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Résumé en français

I-Contexte général

IV. Conclusion

Cette thèse s'est focalisée sur l'étude de nouvelles preuves de concept concernant la 

General introduction

Alzheimer's disease (AD) is the most common neurodegenerative disease. Elderly people are the most affected by this disease. Nowadays, there is no known cure and this is an important issue, especially since life expectancy continuously increases. There is an important need to discover drugs against AD. This disease is difficult for the patients but also for their families, friends and caregivers.

The patient can exhibit memory losses, troubles in the spatio-temporal framework, troubles in speaking, etc. Sometimes, patients can become aggressive. In the late stage of AD, the deleterious effects on the brain lead to the death of the disease's sufferers.

In the AD brains, different events happen. This thesis focuses on the formation of the senile plaques, between the neurons, precluding the synaptic connexions. These plaques are mainly composed by the Amyloid-β (Aβ) peptide and metal ions such as Cu and Zn ions. The Aβ peptide aggregates into the senile plaques following different steps. Furthermore, there is a dyshomeostasis of the Cu and Zn ions. The most supported hypothesis is that Cu ion level is too low intra-cellulary, while in excess extra-cellulary. For Zn ions, the tendency is not clear. Another important parameter of AD and under focus in this thesis is the Reactive Oxygen Species (ROS) production catalysed by the Cu-Aβ complex. A too high concentration of ROS is deleterious for the surrounding biomolecules, such as the neuronal membranes. Cu(II)-Aβ can be reduced by a reductant such as ascorbate and re-oxidized by dioxygen, leading to the ROS production.

Different therapeutic approaches against AD exist. Cu chelatotherapy is one of them. The idea is to develop Cu(II) ligands, able to remove Cu ions from Aβ and to stop associated deleterious events (ROS, aggregation, etc.). Many ligands have already been studied, and the most developed ones are clioquinol and PBT2. They went through clinical trials but failed in Phase II. This failure can be due to a lack a selectivity (i.e. the ratio between the affinity constant for Cu(II) and the one for Zn(II)) of Cu over Zn ions: they are able to chelate Cu and Zn ions, with a high affinity constant. This thesis focuses on the Cu chelatotherapy and proposes new concepts regarding criteria that have to be fulfilled by the ligand in order to remove Cu ions from Aβ and stop ROS production.

In the first part of this thesis, general features of AD are described. The clinical signs, the risk factors, the histopathological hallmarks and the different diagnostic tools are presented. Then, the ~ 37 ~ different interactions between Aβ and the metal ions are detailed. The available symptomatic drugs as well as the therapeutic approaches against AD are reviewed.

In the second part of this thesis, the Cu chelation is under focus. After a description of the different ligands used in chelatotherapy, an unexplored study is shown aiming at answering the following questions:

-Does the kinetic of Cu chelation by a ligand have an impact on the ROS production catalysed by Cu-Aβ complex? Note that during the ROS production, Cu oscillates rapidly between Cu(II) and Cu(I)

and most of the chelators described up to now target only Cu(II).

-How is it possible to avoid that the ligands fail in the removal of Cu ions due to kinetic reasons (despite thermodynamically favoured) when designing a ligand against AD?

-Does the complex geometry have an impact on the kinetic of the Cu chelation?

Finally, another point is addressed. The redox state of Cu ions in the synaptic cleft is not well known and during the ROS production, Cu ions do redox cycle.

-Which redox state of Cu ions should be targeted by the ligand to efficiently remove Cu ions from Aβ? Cu(I), Cu(II) or both?

-Is it possible to target both redox states?

-If yes, is there a risk that the Cu-complex formed with the ligand itself can produce efficiently ROS by cycling between Cu(I) and Cu(II)? What parameters have to be considered?

This part answers to these questions with a ligand able to chelate both redox states.

The last part of this thesis focuses on the impact of Zn ions on the Cu chelation by a ligand from Cu-Aβ complex. Indeed, the concentration of Zn ions in the synaptic cleft is often 10 to 100 times higher than the one of Cu ions in the synaptic cleft. There is a possibility for the ligand to chelate Zn ions instead of Cu ions. Therefore, the "healthy" Zn(II) will be removed from the synaptic cleft where it is essential, while the "toxic" Cu ion will stay bound to Aβ in the synaptic cleft, producing ROS. First, a state of the art regarding the mutual interactions of Cu and Zn ions with Aβ is reported. Coordination, ROS production, aggregation and chelation are the key points of this review of literature. Then, a first study illustrates the importance of thermodynamic equilibria in the Cu chelation therapy and addresses the following issues. In the absence of Zn(II), a higher affinity constant for Cu of the ligand than Aβ is sufficient to remove Cu ions from Aβ (if the kinetic is favourable)

-Is it also the case in the presence of Zn ions?

Finally, the last part of this section illustrates a last new concept: the "pull push" effect.

-Is a ligand with an affinity constant for Cu in the same range than Aβ able to remove totally Cu from Aβ?

-Can Zn(II) help the ligand to chelate Cu ions from Aβ in this case?

Finally, a general conclusion answers these questions and proposes some perspectives with respect to the Cu chelatotherapy against AD.

Chapter I: Context of the project

This chapter focuses on the description of Alzheimer's disease, with the prevalence, the different symptoms, the risk factors, the histopathological hallmarks and the different diagnostic tools.

Then this first chapter details one of the hallmarks of the disease, the senile plaques which are made of the Amyloid-β (Aβ) peptide and the interactions of Aβ with different metal ions present in the brain.

Later on, the current treatments and therapeutic approaches are reported. Finally, the objectives of the present study are described.

I-A Alzheimer's disease I-A.i Prevalence and symptoms

Alzheimer's Disease (AD) has first been described by Alois Alzheimer in 1906 with the case of a 51years old woman, dead after four and a half years of illness. 1 It is the most common neurodegenerative disease worldwide and represents 50 to 80 % of all dementia. More than 35 million people are affected by the disease and this prevalence is estimated to triple by 2050, due to the increase of life expectency. 2 Different stages of the disease have been identified. 3 In the early-stage, people are able to work, to drive, to have social relationships, etc. They are still independent. Nevertheless, they have some trouble memories, such as familiar words or the location of everyday objects. The middle-stage, is generally the longest stage of the disease. Patients are suffering from important memory loss. They can have, for example, troubles in the spatio-temporal framework. Difficulties in expressing or performing routine tasks are also common symptoms. In addition, AD persons can have some behavioural changes. In the late-stage, people have difficulties in speaking, walking, or doing everyday actions. Furthermore, their memory and cognitive skills are worsened.

I-A.ii Risk factors

The age of the population is the most important risk factor. The prevalence a of AD is estimated to be 4.4 % by people of 65 years-old and more in Europe. 4 Note that this figure has been given in 2000 and from our best knowledge, more recent studies don't exist. Only figures from the USA appear a The prevalence is a percentage of the number of cases in the population. b The incidence is the number of new cases in a given period in the population.

~ 40 ~ regularly. 5 For example, in 2017, in the USA, around 5.5 million people are affected by AD, where 4 % of AD patients are less than 65 years-old, 16 % between 65 and 74 years-old, 44 % between 75 and 84 years-old and 38 % are more than 85 years-old. Note that the total percentage is higher than 100 due to the rounding. 5 The annual incidence b rate of AD is given age by age in the Figure I-1. These figures are alarming due to the increasing life expectancy and the lack of cure. It is not well defined whether the gender is a risk factor of AD. 7 Indeed, estrogen seems to play a neuroprotective role, with an unknown mechanism. 7 After the menopause, woman serum contains less estrogen than man serum, the latter should have more neuroprotectors than woman serum. Some clinical trials of hormone replacement therapy have been performed, with no clear trend.

