zn(II) to L1 is needed to
validate the Cu selectivity of L1 over Zn(II).

4.2.2.2.1. Potentiometric studies.

Potentiometric titrations were initially carried out to determine the affinity

binding constant of the Zn(II) complexes of the ligand L1. Ratios 1:0.5 and 1:1
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(L1:Zn{I), 1 mM) were assayed, but unfortunately the systems could not be
studied in the complete pH range as precipitation was observed at pH 6.6. This

precluded the determination of the stability constants by potentiometric titrations.

4.2.2.2.2. UV-vis pH titration.

Since the overall formation constants of the Zn(II) complexes with L1 could
not be directly determined by potentiometric titrations due to the precipitation
issues, we focused on the apparent binding constant at pH 7.1 (Kzn(1)-L1,app), the
pH value at which the studies related to ROS formation were carried out. A Zn(II)
titration using 50 uM of L1 was carried out in 100 mM HEPES buffer (pH 7.1).
Far UV-vis spectra were recorded upon successive additions of Zn(II) from 0 to 2
equiv. of Zn(NOs)2 (Figure 4.6). A binding curve was obtained by plotting the
absorbance at 283 nm vs equiv. of Zn(II) added (inset in Figure 4.6) The
experimental data were then fit using the Equation 4.1,28-30 where [LI]r is the
total concentration of L1 (50 uM), [Zn] is the Zn(NOs)2 concentration in solution at
a given point, and A, ¢, and ¢, represent the observed absorbance, the extinction
coefficient of the complex and the path length of the UV-vis cell, respectively. The

obtained value is shown in Table 4.1.

2
(; +[zn]+ [L1]T> - j <; +[zn]+ [L1]T> —4[zn] [L1]

KZn—Ll,app KZn—Ll,app

A=¢€?f

5 (Equation 4.1)
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Figure 4.6. UV-vis absorption spectra of the 50 pM L1
titration with Zn(NOs)2, from 0 to 2 equiv. of Zn(II) in 100 mM
HEPES buffer pH 7.1. The red dashed line indicates the
chosen wavelength (283 nm) for the calculations. Inset:
experimental binding curve and the fit obtained (black line)
using Equation 4.1. AAbsorbance is defined as the Abs2ssnm
for each addition — Absassnm When [Zn] = 0.

In order to validate the Kznip-L1,app obtained, it was recalculated using a
different method, namely HypSpec (HYPERQUAD suit of programs).3! The
two values obtained (Table 4.1) are consistent and indicate that the Kapp of

Zn(I1) for L1 is ca. 0.2 log unit higher than the one for reported for AB16

peptide (Kznin-Ap16,app = 5.04).32

Table 4.1. Apparent affinity constants at pH 7.1. (log
Kapp) determined from UV-vis titration data for Zn(IT)L1.

Method used log Kznn-L1,app

Equation 4.128-30 6.08
HypSpecs!? 5.88




Chapter 4: Exploring the Cu Chelating Capabilities of L1 and L2 in the Context of Alzheimer’s Disease

4.2.2.2.3. Comparison of the Cu(Il) and Zn(II) affinity constants.

For comparison and to confirm the selectivity of L1 towards Cu(II), the same
protocol was carried out to calculate the Kqpp of Cu(Il) to L1. Unfortunately, due
to the high binding affinity of Cu(Il) to L1 the data obtained were not suitable for
the fitting. To overcome this issue, the Kcuin-L1,app at pH 7.1 was directly calculated
from the Kcun-Licond obtained from potentiometric studies (Kcond = XL conc. all
complex species / [(Z conc. ligand species not bound to copper) x (X conc. copper
species not bound to ligand)],33 log Kcwin-Licond = 14.3 at pH 7.1) using the
Equation 4.2 34 where [HEPES] = 0.1 M, Scuay-ueres = 10322 and HEPES pK, =
7.41. This model considers the buffer contributions at a given pH and
concentration. The values obtained for Cu(Il) and Zn(II) to L1, and the respective

reported affinity values for AB16 are summarized in Table 4.2.

[HEPES] .
log Keu(n-L1,app = 108 Keuan-11,cona = 108 (1 + Beuan-nepes + [ oprmpra)  (Equation 4.2)

Table 4.2. Apparent affinity constants (Kapp) of Cu(II) and
Zn(IT) binding to L1 and to AB16 at pH 7.1 (in 100 mM
HEPES buffer unless otherwise noted).

Kapp (M) log Kapp
Cu(IL1 @ 3.55 x 1012 12.55
Zn(II)L1 7.6 x 10° 5.88
Cu(II)Ap16 ®) 2.85 x 107 7.46
Zn(I1)AB16 © 1.1x 105 5.04

@ Calculated from the Kcuan-Li1,cond obtained by potentiometric
studies from reference 1

® Calculated from the Kcuap-api6.cond reported in reference 21

© Value from reference 32, in 50 mM HEPES
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The values reported in the Table 4.2 indicate that under this conditions
Cu(Il) has more affinity to L1 than to AB16 (Kcu@n-Li,app > Kcwin-Apapp), and the
affinity of Cu(Il) to L1 is greater than the one of Zn(Il) (Kcu)-L1,app > KZn()-L1,app).
These results show that Zn(II) is not competing against Cu(II) for binding to L1.

All the data reported in Section 4.2.2.2 indicate that L.L1 must be capable to
remove Cu(Il) from AB16 peptide even in the presence of Zn(II) and consequently
to arrest the generation of ROS. At this point, it was found important to evaluate
the affinity constant of Cu(l) to L1 considering that the ligand Phen can bind Cu(I)
with high affinity forming the species Cu(I)(Phen)z.35

4.2.3. Determination of the Cu(l) affinity constant of L1.

The affinity values of Cu(l) to L1 were determined from the UV-vis
anaerobic titration of a solution containing 0.2 mM of L1 in 100 mM HEPES buffer
at pH 7.1 with a solution containing 85 mM of tetrakis(ACN)Cu(l)
hexafluorophosphate. UV-vis spectra were collected after each successive addition
from O to 4 equiv. of Cu(I) (Figure 4.7). The experimental data were analyzed and
fit with HypSpec (HYPERQUAD suit of programs).3! The best fitting considers the
formation of the species Cu(I)(L1)2, Cu(I)L1 and Cu(I)2L1. The values obtained
for the apparent affinity constants are presented in Table 4.3. A speciation
diagram in the conditions of the titration was obtained using the calculated Kaupp
constants with HySS (HYPERQUAD suit of programs) and indicates the changes

in speciation across the increase of the Cu(I) concentration3¢ (Figure 4.7, B).
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Figure 4.7. UV-vis spectra of L1 (0.2 mM) titration with Cu(I) (0 to 4 equiv.) in
100 mM HEPES buffer at pH 7.1. Inset: experimental binding curve and fit at 461
nm. B) Speciation diagram of the species in solution relative to Cu(l) in presence
of L1 (0.2 mM) in 100 HEPES at pH 7.1 obtained by HySS.

Table 4.3. Apparent affinity constants (Kapp) of
Cu(l) to L1 and AB16 in 100 mM HEPES buffer
at pH 7.1 unless otherwise noted).

Kapp (M) log Kapp
Cu()L1 1.54 x 106 6.19
Cu()(L1): 2.34 x 1010 10.8
Cu(I)2:L1 1.07 x 1010 10.03
Cu(I)AB16@ 7.5 x 106 6.87

@ Reported in reference 37 at pH 7.4. This means that this value
is an overestimation of the value at pH 7.1.

The speciation diagrams shown that under equimolar conditions of L1 and
Cu(I) the major species in solution correspond to the Cu(I)LL1 species. However,
in presence of excess of LL1, i.e. 100 uM of Cu(I) (0.5 equiv.) and 200 uM of L1, two
major species coexists in solution: Cu(I)L1 and Cu(I)(L1): (Figure 4.8).




112

Chapter 4: Exploring the Cu Chelating Capabilities of L1 and L2 in the Context of Alzheimer’s Disease

HN

Cu(l)L1 Cu(l)(L1),

Figure 4.8. Proposed structures for the Cu(I) complexes of L1.

These results indicate that L1 could potentially stop the production of ROS
by removing either Cu(Il) or Cu(I) from AP peptide even in presence of Zn(II).
Therefore, to validate this hypothesis, further experiments to explore the
production of ROS in presence of Zn(II) and AB16 were performed, and they are

described next.

4.2.4. Evaluating the L1 capabilities to arrest ROS formation in the absence and
presence of Zn(II).

The capacity of L1 to remove Cu(Il) and stop the production of ROS was
evaluated in absence and presence of Zn under 3 different conditions: (i) starting
from a mixture of Cu(Il)/Cu() AB16 species, (ii) starting from Cu(I[)AB16 and
lastly, (ii1) starting from Cu(I)AB16. The samples were prepared using the
following concentrations: AscH- [100 uM], CuClz [10 uM], AB16 [12 uM], ZnClz2[10
uM] and L1 [12 uM] in 100 mM of HEPES pH 7.1.

4.2.4.1. Absence of Zn(II).

As 1t was mentioned in Section 4.2.1, the ROS production was evaluated
using UV-vis spectroscopy by monitoring the consumption of AscH- at 265 nm

(Figure 4.9).
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Figure 4.9. Kinetics of AscH- consumption by CuAB16 monitored by UV-vis
spectroscopy at 265 nm in 100 mM HEPES buffer pH 7.1 in presence (blue curves)
and absence (black curves) of L1, under three different conditions: Panel A)
Starting from Cu(II)/Cu(I) mixture. Panel B) Starting from Cu(II). Panel C)
Starting from Cu(I). (Experiments performed in the Laboratoire de Chimie de
Coordination (LCC) in Toulouse by Dr. Charléne Esmieu).

(1) Starting from the mixture of Cu(II)/Cu(l).

In this experiment (Figure 4.9, panel A) reagents were added following this
order of additions: 1) in presence of L1 (blue curve): AscH-+ AB16 + Cu(Il)+ L1. 2)
positive control (no ligand, black curve): AscH-+ AB16 + Cu(Il). After the addition
of L1 into the system (blue line), the consumption of AscH- produced by the redox
active complex CuAPB16 was arrested (Scheme 4.1), meaning that L1 is capable
to deactivate this complex by removing the Cu ion (either Cu(Il) or Cu(I)) from

APB16 peptide and form CuL1 species that are redox silent.
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(i1)  Starting from Cu(II).

In these experiments (Figure 4.9, panel B) the next order of additions was
followed: 1) in presence of L1 (blue curve): AB16 + Cu(Il) + L1 + AscH-. 2) positive
control (no ligand, black curve): AB16 +Cu(Il) + AscH-. For this experiment the
ligand was added after the complex Cu(I)AB16 was formed, and the AscH- was
added at the end. The experimental data reveal that L1 can remove Cu(Il) from
the complex Cu(II)AB16 and generate a redox silent specie Cu(II)LL1 that doesn’t

promote the generation of ROS (blue line).
(111)  Starting from Cu(]).

Cu(Il) chelation and the ability to stabilize the corresponding Cu(II)
complex are two important features that are key in the development of drug
candidates in chelation therapy. However, as it was previously mentioned (Section
3.6.1.1, Chapter 3) the brain has a rather reductive environment3%39 and
consequently it is possible that Cu(I) may be mostly present in the synaptic cleft.
Therefore, even the results obtained in (1) seem to indicate that L1 can sequester
Cu(l) from AP16 peptide, it was considered critical to explore in more detail the

Cu(I) chelation abilities of L1 in presence of the AB16 peptide.

The following set of experiments (Figure 4.9, panel C) were performed
under anaerobic conditions and the introduction of air to the system is indicated
for each case. The additions were performed as follows: 1) in presence of L1 (blue
curve): Cu(Il) + AscH-+ AB16+ L1 + air; 2) positive control (no ligand, black curve):
Cu(I) + AscH-+ AB16 + air. In these experiments, AscH- was added after Cu(II)
under anaerobic conditions in order to reduce all the Cu(Il) into Cu(I). Afterwards
AB16 was added to form the complex Cu(I)AB16, and finally L1 was added. The
results indicate that the addition of L1 stop the consumption of AscH- meaning

that L1 can indeed remove Cu(l) from the AB16 peptide.