Nevertheless, women are known to live longer than men. Therefore, they rich the "Alzheimer age" risk more often than men, and so they are more exposed to the disease than men (in this case, the age is the risk factor).

Other studies have demonstrated that the prevalence of the disease can decrease with a better way of life. [8][9][10] Indeed, diabetes mellitus, mid-life hypertension, depression, physical inactivity, smoking and cognitive inactivity are also risk factors of AD that can be prevented. [8][9][10] Moreover, the obesity is also a risk factor of Alzheimer's disease. 11 Chronic stress has been described as a potential accelerator of appearance of AD or as an effect that increases the incidence of the disease. 12 Hence, chronic stress is considered as an eventual risk factor for the disease. 12 Some genetic modifications are also a risk factor of AD. For example, more than half of the AD patients have the APOE ε4 allele rather than the ε2/ε3 on the apolipoprotein E, the protein which transports lipids and which is responsible for the neuronal membrane care and remodelling. [13][14] Furthermore, other mutations on the Amyloid Precursor Protein (APP) for example and on Presenilin 1 and 2, which are a subunit of the γ-secretase, can be a risk factor for the disease 6,15 (for more details on APP and γ-secretase, see § I-B.i). Table 1 summarises the different mutations found in AD patients.

Other mutations on the Aβ peptide (for more details, see § I-B.i) are familial AD mutations, 16 other ones impact the amino acids involves in the metal ion coordination to Aβ.

Chapter I: Context of the project ~ 41 ~ Some diseases can become a risk factor for AD. Periodontitis, among others, could be linked with sporadic late onset of AD. 17 Moreover, Traumatic Brain Injury (TBI) is also an important risk for the development of AD. Indeed, Amyloid β (Aβ) plaques have been found in the brain of 30 % of patient died of TBI. 18 Patients with Down's syndrome, or trisomy 21, have also a high risk to develop AD. This is attributed to the triplication and the over-expression of the APP gene located on chromosome 21. 19 

I-A.iii Histopathological hallmarks

There are three main histopathological hallmarks of AD. One of them is the loss of mass of the brain. [20][21] The size of the brain is diminished particularly in the brain regions involved in memory and in learning (Figure I-2). For example, the hippocampus suffers from a volume reduction of ~ 12 % each year. 22 This is due to the degeneration of the synapses and the death of the neurons.

Figure I-2. Comparison between a normal brain (felt) and an AD brain. The loss of mass is easily notable on these pictures.

Pictures adapted from ref. 21 ~ 42 ~

The neurofibrillary tangles of Tau protein are another histopathological hallmark of the disease. 23 This protein plays an important role in the stabilization of the microtubules as well as in the microtubule assembly. In the AD brain, this protein is hyperphosphorylated. Tau aggregates in the neuron into pair-helical filaments and then accumulates into neurofibrillary tangles. 23 The protein is not able to perform its roles and this leads to the apoptosis of the neurons. A scheme of this hallmark of AD is presented in 24 The other important histopathological hallmark of AD is the senile plaques, also called amyloid plaques. 25 They mainly consist of the aggregated Amyloid-β (Aβ) peptide (for more details on the Aβ peptide and its aggregation, see § I-B). These aggregates are formed in the extracellular medium, between the neurons (Figure I-3). These plaques preclude the synaptic connection and thus can lead to the neuronal death. The research project presented here focuses on this aspect of the disease: the Aβ peptide and the senile plaques. There is no investigation on the Tau protein in this thesis.

I-A.iv Diagnostic tools

Diagnosing AD is not trivial: this disease has to be differentiated from other dementias. For an early detection, clinical tests are performed on the patients. [26][27] It exists the subjective memory complaint (SMC) test, the assessment of the late-onset depression, the speech testing, the olfactory testing, the eye testing, and the gait testing (there is a decrease about 50 % of the gait speed between a healthy people and an AD severe patient). 26 A blood test is also important in the diagnostic. Indeed, as about 500 mL of cerebrospinal fluid (CSF) is absorbed in the blood every day, biomarkers of AD could be detected in the blood. 26 Many biomarkers such as total cholesterol, plasma Aβ42/Aβ40 ratio, increased expression of inflammatory cytokines, etc., can be detected. The accuracy of blood test diagnostic is quite high: between 70 and 90 % depending on the biomarkers used. If the psychometric tests converge towards AD diagnostic, neuroimaging and CSF analyses are performed. 27 Indeed, not all

Chapter I: Context of the project ~ 43 ~ of these tests are sensitive for AD but for cognitive disorders in general. 26 They are not enough to diagnose AD with precision. For example, if these tests are performed on a neurodegenerative disease patient and on an AD patient, the diagnostic will not be clear on the nature of the dementia. More investigations towards a specific diagnostic are in progress. 26 AD Neuroimaging Initiative (ADNI) has begun in 2005. 27 The neuroimaging of AD is divided in two main techniques: the Positron Emission Tomography (PET) and the Magnetic Resonance Imaging (MRI). 27 The functional MRI techniques are based on the functional integrity of brain networks involved in cognitive domains. 28 The structural MRI techniques are based on the progressive brain atrophy and/or on the changes of the tissue involved in AD. 28 These techniques allow for example to detect a change in the hippocampus volume or in the ventricular volume, or also in the integrity of the white matter. [28][29] Nevertheless, cerebral atrophy is not specific to AD. Therefore, MRI needs a complementary technique, such as PET imaging. PET is a nuclear medicine imaging technique, based on the detection of the gamma ray. A radionuclide emits positrons β + during its radioactive decay, the positron towards some distance before encountering an electron, causes an annihilation event, emitting two gamma rays in the opposite direction. In the examples given below, the radionuclides are 11 C, 18 F or 64 Cu. There are two main types of PET imaging methods for AD detection: the molecular imaging and the metabolic imaging. 27,29 The first one is used in AD for the detection of Aβ deposits.

The first human trial for the detection of Aβ plaques by PET is described by Klunk et al. 30 Aβ deposits are present in the AD brain and not in the healthy brain, as expected. Note that in the regions of the brain which are not involved in AD, there is no retention of PiB both in the control brain and in the AD brain. PiB images should give quantitative information on the amyloid deposits. The limitation of this molecule is the short half-time of its radionuclide which is around 20 minutes. New molecules targeting Aβ deposits, 28,31 such as ¹⁸F-BAY94-9172, 32 18 F-AV-45, [33][34] or also PiB 18 F derivatives [35][36] are emerging and have the radionuclide 18 F which has a longer life-time around 1.8 h.

More recently, molecules targeting amyloid deposits with the radionuclide 64 Cu were developed. 37 The Chapter I: Context of the project ~ 44 ~ half-time of the 64 Cu is much higher than the other two ones, around 12.7 h facilitating the PET imaging.

Note that molecules targeting Tau deposits are currently under investigations as well. [28][29]31 Other 64 Cu complexes for PET imaging are also developed for the detection of Cu ion deficiency, because Cu dyshomeostasis has been linked to AD. [38][39] The metabolic imaging uses the Fluorodeoxyglucose PET (FDG-PET). 21,[28][29] It is a glucose molecule with a ¹⁸F. The difference between both brains shown in Figure I-5 (bottom) regarding the 18 FDG uptake is tremendous: there is an important hypometabolism in the case of the AD brain. This technique is very sensitive, 29 but not specific enough. Indeed, the glucose retention in the brain can be altered by many phenomena. Therefore, performing PiB PET and 18 FDG PET allows a more accurate diagnostic of AD. In the healthy brain, there is no retention of PiB, contrary to the AD brain. This means that the healthy brain does not expose Aβ aggregates whereas the AD brain does. For the FDG-PET images (bottom), regional cerebral metabolic rate for glucose (rCMRglc) images (in mol.min -1 .100 ml) show a normal 18 FDG uptake for the healthy brain and a hypometabolism in the case of the AD brain (arrows). Figure from ref. 30 Another technique can be performed: the CerebroSpinal Fluid (CSF) assay. 27,29,[40][41] It consists in detecting CSF biomarkers such as Aβ42, Tau and phosphorylated Tau. Contrary to the PET imaging in which accumulation of Aβ could be detected, in the CSF assay, a decrease in the Aβ concentration is observed due to its aggregation in the synaptic clefts. 42 But CSF assay could be less reliable because Aβ levels can fluctuate. 29 The Aβ accumulation biomarkers used in PET imaging can also be used in the CSF assay. Biomarkers for neuronal injury or neurodegeneration are also developed. 42 In brief, after the psychometric tests, the CSF assay, the MRI, the PET targeting Aβ such as PiB-PET, the Cu-PET and the FDG-PET are complementary tools and allows a quite accurate diagnostic of AD. 31 I-B The Amyloid-β peptide and metal ions

I-B.i Aβ peptide

The Aβ peptide derives from the Amyloid Precursor Protein (APP). 25,[43][44][45] APP is a transmembrane protein with 695 amino acids in its predominant form. 44 The physiological role of the APP is still unclear.

It was first described as a receptor at the cell-surface, but it is now considered as a cell adhesion biomolecule, involved in neuronal development and synaptogenesis. 46 APP can be cleaved by three enzymes. In the amyloidogenic pathway, APP is first cleaved by the β-secretase and then by the γsecretase (Figure I-6). The residual extracellular peptide is the Aβ peptide. 25,[43][44][45] There is also a non amyloidogenic pathway, involving the α-secretase, avoiding the formation of the full length Aβ peptide. 44 The Aβ peptide is a 38 to 43 amino acid residue sequence. 25 The first sixteen N-terminal amino acids form the hydrophilic part which is responsible for the metal ion coordination. The amino acids in the hydrophobic part of the peptide are responsible for the aggregation further leading to the so-called senile plaques. Note that the Aβ peptide can exhibit some mutations linked to the familial early-onset AD case, 25 and some truncations such as Aβ4-x or Aβ11-x. 47 

I-B.ii Metal ions

Many metal ions are present in the living beings. This study focuses only on the Cu and Zn ions.

Copper is an essential metal ion. 48 In the human body, Cu is the catalytic centre in many enzymes. [48][49][50] For example, it is the catalytic centre of the Superoxide Dismutase, a (Cu, Zn) enzyme responsible for the regulation of the oxidative stress, via dismutation of the superoxide. Cu ions can also be found in proteins for their transport to the catalytic enzyme or also for their storage. Principally, Cu ions are involved in electron transfer processes or in the binding / activation / reduction of O2 in human bodies. 49 On the other hand, Cu ions, due to their redox ability, are able to produce Reactive Oxygen Species (ROS). 51 ROS are very deleterious for the surrounding biomolecules and when they are overproduced, they contribute to oxidative stress. This is the reason why Cu ion concentration is tightly regulated. Many Cu-proteins exist: specific transporters which stabilize one redox state of Cu or the other as for example hCTR1 52 and ATP7A [53][54] involved in the Cu uptake and release into and from human neurons (Figure I-7); specific metal ion delivery proteins such as metallochaperones which protect Cu ions from scavengers, etc. 51 Cu ions play also an important role in neurotransmission. 55 Their tight regulation is also required for the neuronal health. In AD brains, the Cu homeostasis is deregulated. [56][57][58][59][60] Cu levels in the CSF are higher, 61 while they are lower in the hippocampus and in the intracellular medium 55,62 in AD brains compared to healthy brains. This Cu ion dyshomeostasis may be one of the key event of AD.

Zn(II) is also an essential ion. It plays many roles, including regulatory, structural and enzymatic fonctions. 63 Moreover, it is the most abundant "trace metal" in the brain. 60 Its concentration in the synaptic cleft is high but not precise, depending the synaptic transmissions. It can reach 10 to 100 µM during its release from the vesicles into the synaptic cleft. 56 Zn homeostasis is well regulated, by several Zn transporter families. Intracellular concentrations of Zn(II) are decreased by the ZnT family whereas the ZIP family brings Zn ions from the extracellular medium to the cytoplasm (Figure I-7). 60,64 Zn(II) is a modulator of the neurotransmittion. For example, it is released in the synaptic cleft, modulating receptors for the regulation of the activity of the glutamatergic synapses, like Cu ions. [59][60] In AD brains, there is also a Zn(II) dyshomeostasis. 56,[59][60] However, the tendency of the modification of Zn(II) concentrations is not clear: both decreased and increased concentrations are found in the hippocampus, in the serum and also in the CSF of AD patients. 60 Hence Zn(II) dyshomeostasis is linked to AD, but it is not clear how and to which extent. 

I-B.iii Interaction between Aβ and the metal ions Cu(I/II) and Zn(II)

As previously explained, Aβ peptide and dyshomeostasis of metal ions such as Cu(II), Cu(I) and Zn are linked to the aetiology of AD. The study of their interaction is thus biologically relevant. Indeed, metal ions have been detected in the senile plaques at high concentration: about 1 mM of Zn and about 400 µM of Cu ions and Aβ contains amino-acid residues able to bind metal ions. 65 

I-B.iii.1 Coordination and affinity constants

The first step in the study of the interaction between Aβ and Cu and Zn ions is the metal ion coordination and the determination of their affinity constants. Note that these studies have been mostly performed on the monomeric and C-terminally truncated Aβ. Indeed, as explained previously, the metal ion coordination involves the first sixteen N-terminal amino acids of Aβ. Therefore, the Aβ16 encompassing the first sixteen amino acids is a good model 58 and is used for these investigations.

Cu(II) coordination to Aβ monomers has been studied by many groups and reviewed. 58,60,[66][67][68] Many spectroscopic techniques have been used. Depending on the pH, different Cu(II) coordination sites exist. Only those present around the physiological pH are described here. His13 or His14. There is a dynamic exchange between His13 and His14. On the apical position, there is one carboxylate group from the side chain of Asp1, Asp7, Glu3 or Glu11, with a preference for Asp1 via a H-bond and a water molecule. 69 In Component II, the five ligands are: the N-terminal amine, the ~ 48 ~ N -from the first peptidic bond, the O atom from the second peptidic bond and a N atom of an imidazole side chain from one of three His residues. There is also a dynamic exchange between those three His.

On the apical position, one of the 4 carboxylate groups from the side chain of Asp1, Asp7, Glu3 or Glu11 completes the coordination sphere of Cu(II). At pH 7.4, the affinity constant for Cu(II) of Aβ is about 10 10 M -1 . [70][71][72] The evaluation of this affinity constant has been investigated by different groups.

This is an important parameter for the design of ligands for chelation therapy approach because they need an affinity constant for Cu(II) higher than Aβ. Many works had been carried out and the affinity constant values ranged from 10 and 10 6.9 M -1 . 80 Such difference is due to the two different values of the affinity constant of the reference Cu(I)(Fz)2 used for the competition studies. More studies have to be performed to determine the precise value of the affinity constant for Cu(I) of Aβ.