These results (Figure 4.9) are in line with the Kqupp values shown in Table
4.2 since Cu(II) has a higher affinity for L1 than for AB16 peptide, and thus, L1
can sequester Cu(II) from the redox active Cu complexes of AB16. For the case of

Cu(l), the affinity constants of L1 and AB16 are similar enough, that besides the



Chapter 4: Exploring the Cu Chelating Capabilities of L1 and L2 in the Context of Alzheimer’s Disease

formation of Cu(I)L1, the formation of a ternary species Cu(I)(L1)(AB16) not
efficient in ROS production, is possible. It is worthwhile to mention that the slopes
observed for the three experiments are different and this can indicate that the
ability of L1 to chelate Cu(Il) and Cu(I) and form the redox silent complexes is
different depending on the experimental conditions. In particular, the slope for the
experiments starting from Cu(I) is smaller, meaning that L1 is more efficient to

stop the production of ROS when initially there is only Cu(I) coordinated to AB16.

4.2.4.2. Presence of Zn(II).

As 1t was emphasized (Section 4.2.2.2) it is important to study the behavior
of L1 in presence of Zn(II). Table 4.2 and Table 4.3 show the different Kqpp values
calculated for the binding of Cu(Il) and Zn(II) (Table 4.2), and Cu(l) (Table 4.3)
to L1 and AB16 peptide. Since the affinity of Cu(Il) and Cu(I) to L1 is greater than
the one of Zn(Il) (Kcuan-L1,app > Kcu@®)-L1,app > Kzn@n-L1,app), L1 might be capable to
bind Cu even in presence of Zn(II). To confirm the hypothesis the experiments

described in Section 4.2.3.1 were repeated in the presence of Zn(Il) (Figure 4.10).
(1) Starting from the mixture of Cu(Il)/Cu(l).

For this experiment (Figure 4.10, panel A) the additions were performed
as follows: 1) in presence of L1 (blue curve): AscH- + AB16 + Zn(II) + Cu(I)+ L1;
2) positive control (no ligand, black curve): AscH- + AB16 + Zn(II) + Cu(Il). As it
was observed in the previous set of experiments, the addition of L1 arrests the
consumption of AscH-, this means that Zn(II) does not interfere with the Cu
coordination and L1 is capable to remove the Cu from AB16 peptide to form a redox

silent CuLL1 species.
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Figure 4.10. Kinetics of AscH- consumption by CuAB16 in the presence of Zn(II)
monitored by UV-vis spectroscopy at 265 nm in 100 mM HEPES buffer pH 7.1, in
presence (blue curves)* and absence (black curves) of L1, under three different
conditions: Panel A) Starting from Cu(II)/Cu(I) mixture. Panel B) Starting from
Cu(I). Panel C) Starting from Cu(l). (*Experiments performed at the LCC in
Toulouse by Dr. Charlene Esmieu).

(1)  Starting from Cu(II).

In these experiments (Figure 4.10, panel B) the next order of additions was
followed: 1) in presence of L1 (blue curve): AB16 + Zn(II) + Cu(Il) + L1 + AscH-; 2)
positive control (no ligand, black curve): AB16 + Zn(Il) + Cu(Il) + AscH-. For this
experiment, the ligand is added after the complex Cu(I)AB16 is formed, and the
AscH- is added at the end. The experiment revealed that L1 can remove Cu(II)
from the complex Cu(II)AB16 and generate a redox silent Cu(II)LL1 species that
doesn’t promote the generation of ROS (blue line).
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(11)  Starting from Cu(l).

In this set of experiments (Figure 4.10, panel C) the next order of additions
was followed: 1) in presence of L1 (blue curve): Cu(Il) + AscH- + AB16 + Zn(II) +
L1 + air; 2) positive control (no ligand, black curve): Cu(Il) + AscH-+ AB16 + Zn(II)
+ air. This experiment reveals that L1 can sequester Cu(I) from the initial
Cu(l)AB16 complex and arrest the consumption of AscH-, i.e. production of ROS,
by the formation of a redox silent Cu(I)LL1 species.

These experiments highlight the capability of L1 to bind Cu(II) and Cu(I)
and deactivate the redox active complex CuAB16 even in presence of 1 equiv.
Zn(IT). These results are in agreement with the fact that the Cu(Il) and Cu(I)
affinities of L1 are higher than the one of Zn(II), and that Zn(II) is not competing
for L1 with Cu(Il) and to a lesser extent with Cu(I). However, as mentioned before
the concentrations of Zn(II) in the synaptic cleft are up to one order of magnitude
higher than the concentrations of Cu, and these conditions could represent a
potential challenge for the efficacy of L1. Nonetheless, considering the difference
in magnitude for the Kqupp values reported in Table 4.2 and Table 4.3, one can
hypothesize that Zn(II) will not represent an issue even in the excess ratio

observed in the synaptic cleft.

4.2.5. Evaluation of the formation of ROS in presence of excess of LL1.

Since it was observed in Section 4.2.3 that L1 can form Cu(I)(L1):
complexes, further experiments using larger excess of L1 were carried out. These
experiments were performed under the same conditions used in the previous
sections (Sections 4.2.3.1 and 4.2.3.2) and starting from Cu(II), Cu(l) or the
mixture Cu(Il)/Cu(l) (Figure 4.11).

When the AscH- consumption starts from Cu(Il) (Figure 4.11, A) one can
observe that L1 is more efficient in arresting AscH- at the ratios 1.2:1 (blue curve)
than 2:1 (red curve). The same effect is observed when the AscH- consumption
starts from Cu(I), although in this case the effect is less pronounced (Figure 4.11,

B). Interestingly, the effect on the AscH- consumption profiles caused by the
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different L:Cu ratios is clearly stronger if the AscH- consumption starts from the
mixture Cu(Il)/Cu(l). For this case, these experiments were repeated in the

presence of AB16 peptide and Zn(II) (Figure 4.12).
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Figure 4.11. Kinetics of AscH- consumption, followed by UV-vis spectroscopy at
265 nm, in presence of L1 at two different concentrations: 12 uM (ratio: 1.2:1
(L:M), blue curves) and 20 uM (ratio: 2:1, red curves). Panel A): starting from
Cu(Il), order of additions: Cu(Il) + L1 + AscH-. Panel B): starting from Cu(I), order
of additions: Cu(Il) + AscH- + L1 + air. Panel C): starting from the mixture
Cu(I)/Cu(), order of additions AscH-+ Cu(Il) + L1. Dashed lines indicate the
initial Abs2esnm. The blue and red arrows indicate the differences in absorbance
for ratios 1.2:1 and 2:1, respectively (*Experiments performed at the LCC in
Toulouse by Charléne Esmieu).

The Figure 4.12, A compares the different AscH- consumption profiles
observed for the ratios 1.2:1 and 2:1 in presence of AB16 peptide and indicates that

the addition of 1 extra equiv. of L1 reduces the effectiveness of this ligand
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compared to the ratio 1.2:1 However, this effect is less pronounced that the one
observed in the absence of AB16 peptide. When Zn(Il) is also present the addition
of 1 extra equiv. of LL1 has practically no effect as it is shown in Figure 4.12, C.
Overall these data highlight that the stoichiometry has an influence on the
effectiveness of L1 to arrest AscH- consumption only in case of Cu(I)/Cu(ll)

mixture and in absence of Zn(II).
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Figure 4.12. Kinetics of AscH- consumption starting from the mixture of
Cu(I)/Cu(), followed by UV-vis spectroscopy at 265 nm, in presence of L1 at two
different concentrations: 12 uM (ratio: 1.2:1, blue curves) and 20 uM (ratio: 2:1,
red curves). Panel A) order of additions: AscH-+ AB16 + Cu(Il) + L1. Panel B)
order of additions: AscH-+ Zn(II) + Cu(Il) + L.1. Panel C) order of additions: AscH-
+ AB16 + Zn(II) + Cu(Il) + L1. Dashed lines indicate the absorbance when L1 is
added. The blue and red arrows indicate, the different slopes for ratios 1.2:1 and
2:1 respectively (*Experiments performed at the LCC in Toulouse by Charléne
Esmieu).
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4.2.5.1. How 1s the excess of L1 affecting its effectiveness to stop ROS production?

The effect observed on the effectiveness of L1 to arrest ROS production
between 1.2:1 and 2:1 (L:Cu) ratios is present in the three different conditions
tested (Figure 4.11). However, this effect is clearly stronger when the kinetics
start from the mixture of Cu(Il)/Cu() (Figure 4.11). Considering all the data
gathered so far and in order to explain the experimental observations, the
mechanism shown in Scheme 4.2 was proposed, in which for the sake of simplicity
L1 is ascribed simply as L.

According to the Kup calculated (Table 4.3), the species Cu(I)(L1):z is
formed even at low excess of L1 (9.6 % at 1.2 equiv. and 29.1 % at 2 equiv. see
Annex Table A.2). This species can react with Cu(II)L1 giving rise to Cu(I)LL1
and Cu(II)(L1)z species (Scheme 4.2, pathway (a)). The latter, can evolve
through 2 different pathways that are in competition: via the dissociation of one
L1 (pathway (b)) leading to the Cu(II)L1 (resistant to the AscH- reduction), or by
1ts AscH- reduction to form the species Cu(I)(L1)z2 (pathway (c)). It is possible to
posit that the formation of Cu(II)L1 from Cu(II)(L1)z will imply a strong
reorganization of the coordination sphere and that Cu(II)(L1)2z might keep the
same geometry than Cu(I)(LL1)z (Figure 4.8) thus being easily reduced in line
with the redox potential values reported for related complexes.3> The species
Cu(I)L1 formed can be oxidized into Cu(II)LL1 (pathway (d)) or it can coordinate
an additional L1, leading to the formation of Cu(I)(L1)z (pathway (e)). This redox
reaction agrees with the higher consumption of AscH- observed when the process
starts from the mixture Cu(Il)/Cu(I). Thus, the formation of the species
Cu(I)(L1)2, which is the only one that can mediate the reduction of Cu(II)L1, is
favored when there is excess of L1. This explains the increased consumption of

AscH- when there are 2 equiv. of LL1 in comparison with 1.2 equiv.
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Zn(ll) +L

AB

Scheme 4.2. Mechanism proposed to explain the influence of the excess of L1
(ascribed as L for simplicity) in its effectiveness to arrest the consumption of AscH-
. Species containing Cu(Il), Cu(I) and Zn(II) are written in blue, red and green
respectively. The species resistant to AscH- reduction (green oval) and AscH-/O2
consuming species (yellow ovals) are highlighted. Solid and dashed pathways
correspond to speciation and redox reactions, respectively. Reactions implying
APB16 peptide are shaded. For the sake of clarity, only processes key for the ROS
production are shown.

In presence of AB16 peptide, L1 lessen the consumption of AscH-regardless
of the conditions (Figure 4.12, panel A and panel C). This is in line with the Cu(II)
affinity and Cu(Il) over Zn(II) selectivity of L1 (see Table 4.2).

The effect observed in presence of Zn(Il) (Figure 4.12, panel B) is explained
by the diminution of the concentration of available L1 (decrease of stoichiometric
excess via the formation of Zn(IT)LL1) that prevents the formation of Cu(I)(L1)2.
This is reflected in the weaker AscH-consumption observed.

Interestingly, the impact of the L1 excess in presence of Zn(II) is similar
with or without AB16 (Figure 4.12, panels B and C). This indicates that the
change of the speciation between Cu(I)LL and Cu(I)(LL1)2 due to the presence of
AB16 (pathway (f), Table 4.3) and the quick formation of Cu(II)LL1 via Cu(I)AB16
from the oxidation of Cu(I)Ap (pathway (g)) either do not contribute significantly

to the main redox reaction (pathway (a)) or have counterbalanced effects.

4.2.6. Towards multitarget approach: Functionalization of L1.

As it was previously described, on Chapter 3 (Section 3.3), AD is a complex

and multifactorial disease. Consequently, current research for effective
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therapeutic agents combines different strategies at once in order to arrest the
development of AD. The recent interest in molecules with multitarget features has
been widely described and compiled (see Chapter 3, Section 3.6.1). These data
indicate the promising outlook of this approach. In this context, we decided to
explore the functionalization of the most promising ligand, L1, in order to combine
its antioxidant activity and its Cu chelation features with two scaffolds that could

provide therapeutic added value to the resultant hybrids (Figure 4.13).

Chelator unit AP recognition
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Figure 4.13. Illustration of the two approaches to functionalize L1.

The first approach proposes the functionalization of L1 with the
benzothiazole Bztl (Figure 4.13). Bztl is a derivate of Thioflavin-T (ThT), a
molecular probe able to recognize and interact with A fibrils.42 The second
strategy explores the functionalization of L1 with a peptide that recognizes the
receptor for advanced glycation endproducts (RAGE) and has the capability of
surmount one of the most challenging pharmacokinetic issues in vivo: crossing the

BBB.#3
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4.2.6.1. Functionalization of L1 with the AP fibril recognizer BzT1.

In recent years huge efforts have been made to develop markers for AB
aggregates 1.e. derivates of ThT,44 stilbenes4> or naphthyl based compounds46:47

that allow their recognition and in vivo detection through imaging.

Herein, the different strategies tested to functionalize L1 with Bztl,

capable to interact with AP fibrils,*® are presented.

Initially, the synthesis of the precursor L2(Trt) was carried out. The
precursor contains a carboxylic acid for coupling with the free amine of the
Bzt1(Boc), and a trityl (Trt) protected His (imidazole ring) to avoid side reactions
during coupling. The synthesis was done using SPPS protocols (Scheme 4.3), and
the 2-chlorotrityl chloride resin, to obtain the correspondent carboxylic acid
derivate. Fmoc-His(Trt)-OH (15) was coupled to the resin using N,N-
diisopropylethylamine (DIEA) (2.5 equiv.) in dichloromethane (DCM). After Fmoc
deprotection, the coupling of the 2-carboxy-1,10-phenanthroline (14) (synthesis
described on Chapter 2, Section 2.1) was performed in dimethylformamide (DMF)
using 4 equiv. of benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) as coupling agent and 8 equiv. of DIEA as base.
Finally, L2(Trt) was cleaved from the resin by treating the resin for 2 minutes
with a solution of 99:1, DCM:TFA. The treatment was done 8 times or until no
spot was observed on TLC under a UV-vis lamp. The filtrated liquid, containing
the ligand, was neutralized with 400 uL of DIEA and collected. The removal of the
solvent was done by rotary evaporation. The residue was dissolved in H20O and
after an organic work up, chloroform (CHCls) was removed with a rotary
evaporator. The product was identified using Proton Nuclear Magnetic Resonance

(*H NMR) and mass spectrometry (see Annex Figures A.18 — A.20).
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Scheme 4.3. Synthesis of L2(Trt).

Subsequently, L2(Trt) and PyBOP (1.1 equiv.) were dissolved in dry DCM

with 4 equiv. of DIEA (Scheme 4.4). After homogenization, a solution containing

1 equiv. of Bzt1(Boc) was added, the mixture was stirred at RT and monitored by

thin-layer chromatography (TLC). After 3 h, no major changes were observed. The

crude was dissolved in ethyl acetate. After work-up, the organic phase was

concentrated and eluted through a chromatographic column (silica gel) using a

system 9:2, methanol (MeOH):CHCls. It was possible to recover the raw material

and electrospray ionization mass spectrometry (ESI-MS) confirmed that there

were no traces of the expected product L1-Bzt1(Boc).
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Scheme 4.4. First synthetic strategy to obtain compound L1-Bzt1(Boc).

In a second synthetic strategy (Scheme 4.5) PyBOP was replaced by 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxy-succinimide
(NHS), These reagents have been widely used to activate carboxylic groups in
diverse applications such as forming amide bonds in peptide synthesis, labeling
nucleic acids or attaching drugs to carrier proteins.4® Thus, 1.0 and 1.4 equiv. of
L2(Trt) and EDC, respectively,
tetrahydrofuran (THF) for 30 mins.
aminopyridine (DMAP) and 1.3 equiv. of NHS were added to the solution and the

were dissolved and stirred at RT in

Afterwards, 2 equiv. of dimethyl
mixture was stirred at RT for 2 additional hours. After an extractive work-up, the
organic phase was collected and the THF was removed by rotary evaporation. The
residue was employed in the next step without further purification, 1.e. it was re-

dissolved in DCM, and 1.5 equiv. of triethylamine (EtsN) and 1 equiv. of
Bzt1(Boc) was added to the solution.
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Scheme 4.5. Second synthetic strategy to obtain compound 11.
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The mixture was stirred at room temperature for 24 h and monitored by
TLC (system 9:1, CHCls:MeOH). No significant changes after the 24 h were
observed and therefore, the reaction was stopped. After the removal of DCM, a
work-up was performed. The organic phase was concentrated and eluted through
a chromatographic column (silica gel) using the system 9:2 MeOH:CHCls, only raw
material and side products, that did not correspond to the expected product L1-
BzT1(Boc), were obtained. This was confirmed by MS analysis. Changing the
order of additions, 1.e., adding ETsN at the end, after addition of BzT1(Boc) did
not improve the results. Because of the lack of time, the optimal synthetic

conditions for the coupling of BzT to L1 could not be further explored.

4.2.6.2. Functionalization of L1 with a peptide recognizing the receptor for

advanced glycation endproducts (RAGE).

One of the main challenges faced by AD drug candidates that renders them
ineffective in the treatment of this disease is the lack of the required
pharmacokinetic properties, particularly the ability to cross the BBB and access
the central nervous system (CNS).5051 In this regard, the functionalization of these
candidates with molecules that enhance their internalization has become an

interesting alternative to overcome this problem.

4.2.6.2.1. Rational design of L1AB: Fighting fire with fire.

Carrier peptides have shown promising results facilitating the entrance of
cargo to the CNS.52.53 Recently, the group reported a peptidic approach to overcome
the low permeability of a peptidomimetic B-secretase 1 (BACE-1) inhibitor across
the BBB.43 Using the same approach and rational, L1 was functionalized with a
segment of the AB peptide (APis-23, Figure 4.14), that contains the hexapeptide
sequence known to recognize the receptor for advanced glycation endproducts
(RAGE). This 35 kDa trans membrane receptor, characterized by Neeper in
1992,54 1s overexpressed in AD both in BBB and neurons,?> enabling the entrance

into the CNS through receptor mediated-transcytosis. Additionally, the
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hexapeptide sequence represents a competitor inhibitor of the internalization of
AP into cells expressing RAGE?¢ and therefore, it could potentially avoid the re-
internalization of AP peptide into the CNS.57.58

L1 AP peptide sequence (1-40 )
N J
Oy ! RAGE binding bl
ono 1 14 23 40 42
& DAEFRHDSGYEVHH VGSNKGAIIGLMVGGVVIA
L1 H

L1
L1AB

Figure 4.14. Rational design of L1AB14-23 (L1AB), based on the combination of L1
and the sequence APi4-23 containing the RAGE binding sequence.

In order to combine L1 with the RAGE binding sequence and to avoid the
modification of the canonical sequence of AP peptide, the original RAGE binding
sequence, APis.23, was extended to ABis-23. The later incorporates the Hisi4 which

is one of the two main structural units of L1 (Figure 4.14).

4.2.6.2.2. Synthesis and characterization of L1AB.

The synthesis of the sequence Afis23 was carried out on a Biotage®
microwave assisted automatic synthesizer using SPPS standard Fmoc protocols®®
The Fmoc protected Rink Amide MBHA resin (100 - 200 mesh) was used to obtain
an amide on the C terminal of the final peptide (Scheme 4.6). After amino acids

were assembled on the resin and the last Fmoc protecting group was removed (22),
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an aliquot was taken to simultaneously deprotect and cleave the peptide from the
resin, the crude peptide was analyzed by analytical reversed-phase HPLC and MS-
ESI to confirm the success of the synthesis and the identity of the expected peptide.
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His(Trt)-AB45.23-Resin
22

Scheme 4.6. Solid phase synthetic pathway to obtain ABi4.23 segment on a Rink
Amide resin.

Subsequently, the 2-carboxy-1,10-phenanthroline (14) was manually
coupled to (22), using PyBOP as a coupling reagent (Scheme 4.7). Afterwards the
resin was treated with TFA:TIS:H20 (95:2.5:2.5) solution in order to totally
deprotect and cleave L1AB peptide from the resin. The resin was filtered out and
the acidic solution, containing the product was concentrated under a N2 steam,
crude peptide was precipitated and washed with cold diethyl ether. The resulting
residue was re-dissolved in water, lyophilized and purified by preparative

reversed-phase HPLC.
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Scheme 4.7. Synthetic strategy to obtain L1AB through the coupling between
(17) and the precursor (4).

The purity of L1IAB was verified by analytical reversed phase HPLC and it
was greater than 95 % (see Annex Figure A.22), ESI-MS confirmed the identity
of the expected product (Figure 4.15), [L1AB+2H]2* m/z = 719.8485 Da,
(theoretical value for [L1AB+2H]2* m/z = 719.8488 Da) corresponding to
1437.6830 Da. (theoretical for C71H91N17016= 1437.6830 Da).
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Figure 4.15. ESI-MS spectrum of the pure compound L1AB in positive mode (the
contamination of the metal ions Na*, K*, Ag* and Zn?* comes from the ionization
source)
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4.2.6.2.3. Spectroscopic characterization of the Cu(Il) complex of L1AB.

In order to confirm if the Cu(Il) coordinating properties of L1 were
maintained after the structural modification, we decided to characterize the
correspondent complex Cu(II)L1AB by UV-Vis and EPR spectroscopies and
compare the spectroscopic data with that of Cu(II)LL1. L1AB possesses a limited
water solubility and therefore, the stock solutions of L1AB used to generate the
aqueous solutions of the following experiments were prepared at 1.5 mM and
contain 20 % DMF in H20. These issues are associated most likely to the sequence
AB1s23 (HQKLVFFAED) which includes a highly hydrophobic domain (KLVFFA)
responsible for the aggregation of the native Ap peptide.60

The Cu(Il) complex of L1AB was obtained by mixing 1 equiv. of L1AB (0.5
mM) with 1 equiv. of Cu(I) (Cu(NOs3)2). UV-vis spectra of the complex were
recorded at the initial pH (pH 3.0), pH 7.4 and pH 11.0 (Figure 4.16, A). An 0.15
mL aliquot of the solutions were taken at each pH in order to obtain the respective

EPR spectra (Figure 4.16, B).
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Figure 4.16. Spectroscopic data. A) UV-vis absorption spectra of L1AB (black
curve) in H20 (0.5 mM) and of L1AB + Cu(Il) (1:1) at pH 3.0 (red), pH 7.4 (yellow)
and pH 11.0 (blue). B) The X bands EPR spectra of L1AB and Cu(II) (1:1) at 0.5
mM, in 10 % glycerol at pH 3.0 (red), pH 7.4 (yellow) and pH 11.0 (blue).
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The UV-vis spectra of the Cu(II)L1AB show an absorption band on the
visible region corresponding to the Cu(Il) d-d transitions. Very similar spectra
were observed for pH 3.0, 7.4 and 11.0 (Figure 4.16, A). The spectrum obtained
at pH 11.0 shows a baseline increase that can be attributed to precipitation issues
(solution became cloudy). The absorption band at 607 nm does not show significant
variations between the different pH values, providing evidence that the same
major species is present in solution. Based on the previous data obtained for the
parent complex Cu(IT)LL1,! the UV-vis spectra suggest an equatorial coordination
environment where the nitrogen atoms of the Phen unit, the deprotonated amide

and the imidazole of the His are coordinated to Cu(II).