Regarding the Zn(II) coordination by Aβ peptide, different models have been proposed and in most of them, the N-terminal amine was involved. [82][83][84] Nevertheless, our recent multi-technical study 85 demonstrates that the N-terminal amine is not in the Zn(II) coordination sphere at pH 7. The affinity constant of Aβ for Zn(II) has also been determined and the value is about 10 5 M -1 at pH 7.4. [86][87] Chapter I: Context of the project ~ 50 ~

I-B.iii.2 ROS production

As previously explained, Cu ion homeostasis is essential for health. Indeed, a too weak concentration is lethal as well as a too high concentration. In the AD brains, there is a dyshomeostasis of Cu ions. Aβ peptide is able to coordinate both redox state of Cu ions: Cu(II) and Cu(I). Cu ions are able to catalyse ROS production. ROS are the products of the incomplete reduction of dioxygen by a reductant, a biologically pertinent being ascorbate. [88][89][90][91] First, superoxide (O2 •-) is produced, 92 then hydrogen peroxide (H2O2) [88][89][90][91] and then hydroxyl radical (HO • ). [88][89][90][91] ROS are deleterious species, due to their high reactivity. Protein oxidation and lipid peroxidation are well known damages of this oxidative stress. [93][94][95][96] 

I-B.iii.3 Aggregation

The senile or amyloid plaques are one of the hallmarks of the disease. They are mainly present in or around the synaptic clefts of glutamatergic synapses of the cortex and of the hippocampus, 60 the loci of the highest Cu concentrations in the brain. 60 As previously explained in part I-A.iii, these plaques are mainly composed by the Aβ peptide and contain other molecules and metal ions such as Cu and Zn ions. Aβ is a monomeric and soluble peptide in healthy brains, and aggregates in AD brains. This aggregation process is part of the so-called amyloid cascade hypothesis. [98][99][100][101][102][103] Nowadays, this hypothesis is one of the most accepted, although still discussed. [104][105][106][107] The amyloid cascade hypothesis describes the aggregation of Aβ as the central event of the disease. This aggregation is an auto-catalytic self-assembly phenomenon. 108 Figure I-10 illustrates the aggregation process of the Aβ peptide. The kinetic of Aβ aggregation is mathematically described by a sigmoidal curve. 47,108 The following equation is the model for this kinetic: 109 / , where F0 is the baseline level before the aggregation, k is the elongation rate constant, A is the amplitude and t1/2 is the time at half of the aggregation process. The nature of the species during the aggregation process changes. The nucleation phase during which low molecular weight species such as oligomers are formed is the first phase of the aggregation.

Note that oligomers have proposed to be the most toxic species of the aggregation due to their size and interaction with the membranes. [111][112] Then, there is the elongation phase during which the oligomers elongates into protofibrils and fibrils. The "plateau" or equilibrium phase is the

Number of fibrils

Chapter I: Context of the project ~ 52 ~ thermodynamic equilibrium. 47,108 At a molecular level, the hydrophilic N-terminal part of the peptide may be involved in the aggregation process but remains mainly disordered in the fibrils. The 12 to 24 amino acid residues and 30 to 40 amino acid residues adopt β-strand conformation with electrostatic interaction between D23 and K28 in the loop of the β-strand. 113 Interaction between β-strands has been observed forming the β-sheet structure, i.e. there are hydrogen bonds between the peptide bonds of the hydrophobic part of the peptide along the fibril axis (β-sheet). It also exists interactions between the peptidic side chains perpendicular to the fibril axis. 108,113 Note that in this thesis, the term aggregates defines either amorphous species or fibril species (i.e. amyloid species made of β-sheets).

Metal ions such as Cu and Zn ions have an impact on the aggregation of the peptide. 58,108,114 With the working conditions used during this thesis, Cu ions stabilize oligomers and other small aggregates which are proposed to be the most toxic species, while Zn ions lead to the fibril formation. The aggregation process depends on many conditions that is why different groups find different results.

In this work, in order to follow the aggregation of Aβ, a classical fluorescence assay is used. 115 The Thioflavin T, called ThT (see Figure I-11), is a fluorophore with a free rotation of the bond between the two aromatic moieties. ThT is able to interact with β-sheets, leading to preclusion of the free rotation. 

I-C Current treatments and therapeutic approaches

Nowadays, there is no known cure for AD. It exists only symptomatic treatments, improving the way of life of the patients. There are few drugs available. One of the categories is acetycholine esterase inhibitors. Indeed, acetylcholine (ACh) is a neurotransmitter involved in the memory and in the learning and it is hydrolysed by the acetylcholinesterase (AChE). ACh is deficient in the AD brains. Many other therapeutic approaches are currently under investigation. 121-122 Some of them concern the degradation and clearance of Aβ aggregates. 102 The immunotherapy is also highly under study. 107,[123][124] The use of antibodies targeting Aβ peptide can allow the clearance of Aβ by the immune system. The most notable immunotherapies are Bapineuzumab which is a humanized monoclonal antibody and Solanezumab which is a monoclonal antibody. 123 The first one has a high affinity for the 5 first amino acids of Aβ, and preferentially when Aβ is aggregated; the second one targets the center ~ 54 ~ of Aβ (amino acids from 13 to 28) preferentially when Aβ is monomeric. Both of them have failed in clinical trials. Another human monoclonal antibody for the clearance of Aβ which is under clinical trials and show promising results is the Aducanumab. 125 Another example of immunotherapy is the use of Interleukins 2 (IL2). [126][127] Their concentration in the hippocampus in AD brains is lower than in healthy brains. Treatment with IL2 in AD mice shows improvement in the memory. 126 This result is encouraging for the next immunotherapy investigations. Some studies are developing small compounds to prevent the Aβ aggregation. 107 Other ones focus on the inhibition of the Aβ production via the stimulation of the α-secretase, 122 the modulation or inhibition of the γ-secretase in order to inhibit Aβ production or to induce the production of smaller Aβ peptides, not able to aggregate. 107,122,128 The inhibition of β-secretase is also a way to prevent the Aβ production. 107,128 Furthermore, since the dyshomeostasis of Cu ions has been considered as a key event in the AD aetiology, the metal chelation approach is highly studied. 116,[129][130][131][132] Multi-target compounds are also developed. 122,129,131 The chelation moiety is linked to a moiety able to cross the BBB, or able to target Aβ aggregates, etc. It exists also therapeutic approaches concerning Tau protein, such as the inhibition of the aggregation of the protein. [121][122] Another therapeutic approach focuses on the APOE ε4 allele on the apolipoprotein E (see I-A.ii). 13 For example, using small molecules interfering with the domain interactions in APOE ε4, this apolipoprotein can be functionally and structurally converted to the APOE ε2 or 3. 13 Many therapeutic approaches are under investigations. In this thesis, we have focused on the chelatotherapy targeting selectively Cu ions, since Cu ions are redox active and might stabilize small aggregates. Note that as Zn ions are essential in the neurotransmission and as they should be less toxic than Cu ions, they are to be kept in the synaptic cleft.

I-D Objectives of the study

Within the AD framework, Cu ion bound to Aβ in the synaptic cleft is currently considered as one of the target of choice due to its high toxicity: it is able to alter the aggregation of the Aβ peptide, leading to smaller more toxic aggregates and it is also able to catalyse ROS production. Note that these Cu ions bound to Aβ are then called "toxic Cu". Many Cu(II) ligands have been studied, some of them have been tested in clinical trials, but failed to go through Phase III. 130,133 One of the hypothesis explaining this failure could be the lack of Cu ion selectivity of the ligands since they are also (and mainly) able to coordinate Zn ions. Up to now, the criteria for a Cu chelator against AD are the Blood Brain Barrier (BBB) permeability, the higher affinity constant for Cu ions than the Aβ, the affinity constant for Cu ions not too high in order to not remove Cu ions from other metalloproteins, leading to a more important dyshomeostasis (for more details, see § II-A). This study focuses on the Cu ion chelation. It is divided into two main parts.