For the sake of comparison, L1 and L1AB were mixed with equimolar
amounts of Cu(Il) at two different concentrations (50 uM and 0.5 mM). For this
case, both ligand stock solutions were prepared at 1.5 mM in 20 % DMF/H20 to
maintain the same amount of DMF for both systems. The pH was adjusted to pH
7.4 and UV-vis spectra were recorded (Figure 4.17, A and B). Spectra of Cu(IT)LL1
and Cu(I)L1AB show no significant differences between them, in both, at the
ligand (A) and at the d-d transition (B) regions.
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1.2 —L1 50 uM + 1 equiv. Cu(ll) pH 7.4 0.1 - —L10.5mM + 1 equiv. Cu(ll) pH 7.43
' L1AB 50 uM + 1 equiv. Cu(ll) pH 7.4 L1AB 0.5 mM + 1 equiv. Cu(ll) pH 7.42
g 14 8 0.08
: :
£0.8 1 2 0.06
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Figure 4.17. Overlapped UV-vis absorption spectra of L1 (blue) and L1AB
(vellow) with 1 equiv. of Cu(NOs3)2 at pH 7.4. A) 50 uM. B) 0.5 mM.
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The EPR spectra in Figure 4.16 (B), exhibit the four expected lines at low
field due to the hyperfine interaction between the unpaired electron of the complex
and the copper nucleus. The EPR parameters obtained by simulation of the EPR
data at pH 7.4 are shown in Table 4.4. These data are consistent with the UV-vis
results and with the values reported for the parent Cu(II)LL1 complex at pH 7.4,
1.e. the existence of a major Cu(Il) species with a square planar or square
pyramidal geometry and an N 4 coordination sphere. No significant changes were
observed among the different pH values indicating that this species is the main

species in this pH range.

Table 4.4. Comparison of the spectroscopic data for
the Cu(II)L1 and Cu(II)LL1AB at 0.5 mM in aqueous
solution, at pH 7.4.

Cu(IDL1 Cu(I)L1AB

UV-vis
Amax (nM) 603 607
EPR
Ay (104 cm-) 175.4" 171.0
g 2.219* 2.219
g1 2.07, 2.04" 2.05

*Data from reference 1: EPR recorded in water/DMSO (9:1, v:v) solution
at 90 K, where Ay 1s reported as Az, gn as g1, and g1 as gz, gs.

UV-Vis and EPR spectroscopic data indicate that the ligand L1AB
preserves the coordination properties of the parent ligand L1 and the proposed

structure for the Cu(I)L1AB complex is shown in Figure 4.18.
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AB15.23

Figure 4.18. Proposed structure for Cu(II)L1AB complex at pH 7.4.

4.2.7. Evaluating the L1AB capabilities to arrest ROS formation

After comparing spectroscopic data, we concluded that basically the peptide
scaffold does not interfere with the Cu(Il) coordination properties of L1AB,
therefore, the capability of arresting ROS production and the Cu selectivity might
not be modified either. The ability of L1AB to stop the consumption of AscH- acid

was studied as described in Section 4.2.1.

As described in previous sections, the following experiments were
performed in 100 mM HEPES at pH 7.1. The solutions were prepared using the
corresponding concentrations of AscH- [100 uM], CuCls [10 uM], AB16 [12 uM],
ZnClz [10 uM] and L1AB [12 uM]. The black curves correspond to the respective

positive controls for each condition:
(1) Starting from the mixture Cu(II)/Cu(l).

The blue curve on the Figure 4.19 represents the kinetic profile of AscH-
consumption in presence of L1AB (order of additions: AscH- + Cu(Il) + L1AB).
L1AB can arrest the consumption of AscH- by chelating Cu(Il) and Cu(I). The red
curve reflects the kinetic consumption of AscH- in presence of AB16 (order of
additions: AscH- + AB16 + Cu(I)+ L1AB). This order of additions allows to pre-
form the Cu(I)AB16 and Cu(I)AB16 complexes that produce ROS as reflected by
the consumption of AscH-. When L1AB is added, the consumption of AscH- is
arrested indicating the ability of L1AB to remove the Cu(Il) and Cu(I) from the
APB16. The green curve represents the kinetic of AscH-consumption in presence of

AB16 and Zn(II) (order of additions: AscH- + AB16 + Zn + Cu(Il) + L1AB). The
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addition of L1AB arrests the formation of ROS meaning that L1AB is still capable
to remove the Cu(Il) and Cu(l) ions from AB16 despite the presence of Zn(II).
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Figure 4.19. Kinetics of AscH- consumption monitored by
UV-vis spectroscopy at 265 nm in 100 mM of HEPES buffer
pH 7.1: Blue curve: AscH-+ Cu(Il) + L1AB. Red curve: AscH-
+ AB16 + Cu(Il)+ L1AB. Green curve: AscH- + AB16 + Zn +
Cu(II) + L1AB. Black curve (positive control) AscH- + AB16
+ Zn(II) + Cu(I).

(1)  Starting from Cu(II).

This set of experiments (Figure 4.20) analyze the capability to chelate
exclusively Cu(Il) by performing the addition of L1AB when the Cu species in
solution correspond to Cu(Il), i.e. the complex Cu(I)AB16 or free Cu(Il). The blue
curve in Figure 4.20 (order of additions: Cu(Il) + L1AB + AscH-) reveals that
L1AB can bind to Cu(Il) arresting the consumption of AscH-. The red curve
represents the kinetics of AscH- consumption when L1AB is added after the
formation of the complex Cu(I)AB16 (order of additions AB16 + Cu(Il) + L1AB +
AscH-). Data indicate that L1AB can remove Cu(II) from the Cu(I)AB16 complex
and arrest the ROS production. The green curve represents the Kkinetic

consumption of AscH- in presence of Zn(II) and AB16 (order of additions: AB16 +
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Zn(IT) + Cu(Il) + L1AB + AscH-). The results reveal that Zn(II) does not affect the
ability of L1AB to remove Cu(II) from AB16.
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Figure 4.20. Kinetics of AscH- consumption followed by UV-vis
spectroscopy at 265 nm in 100 mM HEPES buffer pH 7.1: Blue
curve: Cu(Il) + L1AB + AscH-. Red curve: AB16+ Cu(Il) + L1AB +
AscH-. Green curve AB16 + Zn(II) + Cu(Il) + L1AB + AscH- (green).
Positive control, black curve: AB16 + Zn(II) + Cu(l) + AscH-.

(1))  Starting from Cu(]).

The following set of experiments correspond to the study of the Cu(l)
chelation capabilities of L1AB (Figure 4.20). The additions were made under

anaerobic conditions and the introduction of air to the system is indicated for each

case.
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Figure 4.21. Kinetics of AscH- acid consumption followed by
UV-vis spectroscopy at 265 nm in 100 mM of HEPES buffer
at pH 7.1: Blue curve: Cu(Il) + AscH- + L1AB + air. Red
curve: Cu(ll) + AscH- + AB16 + L1AB + air. Green curve:
Cu(Il) + AscH- + AB16 + Zn(II) + L1AB + air. Positive
control, black curve: Cu(Il) + AscH-+ AB16 + Zn(II) + air.

The blue curve on Figure 4.21 represents the kinetic consumption of AscH-
when L1AB is added to Cu(I) and afterwards air is introduced to the system (order
of additions: Cu(II) + AscH- + L1AB + air). The data indicate that L1AB chelates
Cu(I) in solution and generates a Cu(I)L1AB species unable to produce ROS. The
red curve represents the kinetic profile of AscH-consumption when L1AB is added
to the complex Cu(I)AB16 before the introduction of air (order of additions: Cu(Il)
+ AscH- + AB16 + L1AB + air). The AscH- consumption is also arrested under

these conditions, meaning that L1AB can remove Cu(I) from AB16.

The green curve represents the kinetic of AscH- consumption in the
presence of Zn(II) (order of additions: Cu(Il) + AscH- + Zn(II) + AB16+ L1AB +
air). The AscH- consumption is still arrested in presence of Zn(II) meaning that

the affinity of Cu(l) to L1AB is, most likely, greater than the one of Zn(II).

In summary, the kinetics of AscH- consumption starting from Cu(II), Cu(l)

or their mixture reveal that L1AB can arrest the production of ROS in the
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presence of AB16 even in presence of Zn(I) as a competitor. These data indicate
that the modification of the parent ligand L1 by the introduction of the peptide
AB15.23 did not alter its copper coordination properties and that most likely, L1AB
has similar Cu(Il) and Cu(I) affinity constants than L1 (Table 4.2 and Table 4.3).

4.3. Conclusions and remarks.

The potential of two Phen based ligands as Cu targeting candidates for AD
therapy has been studied. The capacities of the ligands L1 and L2 to arrest ROS
production were initially studied monitoring AscH- consumption. Data indicated
that L1 performed better than L2 and its Cu(Il) and Cu(I) coordination properties
were furthered analyzed under the ROS production experimental conditions. L1
chelates Cu(Il) to give rise to a complex (Cu(II)L1) that is hard to reduce by AscH-
and presents high Cu-selectivity vs. Zn as reflected by the significant difference
between their apparent affinity constants (log Kznip-L1,app = 6.08 and log Kcuap-
Liapp = 12.55). Additionally, this ligand binds Cu(Il) with a higher apparent
affinity constant than the AB16 peptide (log Kcuin-Ap16,app = 7.46) and therefore, it
is be able to remove the Cu(Il) from the harmful Cu(I)Ap complex even in the
presence of Zn(II). L1 binds also Cu(I) forming the Cu(I)L1 (major) and
Cu(@)(L1)z (minor) species. In excess of L1, the concentration of the species

Cu(I)(L1)z2 increases (Figure 4.7, Table A.2).

L1 is capable of arresting ROS production at 1.2:1 L1:Cu ratio
independently of the oxidation state of Cu and in presence of AB16 peptide and
Zn(IT). However, this property vanishes when L1 is present in excess due to the
higher formation of the species Cu(I)(LL1)z2 that is redox-active and catalyzes the
formation of ROS. This species, which is the only species that can mediate the
reduction of Cu(II)L1 in our conditions, gives access to an alternative mechanism
(Scheme 4.2) that generates ROS. These results highlight the complexity of the
multifactorial ROS production process and the importance of carrying out the
experiments under conditions closer to the biological relevant ones. Our studies
reveal that the speciation of Cu in its different oxidation states with the designed

chelator is an important factor. This is rarely investigated but it could be an
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important issue if the change in speciation upon redox cycling can generate Cu(l)
species that catalyze the formation of ROS. In this case scenario, even if the ligand
1s able to bind Cu(Il) and arrest the production of ROS, the possibility to access to
alternative ROS formation pathways when the chelator is present in excess can
indeed preclude the potential of the chelator in the context of AD. This highlights
the need to develop ligands capable of binding and stabilizing Cu in its two

oxidation states (entatic state) without changing complex stoichiometry.6!

In the second part of this chapter, two strategies to functionalize L1 were
explored to obtain a multitarget system. The functionalization with Bztl, a
molecule capable of recognizing AP fibrils, was not successful. The synthetic
strategies tested where PyBOP and EDC were used as coupling activators did not
render the expected final. On the other hand, it was possible to functionalize L1
with the RAGE binding sequence of the native AB peptide (VFFAED) and to obtain
L1AB. This new ligand merges the Cu coordination properties of L1 with the BBB
permeable capabilities of the peptide scaffold. UV-Vis and EPR spectroscopic data
indicate that indeed the modification of L1 did not affect the Cu(II) coordination
properties of LL1. Accordantly, L1AB can arrest the consumption of AscH-and thus
ROS production even in presence of Zn(II) and independently of the oxidation state
of Cu. Currently, data regarding the Cu(I) and Zn(II) affinity constants of L1AB
and its capability to arrest ROS production when L1AB is present in excess are
missing. These experiments will be important to fully understand the L1AB
behavior and check if the potential ROS active species Cu(I)(LL1AB):2 could exist.
In the case scenario that data indicate that L1AB is effective independently of the
L1AB:Cu ratio used, modifications on the ligand structure will be done to improve
1ts solubility. In the long term, the BBB capabilities of the best final candidate will
be tested.
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Greneral Conclusion
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There are only two tragedies in life:
one is not getting what one wants,
and the other is getting it.”

Oscar Wilde






he therapeutic potential of the ligands (H)LL1 and (H2)LL2 was explored in
two different and contrasting contexts: Cancer and Alzheimer’s disease

(AD).

For the first approach, we explored into the biological activities of the two
Cu(I) complexes of L1 and L2 (C1 and C2) to understand their cytotoxicity
(Section 2.1.4.1). Data suggested that the cytotoxicity exhibited particularly on
A2780 cells might be related to their capabilities to produce ROS inside cells.
However, their moderately low cytotoxicity (C2 more cytotoxic that C1) in
comparison with Cisplatin (see Table 2.1, Section 2.1) highlights the fact that
these complexes may not produce ROS efficiently and the ligands need to be
optimized to obtain Cu(Il) complexes with reversible Cu(I)/Cu(I) redox cycling. In
contrast, part of the work regarding AD explored the capability of these ligands to
arrest the formation of ROS catalyzed by Cu. These results indicated that the
effectiveness of L1 to arrest the formation of ROS catalyzed by Cu was clearly
higher than the one of L2 (Section 4.2.1). These data are in agreement with the
cytotoxic studies mentioned above that revealed that the complex C2 is more
active. Further studies indicated that L1 can arrest ROS production at 1.2:1 L1:Cu
ratio independently of the oxidation state of Cu and in presence of AB16 peptide
and Zn(IT). Moreover, it was stablished that the excess of L1 produces an impact
on its effectiveness to arrest the ROS production (Section 4.2.5, Chapter 4),
explained by the change in speciation that promotes the formation of the
Cu(@)(L1)z species, which, in presence of the specie Cu(II)L1 leads to the
formation of Cu(II)(L1)z (reducible by AscH-) and Cu(I)L1 (oxidizable by O2).
This effect is lessened by the presence of Zn(II) and AB16 peptide by modifying
speciation and decreasing the amount of available L1 to form of the active species

(Scheme 4.2, Chapter 4).



Based on all these results, the modification of the ligands took two different
directions and purposes. In one way and in the context of cancer, the ligand L1 (as
a probe of concept) was modified with the purpose of generating a more efficient
cytotoxic Cu(Il) complex, i.e. provide reversibility to their Cu(Il) 2Cu() redox
cycling process. The strategy pursued to optimize L1 (ligand L3) was not
successful as data indicated that L3 is not stable in the presence of Cu(II). On the
other hand, and in the context of AD, the purpose was to confer therapeutic added
value to the ligand L1 (the best candidate) without modifying their Cu(II)
coordination properties and ROS arrest capabilities. We succeed in this goal but
the effectiveness of L1AB to arrest ROS under super-stoichiometric ratio of ligand
(2:1, L:Cu) was not studied and this indeed will be crucial experiments to be

performed in near future.
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Life can only be understood backwards;
but it must be lived forwards.”

Seren Kierkegaard
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6.1. Chemicals.

cetonitrile (ACN), N,N-diisopropylethylamine (DIEA), triisopropylsilane

(TIS), diethyl ether (Et20), dichloromethane (CH2Cls, N-(3-

Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-
methyl-2-pyrrolidone (NMP), bathocuproinedisulfonic acid disodium salt,
Cu(NOs3)2 ' 3H20, CuCls, Zn(NOs)2, H202, 1,10-Phenanthroline (Phen), (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
tris(hydroxymethyl)aminomethane hydrochloride (TRIS-HCI), deoxyribonucleic
acid sodium salt from calf thymus (ct-DNA) ascorbic acid (AscH-) and the
deuterated solvents for NMR analysis were purchased from Sigma Aldrich - Merck
Millipore. Fmoc-His(Trt)-OH, Fmoc-N-Me-His(Trt)-OH, 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), benzotriazole-1-yl-
oxy-tris-pyrrolidino-phosphonium  hexafluorophosphate (PyBOP), H-Gly-2-
chlorotrityl and rink amide MBHA (100-200 mesh) resins were purchased from
Novabiochem. Trifluoroacetic acid (TFA), N,N-dimethylformamide, acetic
anhydride and piperidine were purchased from Acros Organics. Peptide AB16
(DAEFRHDSGYEVHHQK) was bought from Genecust. Suppliers of reagents and
cells used for the biological studies (Section 6.7) are indicated in their

corresponding sections.

6.2. General Information.
All manipulations of air- or moisture-sensitive compounds were carried out

under an atmosphere of nitrogen (N32) or inside the glovebox.

Preparative reversed-phase high performance liquid chromatography
(HPLC) was done on an Agilent Technologies 1200 infinity with a UV-vis detector
using the Phenomenex Jupiter Proteo column (250 mm x 21.20 mm, 4 pm, 90 A)
and solvents A (water:TFA, 99.9:0.1, v/v) and B (ACN:water:TFA, 90:9.9:0.1,
v/vlv). Analytical reversed-phase HPLC was carried out on an Agilent
Technologies 1200 series with a UV-vis detector using the Phenomenex Jupiter

Proteo column (250 mm x 4.6 mm, 4 pm, 90 A) and same solvents A and B.
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Solution NMR measurements were done in a Bruker DPX-300 MHz, 400
MHz or 600 MHz NMR spectrometers using CDCls or D20 as a solvent. The 1H
and 13C chemical shifts are referenced to the chloroform peak (7.26 ppm for 'H and
77.00 ppm for 13C). 2D NMR NOESY experiment performed on a Bruker DPX-600
MHz spectrometer by Dr. Gaétan Herbette at Spectropole, the analytical facility
of Aix-Marseille University (Figure A.11).

The UV-Vis spectroscopy experiments were carried out in different Varian

Cary Bio spectrophotometers.

The ESI-Mass Spectrometry studies were performed with a QStar Elite
(Applied Biosystems SCIEX) mass spectrometer equipped with a pneumatically
assisted atmospheric pressure ionization (API) source. The sample was ionized in
positive electrospray mode under the following conditions: electrospray voltage
(ISV): 5500 V; orifice voltage (OR): 20 V; nebulization gas pressure (air): 20 psi.
Mass spectra (MS) were obtained with a flight time analyzer (TOF). Values are
given as m/z. These experiments were performed at Spectropole, the analytical

facility of Aix-Marseille University.

6.3. Synthesis of ligands.
6.3.1. Synthesis of the 2-carboxy-1,10-phenanthroline.

The synthesis of 2-carboxy-1,10-phenanthroline was carried out as reported
by Sun et al.l! A) 1,10-phenanthroline 1-oxide: 30 mL of 30% H202 was added
dropwise to a solution containing 50 g (0.25 mol) of 1,10-phenanthroline
monohydrate in 60 mL of acetic acid (glacial). The mixture was maintained at 75
°C for 3 h Afterwards, 30 mL of H202 30 % were added dropwise and the heating
continued for 3 h. After cooling down the mixture was bisified to pH 10.0 with a
saturated solution of KOH and extracted 4 times with chloroform. The combined
extractions were dried over anhydrous sodium sulphate and evaporated to obtain
a yellow solid. B) 2-Cyano-1,10-phenanthroline: To a solution of 25 g (0.13 mol) of
1,10-phenanthroline 1-oxide and 25 g of potassium cyanide dissolved in 200 mL of
water 25 mL of benzoyl chloride were added dropwise during 1 h and the mixture

was stirred for 2 additional hours. The precipitated was collected by suction
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filtration, washed with water and dried under vacuum. C) 2-carboxy-1,10-
phenanthroline: A solution of 10 g of sodium hydroxide in 60 mL of water was
added to a solution of 12 g (59 mmol) of 2-cyano-1,10-phenanthroline in 120 mL of
95 % ethanol. The mixture was refluxed for 2 h and after evaporating some
ethanol, the solution was slightly acidified with concentrated HCI in an ice-water
bath. The precipitate was filtrated, washed with acid water and dried under
vacuum obtaining a brown solid (78% yield). %. 1H NMR (400 MHz, D20, Figure
A.5) 8: 895 (d, J =6.0 Hz, 1H), 891 (d, J = 8.0 Hz, 1H), 8.14 (t, J = 6.0 Hz, 1H),
8.08 (d, J = 8.2 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.78 (d, J = 8.8 Hz, 1H), 7.68 (d,
J = 8.6 Hz, 1H). 13C NMR (100 MHz, D20, Figure A.6) 6: 167.08, 148.18, 146.48,
143.04, 138.34, 136.76, 135.94, 130.30, 129.57, 128.97, 126.90, 125.23, 125.14.

6.3.2. Synthesis of L1 (HL1).

This ligand was prepared manually on a rink amide MBHA resin (0.59
mmol/g, 2 g resin scale synthesis). After removing Fmoc from the resin using 20 %
piperidine in dimethylformamide (DMF), the Fmoc-His(Trt)-OH was coupled in
DMF using HBTU/HOBt (3.9/4 equiv.) as coupling agent and DIEA as base (8
equiv.). Afterwards, Fmoc deprotection was done by treating the resin with 20 %
piperidine in DMF (2 x, 15 min). The 2-carboxy-1,10-phenanthroline unit was
coupled in DMF using PyBOP (4 equiv.) as coupling agent and DIEA as base (8
equiv.). The removal of Fmoc and attachment of Fmoc-His(Trt)-OH and 2-carboxy-
1,10-phenanthroline were always verified by the Kaiser-test.2 The ligand was
simultaneously deprotected and cleaved from the resin by treatment with the
mixture TFA:Triisopropylsilane (TIS):Water (95:2.5:2.5, v/v/v, 20 mL/g of resin)
for 2 h at room temperature and under Nsa. The resin was filtered and rinsed with
10 mL of TFA. The filtrate and rinses were combined and concentrated with a
steam of N2 to a crude oil, from which a precipitate was obtained by addition of
cold diethyl ether (20 mL). After filtration and washing with cold diethyl ether,
the precipitate was re-dissolved in the minimum amount of ethanol and
concentrated hydrochloric acid was added dropwise until a precipitate appeared.

The white-beige solid was dried under vacuum. Average yield: 70%. 1H NMR (400
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MHz, D20, Figure A.7) 6: 9.10 (dd, J = 5.4, 1.5 Hz, 1H), 9.03 (dd, / = 8.3, 1.5 Hz,
1H), 8.59—-8.44 (m, 2H), 8.26 - 8.16 (m, 2H), 7.98 (s, 2H), 7.30 (d, J = 1.4 Hz, 1H),
4.99 (dd, J = 8.4, 6.4 Hz, 1H), 3.54 - 3.32 (m, 2H). 13C NMR (100 MHz, D:0) &:
174.01, 164.28, 147.88, 146.44, 143.36, 138.82, 136.36, 135.54, 133.61, 130.52,
129.50, 128.96, 128.46, 126.79, 125.35, 123.15, 117.34, 52.87, 26.81; HR ESI-MS
data (Figure A.8): m/z 361.1406 [L1 + H]J* (calc. for [LL1 + H]* = 361.1408).