The first part focuses on different Cu ion chelation strategies. First, a state of the art regards the strategy of using ligands, chelators or metallophores, in order to remove Cu ions from the Aβ peptide.

In this thesis, a chelator is a ligand able to remove the metal ion from Aβ, while a metallophore is a chelator that redistribute metal ions into the cells where they are deficient. Their impacts on the ROS production, on the aggregation as well as their cell toxicity are reviewed. Then, two new concepts are developed. The first one detailed is the impact of the kinetic of Cu(II) removal from the Aβ peptide. Indeed, in order to remove Cu ions from the Aβ peptide, Cu ligands need a higher affinity constant for Cu ions than the one of Aβ. Nevertheless, this is a pre-requisite and could not be enough if the Cu chelation is too slow. To the best of our knowledge, this is the first time that this kinetic issue is studied in the AD context. The other proof of concept sheds light on the use of a Cu(I) and Cu(II) chelator. Indeed, nowadays, the redox state of Cu ions in the synaptic cleft is not well defined. This means that we do not know which Cu(I) or Cu(II) chelator will be the most efficient in the removal of Cu ions from Aβ. Therefore, a chelator able to remove both Cu(I) and Cu(II) is investigated in this context.

The second part focuses on the impact of Zn ions in the Cu ion chelation. This is biologically relevant since the concentration of Zn ions in the synaptic cleft should be 10 to 100 times higher than the concentration of Cu ions. [58][59] Due to this high concentration, the ligands could chelate first Zn ions, leading to an inhibition of the Cu chelation, where Cu ions are the toxic target. First, a state of the art details the different studies about the mutual interactions between Cu ions and Zn ions with the Aβ peptide, as well as in the presence of a Cu-chelator to remove Cu ions from Aβ. The coordination of these metal ions with the peptide, their affinity constants, the impact of this interaction on the ROS production and on the aggregation as well as the impact on the Cu chelation are reported. Then, the first new concept of this part is the thermodynamic issue on the Cu chelation regarding Zn ions. The impact of the selectivity for Cu ions over Zn ions of the ligand compared to the one of the Aβ peptide is described and proved experimentally. The second new concept is a "pull-push" effect, demonstrating that, with a special category of ligands, Zn ions can trigger the Cu ion removal from the Aβ peptide. In other words, the presence of Zn(II) pulls Cu ion out of the Aβ peptide and pushes it inside the ligand, Zn(II) being bound to Aβ.

In brief, the investigations reported in the manuscript show new concepts required to develop more efficient ligand in the removal of Cu ions from the Aβ peptide. 

II-A Cu ion chelators: State of art

As previously explained, the dyshomeostasis of Cu ions is considered as an important event in the AD aetiology. The metal chelation approach is intensively studied. [1][2][3][4][5] One approach is preventing the coordination of Cu ions to Aβ using molecules able to occupy the binding site of Cu ions. 6 Nevertheless, Cu ions have several binding sites so it is difficult to block all of them. 6 Another approach is the use of ligands able to remove Cu ions from the Aβ peptide or to interfere with the Cu-Aβ complex in order to change its properties. 3,[6][7][8][9][10] Up to now, different criteria for a Cu ligand to fight against AD exist. The ligand needs an affinity constant for Cu ions higher than the one of Aβ in order to remove the metal ion from the peptide. Nevertheless, this affinity constant does not have to be too much higher. Indeed, a too high affinity constant will lead to a ligand able to remove "healthy" Cu ions from essential metalloproteins. 6,11 This could exacerbate Cu ion dyshomeostasis in AD. Note that in this review, only ligands able to remove Cu ions from the Aβ1-x are reported. The N-terminally truncated peptides such as Aβ4-x and Aβ11-x are also present in AD brains and exhibit a higher affinity constant for Cu(II) than

Chapter II: Cu ion chelation ~ 64 ~ the Aβ1-x (~ 10 13 ). [12][13] Hence, not all the ligands reported here are able to remove Cu(II) from the truncated peptides. Nevertheless, this should not be an issue since the Cu(II) complexes with the truncated peptides do not produce ROS. [12][13] Another important criterion for the ligand in the AD context is its Blood Brain Barrier (BBB) permeability since the targeted Cu ions are localized in the brain. 14 The Lipinski's rules describes some criteria that have at least to be fulfilled for a passive diffusion: a low molecular weight, no more than 5 hydrogen bond donors, no more than 10 hydrogen bond acceptor and a log P < 5 (meaning a quite hydrophobic ligand). 15 Regarding the hydrophobicity of the ligand, a balance between the hydrophilicity and the hydrophobicity is needed. 2,[16][17][18][19] Ab initio studies propose a correlation between the metallo-aromaticity (i.e. "manifestation of aromatic properties in the chelate metallacycle" 20 ) and the stability constant of the Cu(II)-ligand complex. 21 Another approach to go through the BBB is the addition of a moiety to the ligand that increases its BBB permeability. 14,22 For example, ligands with a glucose moeity 23 or grafted on a nanoparticle [24][25][26] are developed.

Multi-target compounds are also developed in the AD chelatotherapy context. 2,4,16,19,22,[27][28][29] Two strategies exist: the chelation moiety can be included in the multi-functionality or it can be linked to the multi-functionality moiety. The multi-target moiety can be an radical scavenging moiety, a moiety targeting the Aβ aggregates, a moiety able to cross the BBB as previously explained, etc. These compounds have many advantages. For example, they can target Aβ and the ligand can chelate Cu ions bound to Aβ and not to another metalloprotein. Another strategy is the use of prochelators. The chelating moiety is hidden; a cleavage of the molecule releases the chelating moiety. For example, Franz's group has proposed a cleavage by H2O2 30 or by β-secretase. 31 In this state of the art, only the Cu ion chelation is under focused: the multifunctional ligand will not be discussed, except if the chelator moiety is included inside the multi-functionality. First, the different structures of the ligands developed for the Cu chelatotherapy are described. The different ligands are gathered together in four categories: the hydroxyl/amino quinolones, the stilbene like and the benzothiazole (BzT) like ligands, the macrocyclic and peptidic ligands, and finally other structures.

Then several aspects of the chelatotherapy in the AD context are discussed. 

II-A.i The different categories of ligands

Hydroxy-Aminoquinolines

The Previously, it was tested against other diseases but was stopped due to its side effects. Nevertheless, it has been proposed and tested against AD. 41 Many in vitro, 42 such as structural characterizations of the Cu(II)-complex [43][44][45] as well as aggregation studies [46][47] , studies on its capability to cross the BBB, 48 and in vivo [49][50][51] studies have been performed to determine its effects on the Aβ peptide and Cu ions.