6.3.3. Synthesis of L2 (H2L2).

This ligand was manually prepared previously in the group on a 2-
chlorotrityl chloride resin (1.22 mmol /g, 2 g resin scale synthesis). The Fmoc-
His(Trt)-OH residue was coupled to the 2-chlorotrityl chloride resin using only
DIEA (2.5 equiv.) in DCM solution and afterwards the resin was blocked using the
mixture DCM/MeOH/DIEA, (80:15:5, v/v/v) stirring for 10 min (3 x). Subsequently
the resin was washed with DCM. The deprotection of the Fmoc group was done by
treating the resin with 20 % piperidine in DMF (2 x, 15 min). The coupling of the
2-carboxy-1,10-phenanthroline and the total deprotection and cleavage from the
resin were done following the same procedure as for L1 (Section 6.3.2). A final
white-beige solid was also obtained. Average yield: 60%. 1H NMR (400 MHz, D20)
6: 9.22 - 9.13 (m, 2H), 8.62 - 8.55 (m, 1H), 8.50 (s, 1H), 8.33—8.20 (m, 2H), 8.17 (s,
2H), 7.23 (s, 1H), 4.96 (dd, J = 8.9, 5.2 Hz, 1H), 3.52 (dd, J = 15.5, 5.2 Hz, 1H), 3.34
(dd, J = 15.5, 8.9 Hz, 1H); 13C NMR (100 MHz, D20) &: 173.91, 164.66, 148.13,
146.79, 143.04, 139.01, 136.76, 136.04, 133.36, 130.94, 129.92, 129.24, 129.00,
126.86, 125.18, 123.17, 117.03, 52.61, 26.60; ESI-MS data: m/z 362.08 [L2 + H]*
(calc. for [L2 + H]* = 362.13).

6.3.4. Synthesis of L2(Trt).

The synthesis of the ligand L2(Trt) was carried out manually using the
same protocol than the one used for L2 with the following changes. The ligand was
cleaved from the resin by treating the resin with the mixture DCM/TFA, 99:1, v/v,

8 mL for 2 minutes at room temperature, the resin was filtered, and the solution
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collected was immediately neutralized with 400 puL: of DIEA. The presence of the
compound was verified by thin-layer chromatography (TLC) using the system
CHCl3s/MeOH (9:1, v/v). This cleavage procedure was repeated until no spot on the
TLC was observed. Fractions containing the compound were combined and the
solvent was removed in a rotary evaporator. The residue was dissolved in H20 (10
mL) and extracted with CHCl3s (3 x, 20 mL). The organic layers were combined and
the CHCls was removed under reduced pressure to obtain a white-solid. Average
yield 55 %. 1H NMR (400 MHz, CDCls, Figure A.18) 6: 9.49 (d, J = 6.2 Hz, 1H),
8.98 (s, 1H), 8.26 (s, 1H), 8.16 (d, J = 6.6 Hz, 1H), 8.12 (d, J = 6.6 Hz, 1H), 7.68 (s,
2H), 7.51 (s, 1H), 7.05 - 6.87 (m, 15 H) 6.54 (s, 1H), 4.84 (dd, J = 7.2, 5.3 Hz, 1H),
3.31(dd, J=13.8,5.3 Hz, 1 H), 3.15 (dd, J = 13.8, 7.2 Hz, 1H). 13C NMR (100 MHz,
CDCls, Figure A.19) 6: 164.7 3, 150.7, 150.17, 145.84, 144.67, 141.87, 137.64,
137.1, 130.48, 130.07, 129.41, 128.62, 128.56, 128.33, 126.81, 124.01, 53.99, 42.34,
12.23. HR ESI-MS data (Figure A.20): m/z 604.2346 [L2(Trt) + H]* (calc. for
[L2(Trt) + H]* = 604.2343).

6.3.5. Compound BzT1(Boc).

This compound was synthetized, characterized purified and provided by Dr.
Emmanuel Gras and Alexandre Pocinho (Laboratoire de Chimie de Coordination,

LCC).

6.3.6. Synthesis of L3.

The ligand L3 was manually synthetized using a similar protocol as that
described for the synthesis of L1 (Section 6.3.2). Basically, the ligand was
assembled on a rink amide MHBA resin (0.56 mmol/g, 2 g scale synthesis). The
removal of the temporary Fmoc protecting groups was performed by treating the
resin with 20% piperidine (2 x, 15 min) at room temperature and the presence of
the free amine was verified by Kaiser-test.2 The coupling of the Fmoc-N-Me-
His(Trt)-OH (2 equiv.) was carried out using HBTU (1.95 equiv.) as a coupling
reagent and DIEA (4 equiv.) as base in NMP at room temperature. DMF was
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replaced by NMP due to solubility issues with Fmoc-N-Me-His(Trt)-OH. After
Fmoc deprotection, the 2-carboxy-1,10-phenanthroline (1.5 equiv.) was coupled in
NMP using PyBOP (1.5 equiv.) as coupling agent and DIEA (3 equiv.) as base. The
cleavage from the resin and the removal of the Trt protecting group were
performed simultaneously by treating the resin with a solution containing TFA/
TIS/water, 95:2.5:2.5, v/v/v (15 mL) for 2 h. The resin was filtrated and rinsed with
10 mL of TFA. The two solutions were combined and concentrated by evaporating
most of the TFA using a steam of Na2. Cold diethyl ether was added to the oily
residue to promote the precipitation of the ligand that was centrifuged and washed
with cold diethyl ether (4 x, 10 mL). The yellow residue was dissolved in water and
lyophilized. The solid obtained was re-dissolved in 10 % solvent B (1 mg/mL) and
purified by preparative reversed-phase HPLC using a linear gradient from 10 to
15 % B in 20 minutes at a flow rate of 10 mL/min (retention time (Rt) = 20.7 min).
The purity of the peptide was verified by reversed-phase analytical HPLC and it
was greater than 97 % (Figure A.12). Average yield 66 %. 1H NMR data at 600
MHz and 13C at 150 MHz in D20 + Trimethylsilylpropanoic acid (TMSP) at 300 K
show two conformers: Conformer A (major, 2/3): 1H NMR (600 MHz, D20, Figure
A.9, Table A.1) § 8.96 (dd, J =4.5, 1.7 Hz, 1H), 8.52 (d, J = 1.3 Hz, 1H), 8.47 (d, J
= 8.9 Hz, 1H), 8.41 (dd, J = 8.1, 1.6 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.81 (d, J =
8.9 Hz, 1H), 7.78 (dd, J = 8.1, 4.5 Hz, 1H), 7.69 (d, J = 8.9 Hz, 1H), 3.18 (s, 1H),
7.06 (brt, J = 1.1 Hz, 1H), 5.45 (dd, J = 10.8, 5.1 Hz, 1H), 3.45 (dd, J = 16.0, 10.8
Hz, 1H), 3.22 (ddd, J = 16.0, 5.1, 0.9 Hz, 1H); 13C NMR (150 MHz, D20, Figure
A.10, Table A.1) 6 175.5, 173.9, 154.8, 153.4, 152.4, 146.5, 145.6, 143.4, 141.9,
141.1, 136.6, 131.5, 131.3, 129.2, 127.3, 125.6, 120.6, 62.9, 32.4, 26.4. Conformer B
(minor, 1/3): tH NMR (600 MHz, D20, Figure A.9, Table A.1) 9.00 (dd, J = 4.8,
1.7 Hz, 1H), 8.73 (d, J = 1.3 Hz, 1H), 8.53 (dd, J = 8.1, 1.6 Hz, 1H), 8.47 (d, J = 8.9
Hz, 1H), 7.87 (dd, J = 8.1, 4.8 Hz, 1H), 7.86 (d, J = 8.9 Hz, 1H), 7.81 (d, J = 8.9 Hz,
1H), 7.69 (d, J = 8.9 Hz, 1H), 7.52 (brs, 1H), 5.51 (dd, J = 9.5, 5.8 Hz, 1H), 3.61
(ddd, = 15.6, 5.8, 0.8 Hz, 1H), 3.46 (dd, J = 15.6, 9.5 Hz, 1H), 3.06 (s, 1H). 12C
NMR (150 MHz, D20, Figure A.10, Table A.1) 6 175.7, 174.0, 154.8, 154.7, 151.0,
145.0, 145.6, 143.5, 142.9, 141.7, 136.5, 132.3, 131.3, 129.2, 127.3, 125.2, 120.2,
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60.9, 37.3, 25.9. HR ESI-MS data (Figure A.13): m/z 375.1458 + 0.5 [LL3 + H]*
(calc. for [LL3 + H]* = 375.1569).

6.3.7. Synthesis of L1AB.

The peptide containing L1 was synthesized in two steps: A) Synthesis of the
peptide chain (NHa-H(Trt)-Q(Trt)-K(Boc)-L-V-F-F-A-E(OtBu)-D(OtBu)-Resin):
the amino acids were assembled on a rink amide MHBA resin (0.56 mmol/g, 0.5 g
scale synthesis) using a microwave assisted Biotage Initiator+ Alstra synthesizer
and following standard Fmoc solid-phase peptide synthesis (SPPS) techniques.3 B)
Attachment of the 2-carboxy-1,10-phenanthroline: this unit was attached (2
equiv.) manually to the protected resin bound peptide in DMF using PyBOP (4
equiv.) as coupling agent and DIEA as base (8 equiv.). The attachment of 2-
carboxy-1,10-phenanthroline was verified by the Kaiser-test.2 The final peptide
was deprotected and cleaved from the resin by treatment with the mixture
TFA/TIS/Water (95:2.5:2.5, v/v/v, 20 mL/g of resin) for 2 h at room temperature
and under N2. The resin was filtered and rinsed with 10 mL of TFA. The filtrate
and rinses were combined and concentrated with a steam of N3 to a crude oil, from
which a precipitate was obtained by addition of cold diethyl ether (20 mL). The
solid was filtered, washed with cold diethyl ether, lyophilized, re-dissolved in 30
% solvent B (1 mg/mL) and purified by preparative reversed-phase HPLC using a
linear gradient from 30 to 40 % B in 15 minutes at a flow rate of 10 mL/min
(retention time (Rt) = 10.5 min). The purity of the peptide was verified by reversed-
phase analytical HPLC (Figure A.22) and it was greater than 97 %. HR ESI-MS
data (Figure A.23): m/z 1437.6830 + 0.5 [L1AB + H]* (m/z calc. for [L1AB + H]*
= 1437.6830).

6.4. Stock Solutions.

The stock solutions of the purified ligands L1, L2, and L3 were prepared
for each experiment using Milli-Q-water and the concentrations were determined

by UV-vis spectroscopy using the extinction coefficient of the phenanthroline at
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pH 7.4 in 100 mM TRIS-HCI buffer (e268 nm = 22 095 M~! cm™1). The stock solution
of L1AB was prepared in 20 % DMF, firstly dissolving the lyophilized powder on
DMF, and after, adding the correspondent 80 % of Milli-Q-water. Its concentration

was determined as described before.

The solutions of the complexes C1, C2, Cu-L3 and Cu(II)L1AB were
prepared by mixing the required stoichiometric amounts of the corresponding

ligand and the Cu salt.

The stock solutions of Zn(NO3)2 (110 mM), CuClz (103 mM) and Cu(NOs)z
(118 mM) were prepared from the analytical grade metal salt and standardized by
titration with KeH2sEDTA following standard methods.4 Concentrations of the Cu
solutions were confirmed by coupled induced plasma mass spectrometry (ICP-MS)

at the Faculty of Pharmacy of Aix-Marseille University.

The stock solution of tetrakis(ACN)Cu(I) hexafluorophosphate (40.1 mM)
was prepared in ACN from the analytical grade metal salt and stored under
anaerobic conditions (inside a glovebox). The concentration was determined by
UV-vis spectroscopy (e483nm = 13 300 M- cml) using a 4-fold excess of

bathocuproine in water as reported by Smith and Wilkins.5

Fresh AscH- solutions were prepared for each experiment at 5 mM by

dissolving 9.9 mg in 10 mL of water.

The ct-DNA stock solutions (2.8 mM and 1.7 mM) were prepared from its
sodium salt in 50 mM NaCl and 5 mM TRIS-HCI buffer (pH 7.4) and standardized

by UV-vis spectroscopy (e260nm = 6 600 M-I cm-1).

The stock solution containing 25 uM of 2',7'-Dichlorodihydrofluorescein
diacetate (DCFDA) in Dulbecco's modified Eagle medium (DMEM) with fetal
bovine serum (FBS) was prepared in the darkness by diluting a solution 25 mM

DCFDA prepared by weighting 50 mg of DCFDA in 4.1 mL of DMSO.6

AB16 peptide solution (10 mM) was prepared in water and stored at -25 °C.
The concentration was determined by UV-vis spectroscopy using the absorption of

Tyr10 considered as free Tyr (at pH 2.0, £276nm- €296nm = 1 410 M-1 cm-1).
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6.5. Spectroscopic studies.
6.5.1. UV-vis spectroscopy.

All spectra were acquired at 298 K using 1 cm path quartz UV-cells.

6.5.1.1. UV-vis pH titrations.

These experiments were performed using a Crison pH-meter Basic 20 with
a Biotrode electrode (Hamilton) at 298 K. The required amounts of the ligands and
Cu(II) or Zn(II) salts were dissolved in Milli-Q-water and the pH of the solutions
was adjusted using NaOH or HCI solutions. UV-vis spectra were recorded on a

Varian Cary 50 Bio spectrophotometer.

6.5.1.2. Interaction Studies with DNA.

UV-vis spectra were recorded on a Varian Cary 60 Bio spectrophotometer.
The UV-cells were prepared with 30 pM of the correspondent complex in 50 mM
NaCl and 5 mM TRIS-HCI buffer (pH 7.32). An additional UV-cell was also
prepared excluding the complex, used to subtract the correspondent ct-DNA
absorption after each addition. The spectra were recorded after each addition of
ct-DNA (from 0 to 100 pM)7. Based upon the variation in absorption, the intrinsic
binding constant (K) of the complexes C1 and C2 with DNA was calculated using
the Benesi—Hildebrand equation (Equation 2.1, Section 2.1.2, Chapter 2).8

6.5.1.3. Monitoring the production of ROS.

The consumption of ascorbic acid was monitored either on an Agilent 8453
or on a Varian Cary 50 Bio spectrophotometer following the maximum absorbance
of ascorbic acid (265 nm). The samples were prepared from stock solutions of
ligand, AB16 peptide, CuClg, Zn(NO3)2 and AscH-, and the final concentrations in
the UV-cell were 12, 12, 10, 10 and 100 pM respectively (unless otherwise noted),
in 100 mM HEPES buffer solution at pH 7.1.



160

Chapter 6: Experimental Section

6.5.1.4. Determination of the Zn(II) apparent binding constant.

The apparent affinity constant of L1 for Zn(II) (Kznan—L1,app) was calculated
in 100 mM HEPES buffer at pH 7.1 on a Varian Cary 60 Bio spectrophotometer.
Far UV-vis spectra were recorded upon successive additions of Zn(II) (from O to 2
equiv. of Zn(NOs)2) to a solution of 50 uM L1. The spectra were analyzed and fit
using two methods: HypSpec (HYPERQUAD suit of programs)? and the model and
equation (Equation 4.2) described in Section 4.2.2.2.3, Chapter 4.10-12

6.5.1.5. Determination of the Cu(I) apparent binding constant.

The apparent affinity constant of L1 for Cu(I) (Kcu@—L1,app) was calculated
in 100 mM HEPES buffer at pH 7.1 on a Varian Cary 60 Bio spectrophotometer.
Spectra were recorded upon successive additions of Cu(I) (from O to 1.4 equiv.) to
a solution containing 200 uM of L1 under anaerobic conditions (inside a glove box).
The spectra were analyzed and fit using HypSpec (HYPERQUAD suit of

programs).9

6.5.2. Interaction studies with ethidium bromide (EB).

These experiments were performed on a Perkin Elmer LS 55 50 Hz
Fluorescence Spectrometer, connected to a PC system and a water bath
temperature controller at 298 K. EBr-DNA competitive assays were carried out on
disposable poly(methyl methacrylate) (PMMA) cells with 1 cm path length by
following the quenching of the EBr-DNA fluorescence band in 50 mM NaCl and 5
mM TRIS-HCI buffer (pH 7.32) upon increasing complex additions (from 0 to 160
pM). Each spectrum was collected 5 min after each complex addition to allow for
signal stabilization. The EBr-DNA ratio used (12.5 pM/2.5 pM) was based on
reported literature.l3 To estimate quantitatively the affinity of the different
complexes for ct-DNA (compared to EBr), their quenching efficiency was
calculated using the Stern—Volmer quenching constant (Ksv) equation (Equation
2.2, Section 2.1.3, Chapter 2).14 Experiments performed by duplicate (n=2) by

Joaquim Pena at the Universitat Autonoma de Barcelona.
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6.5.3. Electron paramagnetic resonance spectroscopy (EPR).

The X-band EPR spectra were recorded on a Bruker Elexsys E500-9.5/2.7
spectrometer equipped with a BVT 3000 digital temperature controller (100 - 400
K). The spectra were recorded at 120 K in frozen solutions and their simulations
were performed using Matlab program package Easyspin.l®> These experiments

were performed by Dr. Jalila Simaan at the Institut des Sciences Moléculaires de

Marseille ISM2, Marseille, France).

6.6. High resolution mass spectrometry (HRMS) and tandem mass spectrometry
(MS/MS).

These experiments were performed by Dr. Aura Tintaru (Aix-Marseille
Université, Institut de Chimie Radicalaire) using a Synapt G2 HDMS
quadrupole/time-of-flight (Manchester, UK) equipped with an electrospray source
operating in positive mode. A quadrupole was used for selection of precursor ions
to be further submitted to collision induced dissociation (CID) in MS/MS
experiments. Samples were introduced at 10 ul/min flow rate (capillary voltage +
2.8 kV, sampling cone voltage: varied between + 20 V and + 60 V) under a curtain
gas (N2) flow of 100 L/h heated at 35 °C. Accurate mass experiments were
performed using reference ions from CH3COONa internal or external standard.
The samples were dissolved and further diluted in methanol (Sigma-Aldrich, St-
Louis - MO, USA) doped with formic acid (1 % v/v) prior to analysis. MS/MS
experiments were performed at variable collision energy (5 to 15 eV laboratory
frame, using argon as the collision gas. The precursor ion was used as the reference
for accurate measurements of product ion m/z value in MS/MS spectra. Data

analyses were conducted using MassLynx 4.1 programs provided by Waters.
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6.7. Biological studies.
6.7.1. Cell culture.

Routine cell culture was performed as previously described.16 Cancer cells
used were human ovarian cancer cells A2780 (from Sigma Aldrich, Lyon, France)
and human breast cancer cells MCF-7 (ATCC® HTB22). Normal human cells used
were human normal endothelial cells (Human Umbilical Vein Endothelial Cells,
HUVEC) (ECACC, Sigma-Aldrich, Lyon, France), and human lung fibroblasts
IMR-90 (ATCC® CCL186). A2780 cells were cultured in RMPI-1640 supplemented
with 10% FBS, 1% L-glutamine, and 1% antibiotics (all from Invitrogen (Carlsbad,
CA, USA)). IMR-90 and MCF-7 cells were grown in DMEM supplemented with
10% FBS, 1% L-glutamine, and 1% antibiotics. HUVEC cells were cultured in
specific medium (Endothelial Cell Growth Medium from Sigma Aldrich, Lyon,
France). Cells were routinely grown on 25 cm? flasks and maintained in a 5% CO2
incubator at 37 °C. For ROS production and uptake assay, cells grown on 25 cm?2
flasks were detached using trypsin-EDTA solution (from Thermofisher), counted
using Malassez counting chamber, diluted in appropriate culture media and
seeded into either 6- or 96-well cell culture plates (Greiner bio-one) at the
corresponding cells density. These experiments were performed in collaboration
with Dr. Marc Maresca at the Institut des Sciences Moléculaires de Marseille

(ISM2, Marseille, France).

6.7.2. Cellular uptake studies (Cu internalization).

Uptake assay was performed as previously described.1? Briefly, human cells
were seeded onto 6-well plates at 106 cells per well in 2 mL and left to incubate
overnight for optimal adherence. The next day, medium was aspirated, and cells
were washed once with sterile phosphate buffer saline containing calcium and
magnesium (PBS*, pH 7.4) (from Thermofisher, Les Ulis, France). Wells were
emptied and 1 mL of 200 uM solutions diluted in pre-warmed PBS** of C1, C2, L1,
L2, CuCl: and H2O2 were added to each well. After 4 h incubation in CO2 incubator
at 37 °C, 200 pL of cell medium were collected and stored at -80°C before copper’s

quantification, and the cells were scraped in 200 uL of nitric acid (67 % Suprapur
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Merck). Cell lysates were stored at -80°C before copper quantification. Uptake was
normalized to protein content present into the wells. The amount of protein was
measured using the standard Bradford method!® (Bradford Ultra purchased from
Expedeon). These experiments were performed in triplicate (n=3) and in
collaboration with Dr. Marc Maresca at the Institut des Sciences Moléculaires de

Marseille (ISM2, Marseille, France).

Measurements were carried out by ICP-MS. Before analysis, cell lysates
(200 pL in nitric acid 67 % Suprapur Merck) were diluted with 1800 pL of
ultrapure water (18 MQ.cm) and the supernatants were diluted with 200 pL of
nitric acid (67% Suprapur Merck) and 200 pL of ultrapure water (18 MQ.cm).
Quantification was carried out on ICAP Q ICP-MS equipped with a collision cell
to reduce interference (Thermo Electron). Before each batch of analysis, the
measurement conditions were optimized using a reference solution containing 1
ppb of different elements (Co, In, Ba) (Analytika). The calibration of the ICP-MS
was carried out during each group of measurements by analysis of standard copper
solutions (from 0.5 to 500 pg/L) obtained by dilution of a certified multi-element
solution (Sigma Aldrich). A reference solution (SCP Sciences water) is analyzed as
a control sample. The masses (m/z) retained for copper analysis are 63 and 65.
The data were analyzed and processed using Qtegra software (ThermoElectron).
These experiments were performed in triplicate (n=3) by Dr. Florence Chaspoul at

the Faculty of Pharmacy at the University Aix-Marseille.

6.7.3. Cytotoxic studies (MTT assay).

Measurement of the toxicity of ligands, their respective complexes, CuCls
and H202 was performed as previously reported.l?.19 Briefly, human cells grown
on 25 cm? flasks were detached using trypsin-EDTA solution (from Thermofisher).
After counting using Malassez chamber, cells were diluted in appropriate culture
media, seeded into 96-well cell culture plates (Greiner bio-one, Paris, France) at
approximately 104 cells per well in 200 pL of medium and left to incubate
overnight for optimal adherence. The next day, medium was aspirated and 200 pL

of a dilution series from 200 to 3 pM of the compounds, (stock solutions prepared
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fresh) in appropriate medium, were added before incubation for 72 h at 37 °C/5 %
COg. At the end of the incubation period, medium was aspirated and replaced by
200 pL of MTT solution (final concentration of 500 pg/mL in sterile phosphate
buffer saline containing calcium and magnesium (PBS*, pH 7.4) (from
Thermofisher, Les Ulis, France). After 4 h incubation at 37 °C in 5 % COg, the
medium was aspirated, and the purple formazan crystals formed into the cells
were dissolved in 200 pL of DMSO using orbital shaking. Absorbance was finally
measured at 570 nm wusing a plate spectrophotometer (Synergy™ Mx
Monochromator-Based Multi-Mode Microplate Reader). The cell viability was
calculated as percentage of the control wells. For analysis, the non-linear fit curve
method was used via GraphPad Prism version 7.00 for Windows (GraphPad
Software, La dJolla California USA, www.graphpad.com). Experiments were
performed in triplicate (n=3) by Dr. Marc Maresca at the Institut des Sciences

Moléculaires de Marseille (ISM2, Marseille, France).

6.7.4. Measurement of intracellular ROS production.

For this experiment 20 000 cells per well of the respective cell line (A2780,
MCF-7, IMR-90 and HUVEC) were incubated at 37 °C in the dark with 100 pL of
a solution containing 25 pM of DCFDA (Sigma-Aldrich) in DMEM with FBS. After
30 minutes the medium was removed and 100 pL of the respective complex or
ligand solutions in PBS were added to the well, assaying concentrations from 200
to 0.3 pM. Additionally, CuCl: and H2O2 solutions were also assayed as controls.
Readings of fluorescence were recorded at initial time, 4 and 72 h (Aexc = 485 nm,
Aem = 535 nm) on a Synergy™ Mx Monochromator-Based Multi-Mode Microplate
Reader. These experiments were performed in triplicate (n=3) and in collaboration
with Dr. Marc Maresca at the Institut des Sciences Moléculaires de Marseille

(ISM2, Marseille, France
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a) Supplementary information relative to Chapter 2.