CQ was the first ligand against AD that has gone under clinical trials [52][53][54][55][56] but has failed before going through phase III. Different hypotheses have been proposed, as for example the lack of selectivity (i.e.

the ratio between the affinity constant for Cu(II) and the one for Zn(II)) between Cu and Zn ions. Indeed, ~ 66 ~ CQ is able to chelate Cu and Zn ions with a very high affinity constant, meaning that in the synaptic cleft, it is able to chelate Zn(II) and to leave Cu ions bound to Aβ. Furthermore, it has also been stopped due to the issue in the scale-up of the fabrication. 57 Note that CQ is a metallophore, meaning that it is able to redistribute Cu ions inside the cells where they are deficient. Some studies on yeast for example have shown that CQ increases the intracellular concentration of Cu ions. 58 The second generation of metallophores 59 is the PBT2 synthetized by Barnham and collaborators. 60 It is also a hydroxyquinoline, similar to CQ, but it does not have the iodine, supposed to trigger safety concerns. 32 Some in vitro studies, 61 studies on the solubility and permeability to BBB, 57 in vivo tests and metallophoric capacities 62 have been performed. PBT2 has also gone to clinical trials [63][64][65] Regarding the stilbene like ligands, some of them, meaning the ones with oxygen groups, have an impact on the apo-aggregation contrary to the other ones. The metal-induced aggregation is affected by these ligands, but again, the impact depends on the ligand. If cell toxicity has been studied, the results show that there is no cell toxicity for the ligand and/or the Cu(II)-complex in the presence or not of Aβ. No metallophore capability has been studied for these ligands.

Table II-2. Stilbene like and Benzothiazole like ligands reported from the literature as well as their impact on the ROS production, on the aggregation and on cellular toxicities. means that there is redox silencing or ROS scavenging, no Cuinduced aggregation or impact on the apo aggregation, no cell toxicity, metallophoric capabilities. means that there is no redox silencing or no ROS scavenging, Cu-induced aggregation or no impact on the apo aggregation, cell toxicity, no metallophoric capabilities. WB stands for Western Blot, ThT means a ThT assay, Turb. means a turbidimetric assay, IM-MS for ion mobility-mass spectrometry, TEM and AFM are the microscopies performed to image the aggregates. Note that if the characteristic has not been studied, n.d. (not determined

) is written. Grey lines mean that the complex formed is not a 1:1 complex. pCu is calculated for a Cu(II) concentration at 10 µM. Grey lines mean that the complex formed is not a 1:1 complex. * = pH 7.1, ** = pH6. 6 

Peptidic and macrocyclic ligands

Peptidic and macrocyclic ligands can belong to the same group (Figure II-2 bottom and top right).

Indeed, the peptidic ligands studied here are rich in Histidine residues and they often can form ATCUN complexes with Cu(II). 84 The ATCUN motif is a NH2-Xxx-Yyy-His motif with a high affinity constant for Cu(II) (~ 10 14 ) and with a high stability of the complex, precluding the switch between Cu(II) and Cu(I).

The macrocyclic ligand form also Cu(II) complexes of high affinity, that is why peptidic and macrocyclic ligands can be grouped in the same category. The effects of these ligands are reported in Table II-3.

This category of ligands does not have radical scavenging capability and no impact on apo aggregation.

They are more focused on the removal of Cu ions from Aβ, leading to an important decrease of the ROS production catalysed by Cu-Aβ and to apo-like fibril formation.

Table II-3. Peptidic and macrocyclic ligands reported from the literature as well as their impact on the ROS production, on the aggregation. means that there is redox silencing or ROS scavenging, no Cu-induced aggregation or impact on the apo aggregation, no cell toxicity, metallophoric capabilities. means that there is no redox silencing or no ROS scavenging, Cuinduced aggregation or no impact on the apo aggregation, cell toxicity, no metallophoric capabilities. ThT means a ThT assay, Turb. means a turbidimetric assay, CD stands for circular dichroism, GFP stands for green fluorescent protein assay, TEM is the microscopy performed to image the aggregates. Note that if the characteristic has not been studied, n.d. (not determined) is written. pCu is calculated for a Cu(II) concentration at 10 µM. Grey lines mean that the complex formed is not a 1:1 complex. * = pH 7.1, ** = pH6. 6 They are able to remove Cu(II) (or Cu(I) for PTA ligand) from Aβ and to stop the associated deleterious events. The metallophoric capabilities have been studied only for the bis(thiosemicarbazonato) (btsc) ligands. 6,19, 34-35, 57, 94 Studies explain that some Cu(II)-btsc complexes, such as Cu(II)-gtsm, are able to cross the membrane of the cell and under the reductant intra-cellular conditions, Cu(II)-btsc is reduced.

The "new" complex is not stable anymore and Cu(I) is released. Then, there is an activation of the Aβ degradation pathways. 

Discussion

All of the reported ligands have been separated in different categories, depending on their structures. Their effects on the ROS production, on the aggregation and on the cell toxicities have been reported. Note that the assays performed for each ligand are not the same. Regarding the aggregation assays, ThT assay, Western Blot or turbidimetry assay have been performed. The accuracy of the techniques are not the same and it becomes difficult to comprare the results. For example, with the turbidimetry assay, only the heterogeneity of the sample is probed and not the type of aggregates. For the ThT assay, some studies are performed during 24 h and other ones during one week. Another important issue when comparing the results is that the effect of the Cu removal on the ROS production as well as their radical scavenging capability depend on the ligand itself and also on the experimental condition (e.g. ratio ligand:metal:Aβ, order of addition of the reactants, etc.).

The first group, with the hydroxyl/aminoquinolines derivatives, the Bzt like and the stilbene like ligands, are quite planar ligands, supposed to interact with the β-sheets of the Aβ fibrils. They are supposed to impact the apo aggregation of Aβ. They are able to form 2:1 or 1:1 complexes (ligand:metal), depending on the ligand. This can lead to a difficulty in stopping the ROS production.

Indeed, in a ternary complex, Cu ions could be in a not rigid geometry and the switch between Cu(II)

and Cu(I) could be possible. Nevertheless, this group of ligands have most of the time a good radical scavenging capability (i.e. radical scavenging). Furthermore, for a metallophore, a 2:1 complex might not be a good point. Indeed, as the geometry of the complex is not rigid, it is possible to chelate both Cu(II) and Cu(I) easier than for a 1:1 complex. Thus, the release of Cu(I) upon reduction in the cell might be compromised by the high Cu(I) affinity constant.

The other important group is the macrocyclic and peptidic ligands and other ligands such as the salen. They exhibit a very high stability of their associated Cu(II) complex and they mainly form 1:1 Cu This section has reported the different ligands already studied in the context of the chelatotherapy against AD with their impacts on the ROS production, on the aggregation, on the cell toxicity and on their metallophoric capability.

II-B The kinetic aspect of the Cu(II) removal

This session focused on the importance of the kinetic of the Cu(II) chelation from Cu-Aβ in the AD context. It is composed of a draft of an article which will be submitted and of the supplementary information. The synthesis of the ligand, the potentiometric and crystallographic studies have been performed by the Tripier's group in Brest. I have written the first draft.

We are currently waiting for EXAFS and EPR fitting data which should confirmed that the structures of the complexes studied are the same in solution than in crystals. Furthermore, the kinetic of the formation of the complexes will be performed later. Scheme 1 show the structure of the six ligands used in the present study. In addition to the nonfunctionalized cyclen and cyclam ligands, four macrocycles based on cyclen and cyclam ligands and bearing one (do1pa and te1pa, respectively) or two (do2pa and te2pa, respectively) methylpicolinate pendant arms are under study (Scheme S1). The last one is new and as for its three analogues, has been obtained following the regiospecific N-functionnalization of the macrocycle via the bisaminal chemistry (See synthetic scheme in the Supporting Information, Scheme S1). A view of the structure of the Cu(II) corresponding complex is shown in Figure 1, while bond distances and angles of the metal coordination environment are given in the caption (see also Tables S1 andS2). The central Cu(II) cation is six-coordinated in a highly elongated octahedral geometry, with the four nitrogen atoms of the macrocycle in the equatorial plane and the two nitrogen atoms of the picolinate arms at the apical positions. The Cu-NH bond are shorter than the Cu-Nalkylated bond ((1.9974( 13) and 2.0462(13) Å, respectively) whereas the axial Cu-Nmethylpicolinate bonds are much longer (2.7910(16) Å). The carboxylate function does not participate to the coordination of the metal as it has already been observed with te1pa. 120 This six-coordinated Cu(II) complex adopts the usually observed trans-III configuration (R,R,S,S conformation). The thermodynamic protonation constants of te2pa and its stability constants with Cu(II) were determined in 0.10 M KNO3 at 25°C using potentiometric titrations.

II-B.i Draft of the publication

Kinetic is the key when targeting copper ions to fight Alzheimer's disease: an illustration with azamacrocyclic ligands

The stepwise constants (log K) and the overall constants (log β) determined are collected in Table S3 while the speciation diagrams are presented in Figures S1-S2. Based on these values, the conditional affinity constant (corresponding to the absolute affinity constant at a given pH) has been calculated and equal 10 14.9 at pH 7.1, a weaker value compared to affinity constants determined for the other two cyclam and te1pa analogues as well as for do2pa (Table 1). 120-121 XANES and EPR signatures of the six Cu(II)-macrocylic complexes in frozen solution are shown in Figure S3-S4 and corresponding EPR parameters are listed in Table 1. XANES fingerprints of Cu(II)-te2pa is reminiscent of those of the parent Cu(II)-cyclam complex in line with the X-ray structure (Figure 1) that indicates an extremely long apical distance. EPR signatures and parameters are consistent with an elongated octahedral geometry and a 4N binding set in the equatorial plane. 122 The cyclic voltammogramm of the six Cu(II) complexes (Figure S5) indicate the possibility of reduction but at very low redox potentials (below -0.5 V versus SCE). In addition, the electrochemical reversibility of the cathodic process depend on the complex, with Cu(II)-do1pa, Cu(II)-do2pa and Cu(II)-te1pa showing quasi-reversible reduction process. As a general trend, addition of methylpicolinate arm(s) makes the reduction easier, i.e. the reduction occurs at higher potential (Table 1). Given the value of the cathodic peak, reduction by Asc is thermodynamically disfavored. monitored by UV-Vis (Figure S6). Similarly, Asc consumption was not observed when Cu(II)-Aβ complex was pre-incubated with the ligand (Figure 2, panels A and B). This is in line with the higher Cu(II) affinity values of the ligands compared to Aβ (see Table 1) and the resistance to Asc reduction of the resulting Cu(II)-L complexes. Hence, the six macrocyclic ligands appear as good candidates for Cu(II) chelatotherapeutic purposes. In order to go further and challenge these ligands under more biologically relevant conditions, the Asc consumption assay was performed differently: Cu(II) (Figure S6) or Cu(II)-Aβ (Figure 2, Panels C and D) was first reacted with Asc and then the ligands were added.

Such condition better mimics the brain environment, which is at the same time rich in Asc and dioxygen. Under such conditions, the arrest of Asc consumption depends on the ligand: the arrest is total with do1pa, te1pa and te2pa, quasi-total with do2pa and absent for both cyclam and cyclen. This It is worth noting the the Asc consumption experiments has previously been proved to mirror the formation of ROS, in particular H2O2 and HO°. 127 Here, we also directly monitor the formation HO° using the CCA Assay (Figure S7) and the results perfectly match those of the Asc consumption assay.

As modulation of Aβ aggregation by Cu ions could potentiate the toxicity of the Aβ aggregates, we also test the six ligands for the ability to prevent formation of Cu(II)-type fibrils and restore the formation of apo-like fibrils. All six ligands have the ability to do so, as evidenced either by the monitoring of kinetic of fibrils formation using the classical ThT assay and the morphologies of the Cu(II)-type or apo-type fibrils as imaged by TEM (Figures S8-S9). The identical activity of the six ligands observed here is linked to the time scale of the aggregation experiments (several hours), which allows Cu(II) to be removed from the Aβ peptide by any of them.

In the present communication, we report the study of six macrocyclic ligands to demonstrate how kinetic issues are important in the design of new chelator/metallophore within the AD context (Scheme 2). We in particular show that kinetic parameters can be as important as thermodynamic or structural one. This is particularly clear when comparing the te2pa and the parent cyclam ligand: While the Cu(II) environments are very close in both Cu(II) complexes and the affinity of the latter is higher by about 5 orders of magnitude, the te2pa can remove Cu(II) faster from Aβ and is active against ROS production in contrast to cyclam. 

8-Experimental details

Synthesis. Reagents were purchased from ACROS Organics and from ALDRICH Chemical Co. Cyclam was purchased from Chematech (Dijon, France). Bisformyl-Cyclam (1) 128 and methyl 6-(chloromethyl)picolinate (2) 129 were synthesized as previously described. The solvents were freshly distilled prior to use and according to the standard methods. NMR spectra ( 1 H and 13 C) were recorded at the core facilities of the University of Brest, with Bruker Avance 500 (500 MHz) or Bruker AMX-3 300 (300 MHz) spectrometers. The HR-MS analyses were performed at the Institute of Analytic and Organic Chemistry, ICOA in Orléans.
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Reagents, except the different ligands, were commercially available and were used as received. All the solutions were prepared in milliQ water (resistance: 18.2 MΩ.cm).

The Cu(II) ion source was CuSO4.5H2O, bought from Sigma-Aldrich.

HEPES buffer (sodium salt of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) was bought from Sigma-Aldrich. A stock solution was prepared at 500 mM, pH = 7.1.

Phosphate buffer was bought from Sigma-Aldrich. Two stock solutions, K2HPO4 and KH2PO4, were prepared at 500 mM, and they were mixed until to reach a stock solution at pH = 7.1.

Sodium ascorbate was bought from Sigma-Aldrich. A stock solution was prepared at 5 mM each day because of the quick degradation of the ascorbate.

Coumarin-3-carboxilic acid (CCA) was bought from Acros Organics. A stock solution at 5 mM was prepared in phosphate buffer at 500 mM, pH = 7.1. The stock solution was stored at 4°C.

Thioflavin T (ThT) was bought from Acros Organics. A stock solution of ThT at 250 μM was prepared in water without any further purification.

Peptides. Aβ16 (DAEFRHDSGYEVHHQK) was bought from Genecust. A stock solution of about 10 mM was prepared and titrated using the Tyr chromophore, with ε = 1410 cm -1 M -1 at acidic pH. The stock solution was stored at 4°C. Aβ40 (DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV) was bought from Genecust.

Around 6 mg were dissolved in approx. 400 µL of NaOH 50 mM. This solution was purified by FPLC, with a Superdex 75 column and NaOH 15 mM as eluent, with a flow rate at 0.9 mL min -1 . The collected fractions were titrated using the Tyr chromophore, with ε = 2400 cm -1 M -1 at basic pH. The stock solution was directly used for the ThT experiments.

Single crystal X-ray diffraction measurements. Single-crystal X-ray diffraction data were collected at 170 K on an X-CALIBUR-2 CCD 4-circle diffractometer (Oxford Diffraction) with graphitemonochromatized MoKα radiation (λ = 0.71073). Crystal data and structure refinement details are given in Table 5. Unit-cell determination and data reduction, including interframe scaling, Lorentz, polarization, empirical absorption and detector sensitivity corrections, were carried out using attached programs of Crysalis software (Oxford Diffraction). 130 Structures were solved by direct methods and refined by full matrix least squares method on F 2 with the SHELXL 131 suites of programs. The hydrogen atoms were identified at the last step and refined under geometrical restraints and isotropic Uconstraints. 132 CCDC number 1540075-1540076 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Potentiometric studies.