1) Speciation diagrams of C1 and C2.
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Figure A.1. Species distribution diagrams for the correspondent Cu(Il) complexes
of A) HL1 and B) H:2L2 in aqueous solution at 298 K. (I = 0.1 M KNO3), [L] =
Cu(NOs3)2 = 0.2 mM.
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11)  Measurement of intracellular ROS by HL.1, H2L2, C1 and C2 on A2780, MCF-7, IMR-90 and HUVEC.
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Figure A.3. Intracellular induced ROS production assayed with DCFDA on A2780 and MCF7 cells after different incubation
times with the ligands HL1, Hz2L2, their respective Cu(Il) complexes C1 and C2, and the controls H2O2 and CuCl2 at different

concentrations.
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Figure A.4. Intracellular induced ROS production assayed with DCFDA on IMR-90 and HUVEC cells after different incubation

times with the ligands HL1, H2L2, their respective Cu(Il) complexes C1 and C2, and the controls H2O2 and CuCl2 at different
concentrations.
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1v) NMR spectroscopy of PhenCOOH.
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Figure A.5. '1H NMR spectrum (400 MHz, D20) of PhenCOOH.
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Figure A.6. 13C NMR spectrum (100 MHz, D20) of PhenCOOH.



Annex: Supplementary Information 175

v) 'H NMR and HR ESI-MS of HL1.
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Figure A.7. 1H NMR spectrum (400 MHz, D20) of HL1 (*ACN signal).



176 Annex: Supplementary Information

[HL1+H]*
361.1406
100+
(o B T - L ‘_m_”‘s_ e e e MYz

T T T T T T T rrrTTTT
330 340 350 360 370 380 390 400 410

Figure A.8. HR ESI-MS spectrum of HL:1 (positive mode electrospray ionization).
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vi) 1H, 13C NMR, HR ESI-MS and analytical HPLC chromatogram of L3.

Figure A.9. 'H NMR spectrum (600 MHz, D20) of L3.
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Figure A.10. 13C NMR spectrum (150 MHz, D20) of L3.
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Figure A.11. The 2D NOESY spectrum of L3 in D20 at 600 MHz. Scalar coupled partners are shown in red while NOE cross
peaks are shown in blue.
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Table A.1. NMR chemical shifts of ligand L3 for 1H (600 MHz) and 13C (150 MHz

in D20 at 300 K.

Information

Major specie (A)

Minor specie (B)

Position

© 0 3 O Ot b~ W

22
23
25

S1H
8.96 (dd, 4.5, 1.7)
7.78 (dd, 8.1, 4.5)
8.41 (dd, 8.1, 1.6)

7.86 (d, 8.9)
7.81(d, 8.9)

8.47 (d, 8.9)
7.69 (d, 8.9)

3.18 (s)
5.45 (dd, 10.8, 5.1)

3.22 (ddd, 16.0, 5.1,
0.9)

3.45 (dd, 16.0, 10.8)

7.26 (brt, 1.1)
8.52 (d, 1.3)

d13c
152.4
127.3
141.1
154.8
131.3
129.2
153.4
141.9
125.6
143.4
145.6
146.5
173.9

32.4

62.9
175.5

26.4

131.5
120.6
136.6

S1H
9.00 (dd, 4.8, 1.7)
7.87 (dd, 8.1, 4.8)
8.53 (dd, 8.1, 1.6)

7.86 (d, 8.9)
7.81(d, 8.9)

8.51 (d, 8.9)
7.69 (d, 8.9)

3.06 (s)
5.51 (dd, 9.5, 5.8)

3.61 (ddd, 15.6, 5.8,
0.8)

3.46 (dd, 15.6, 9.5)

7.52 (brs)
8.73 (d, 1.3)

d13c
151.0
127.3
142.9
154.8
131.3
129.2
154.7
141.7
125.2
143.5
145.6
145.0
174.0

37.3

60.9
175.7

25.9

132.3
120.2
136.5

s: single, d: doublet, t: triplet, br: broad
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Figure A.12. Analytical reversed phase HPLC chromatogram of L3 after
purification. Upper 220 nm, bottom 280 nm. Method: 10 to 15 % of solvent B in 20
min, flux: 1 mL/min, Column: Phenomenex Jupiter Proteo column (250 mm X 4.6
mm, 4 pm, 90 A).
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Figure A.13. HR ESI-MS spectrum of L3 (positive mode electrospray
lonization).
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vil) ESI-MS analyses of L3 + Cu(II)
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Scheme A.1. HR ESI-MS spectrum (positive mode electrospray ionization) of L3

+ CuClz at pH 3.0 at To (A), after 18 h incubation (B) and after the addition of
EDTA (C).
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Scheme A.2. HR ESI-MS spectrum (positive mode electrospray ionization) of L3

+ CuClz at pH 7.0 at To (A), after 18 h incubation (B) and after the addition of

EDTA (C).
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viil) Analytical HPLC of L3 + Cu(Il) (and references) after 18 h at pH

A) EDTA + Cu(ll) (reference)

B) L3 (reference)

C)L3 +Cu(ll) pH 3.0 after 18 h (+ EDTA)
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Figure A.14. Comparison of the chromatograms (analytical HPLC, monitoring at
280 nm) of the solutions containing L3 + 1 equiv. of Cu(Il) at pH 3.0 (¢) and pH 7.0
(d) after 18 h vs L3 (A) and EDTA + Cu (B) references. (Method: 0 to 40 % of solvent

B in 15 min, flux: 1 mL/min).
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b) Supplementary information relative to Chapter 4.2

1) UV-vis spectra.
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Figure A.15. UV-vis pH titration of L1 (0.5 mM) in presence of 1 equiv. of Cu(II).
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Figure A.16. UV-vis pH titration of L1 (0.5 mM) in presence of 1 equiv. of AB16
and Cu(Il). The black curve represents the UV-vis absorption spectra of the
complex Cu(II)L1 at 0.5 mM.

a For this section, HL1 and HzL2 are nominated simply as L1 and L2.
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Figure A.17. UV-vis spectra overlay of: Panel A): 50 uM L1 and Cu(IT)L.11 complex
at pH 7.1. Panel B): 50 uM L1 and Zn(II)LL1 at pH 7.1.
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11) 1H, 13C NMR and HR ESI-MS of L2(Trt).
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Figure A.18. 1H NMR spectrum (400 MHz, CDCls) of L2(Trt) (*DIEA signals).
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Figure A.19. 13C NMR spectrum (100 MHz, CDCls) of L2(Trt).
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Figure A.20. HR ESI-MS spectrum of L2(Trt) (positive mode electrospray
lonization).

Table A.2. % of Cu(l) species present in solution at pH 7.1 at
diferent Cu(I):L1 ratios ([Cu(I)] = 10 uM). Values were calculated
using the Kqpp reported in Table 4.3 and the HYSS program.

Species Ratio L1:Cu(I)
1.2:1 2:1

Cu(DL1 77.9 67.8

Cu()(L1): 9.6 29.1

Cu(I):L1 1.0 0.2
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11) 1H NMR, analytical HPLC chromatogram and HR ESI-MS of L1AB.
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Figure A.21. 1H NMR spectrum (400 MHz, MeOD) of L1AB (*MeOH signals).
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Figure A.22. Analytical reversed phase HPLC chromatogram of L1AB after
purification. Upper 220 nm, bottom 280 nm. (Method: 30 to 40 % of solvent B in
15 min, flux: 1 mL/min, Column: Phenomenex Jupiter Proteo column).
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Figure A.23. HR ESI-MS spectrum of L1AB (positive mode electrospray
lonization, the contamination of the metal ions Ag*, Ka* and Na* comes from the
lonization source).
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...eternity asks you and every one of these millions of millions, just one thing:
whether you have lived in despair or not...

If then, if you have lived in despair, then whatever else you won or lost, for you
everything is lost, eternity does not acknowledge you, it never knew you, or, still more
dreadful, it knows you as you are known, it manacles you to yourself in despair.”

Seren Kierkegaard









Résumé

Le cuivre (Cu) est un métal endogéne et redox actif présent dans plusieurs protéines et enzymes
essentielles a la vie et joue un role important dans différents processus biologiques. Cependant,
son activité redox rend également le Cu potentiellement toxique car il peut favoriser la formation
d'espéces réactives de l'oxygene (ROS). Ce comportement a double tranchant intéresse les
chercheurs depuis longtemps et son exploitation est cruciale pour développer des complexes de
Cu aux propriétés biologiques, catalytiques, diagnostiques et thérapeutiques uniques. Dans ce
travail de thése, différents ligands pour la coordination du Cu ont été congus et explorés dans
deux contextes différents : le cancer et la maladie d'Alzheimer (MA). La premiere partie de cette
these est consacrée a approfondir les connaissances relatives aux effets cytotoxiques produits par
les complexes de Cu(II) (C1, C2) de deux ligands (L1, L2). Bien que les complexes aient montré de
faibles interactions avec I'ADN, des études in vitro réalisées sur des lignées cellulaires normales
(IMR-90, HUVEC) et cancéreuses (A2780, MCF-7) ont indiqué que C1 et C2 internalisaient les
cellules et favorisaient la formation de ROS. Bien que les effets cytotoxiques n'aient pas été
détectés dans les cellules MCF-7, ceux-ci étaient plus élevés dans A2780 que dans les cellules
normales. L1 et L2 ont été modifiés afin d’améliorer la cytotoxicité. La deuxieme partie de la these
évalue les capacités de chélation du Cu de L1 et L2 en tant qu'agents thérapeutiques potentiels
pour la MA. Les données ont montré que L1 peut arréter efficacement la production de ROS
catalysée par Cu(I)/Cu(Il) en présence et en l'absence de peptide AB16 et de zinc. Les données
suggérent que le rapport L1 : Cu joue un roéle important dans I'efficacité de L1 pour arréter la
production de ROS. L1 a été modifié avec succés sans altérer ses propriétés de chélation du Cu
pour fournir une perméabilité a la barriére hémato-encéphalique.

Abstract

Copper (Cu) is a versatile redox active endogenous metal that is present in many proteins and
enzymes critical for life and plays important roles in different biological processes. However, its
redox activity also renders Cu potentially toxic because it can promote the formation of reactive
oxygen species (ROS). This double-edged sword behavior has interested researchers for long time
and its harnessing is crucial to develop Cu complexes with unique biological, catalytic, diagnostic
and therapeutic properties. In this Ph.D. thesis different ligands for Cu coordination have been
designed and explored in two different contexts: cancer and Alzheimer disease (AD). The first
part of this thesis is devoted to providing more insights into the cytotoxic effects produced by the
Cu(II) complexes (C1, C2) of two ligands (L1, L2). The complexes showed weak interactions with
DNA, but in vitro studies performed in normal (IMR-90, HUVEC) and cancer cell lines (A2780,
MCF-7) indicated that C1 and C2 internalize into the cells and promote the production of ROS.
While cytotoxic effects were not detected in MCF-7 cells, in line with very low internalization,
they were higher in A2780 than in normal cells. L1 and L2 were further modified to improve
cytotoxicity. The second part of the thesis evaluates the Cu chelating abilities of L1 and L2 as
potential therapeutic agents for AD. Data showed that L1 can arrest efficiently the generation of
ROS catalyzed by Cu(I)/Cu(Il) in presence and absence of AB16 peptide and zinc. The presence of
excess of L1 lessened this effect but it was counterbalanced by the co-presence of Zn. A
mechanism that involves the redox reaction between Cu(II)L1 and Cu(I)(L1); is proposed to
explain this behavior. L1 was successfully modified, without altering its Cu chelating properties
and ROS arresting capabilities, to attain blood-brain-barrier permeability.
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