Equipment and Work Conditions

The potentiometric setup consisted of a 50 mL glass-jacketed titration cell sealed from the atmosphere and connected to a separate glass-jacketed reference electrode cell by a Wilhelm type salt bridge filled with 0.1 M KNO3 electrolyte. An Orion 720A+ measuring instruments fitted with a Metrohm 6.0123.100 glass electrode and a Metrohm 6.0733.100

Ag/AgCl reference electrode was used for the measurements. Batch points were measured with a Metrohm 6.0233.100 combined glass electrode. The ionic strength of the experimental solutions was kept at 0.10 ± 0.01 M with KNO3; temperature was controlled at 298.2 ± 0.1 K using a Huber CC3-K6 compact cooling and heating bath thermostat and a previously calibrated Orion 91-70-06 ATC-probe.

Atmospheric CO2 was excluded from the titration cell during experiments by slightly bubbling purified nitrogen on the experimental solution. Titrant solutions were added through capillary tips at the surface of the experimental solution by a Metrohm Dosimat 665 automatic buret. Titration procedure is automatically controlled by software after selection of suitable parameters, allowing for long unattended experimental runs. The titrant was a KOH solution prepared at ca. 0.1 M from a commercial ampule of analytical grade, and its accurate concentration was obtained by application of the Gran's method 133 upon titration of a standard HNO3 solution. Ligand solution was prepared at ca.

2.0 × 10 -3 M, and the Cu(II) solution was prepared at ca. 0.05 M from analytical grade nitrate salts and standardized by complexometric titrations with H4edta (ethylenediaminetetraacetic acid). 134 Sample solutions for titration contained approximately 0.04 mmol of ligand in a volume of 30.00 mL. In complexation titrations metal cations were added at 0.9 equiv of the ligand amount. In competition titrations H4edta was additionally added at 1.2 equiv. Batch titrations were prepared in a similar way with approximately 0.08 mmol of the ligand in a total volume of 3.00 mL, with Cu(II) and H4edta added respectively at 1 and 2.3 equiv. of the ligand amount. Increasing amounts of standardized KOH solution at ca. 0.1 M were added to each one. Batch titration points were incubated in tightly closed vials at 25 °C until potential measurements attained complete stability. constants of its copper(II) complex used in competition titration refinements were taken from the literature. 135 Each titration consisted of 50-70 equilibrium points in the range pH 2.5-11.5, and at least two replicate titrations were performed for each particular system.

Measurements

Calculations. The potentiometric data were refined with the HYPERQUAD software, 136 and speciation diagrams were plotted using the HySS software. 137 The overall equilibrium constants βi H and βMmHhLl are an Elexsys E 500 Bruker spectrometer, operating at a microwave frequency of approximately 9.5 GHz.

defined by βMmHhLl = [MmHhLl]/[M] m [H] h [L] l (βi H = [HhLl]/[H] h [L]
Spectra were recorded using a microwave power of 5 mW across a sweep width of 120 mT (centred at 310 mT) with modulation amplitude of 1.0 mT. Experiments were carried out at 110 K using a liquid nitrogen cryostat.

EPR samples were prepared from stock solution of ligand diluted down to 0.2 mM in H2O. 0.95 eq. of 65

Cu(II) was added from 25 mM 65 Cu(NO3)2 stock solution home-made from a 65 Cu foil. If necessary, pH was adjusted with H2SO4 and NaOH solutions. Samples were frozen in quartz tube after addition of 10% glycerol as a cryoprotectant and stored in liquid nitrogen until used.

Electrochemistry. Cyclic voltamogram were recorded on an Autolab PGSTAT302N at 25°C. Saturated Calomel Electrode was used as a reference, Platine electrode was the counter electrode and the working electrode was a glassy carbon electrode. This last electrode was carefully polished before each measurement on a red disk NAP with 1 µm AP-A suspension under abundant distillate water flow during at least three minutes (Struers). The solution was deoxygenated by bubbling Argon before each measurement. Any support electrolyte was added because of the high concentration of phosphate buffer in the solution. The scanning speed was 0.1 V.s -1 . The samples were prepared from stock solutions of ligand and Cu(II) down to approx. 1 mM and 0.9 mM respectively in a buffered solution.

UV-Visible spectrophotometry. UV-vis kinetics were recorded on a spectrophotometer Agilent 8453 at 25°C in 1 cm path length quartz cuvette, with an 800 rpm stirring. The samples were prepared from stock solutions of ligand, peptide and Cu(II) diluted down to 12, 12 and 10 µM respectively in HEPES solution, pH = 7.1. Ascorbate is diluted down to 100 µM.
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CCA experiments were recorded on a FLUOstar OPTIMA BMG LABTECH at 25°C in a 96-well plate bought from Dutscher SAS. CCA was excited at 390 nm and the fluorescence was recorded at 450 nm.

The gain was 1350. The samples were prepared from stock solutions of ligand, peptide and Cu(II) diluted down to 12, 12 and 10 µM respectively in phosphate solution, pH = 7.1. CCA was added at a resulting concentration of 500 µM. Injector was used for the addition of ascorbate diluted down to 500 µM, 5 min after the beginning of the experiment.

ThT experiments were recorded on a FLUOstar OPTIMA BMG LABTECH at 37°C in a 384-well plate bought from Dutscher SAS. ThT was excited at 440 nm and the fluorescence was recorded at 490 nm.

The gain was 1200. The samples were prepared from stock solutions of ligand, peptide and Cu(II) diluted down to 20, 20 and 18 µM respectively in HEPES buffer, pH = 7.1. ThT was added at a resulting concentration of 10 µM.

Transmission electron microscopy. Specimens were prepared for electron microscopy using the conventional negative staining procedure. 20 μL of solution was absorbed on Formvar-carbon-coated grids for 2 min, blotted, and negatively stained with uranyl acetate (1%) for 1 min. Grids were examined with a TEM (Jeol JEM-1400, JEOL Inc, Peabody, MA, USA) at 80 kV. Images were acquired using a digital camera (Gatan Orius, Gatan Inc, Pleasanton, CA, USA) at a x 25 000 magnification.

II-C A Cu(I) and Cu(II) chelator

This session focused on a chelator able to chelate Cu(II) but also Cu(I). It is composed of a summary of the article published in Chemistry -A European Journal in 2017, then the publication itself and finally the supporting information. The synthesis of the ligand, the potentiometric studies and the mass spectroscopy analyses have been performed by the Delangle's group in Grenoble. The third step of this study was the characterization of the Cu(I)-L complex. As for the Cu(II) complex, the ESI-MS has shown a 1:1 complex as the unique species. Then, EXAFS experiments have been performed. The intensity of the 1s 4p transition of Cu(I) corresponds to a tri-or tetracoordination. The fitting of the EXAFS data proposes three nitrogens (likely from the Histidine residues) and one oxygen as ligands for the Cu(I). Then, the affinity constant of L for Cu(I) has been determined by a competition experiment, with ferrozine as a competitor. As expected, for Cu(II) and for Cu(I), L shows a higher affinity constant than Aβ, due to its pre-organized scaffold.

II-C.i Summary

The last step of the characterization of the complexes was their electrochemical study. The Cu(I)/Cu(II) redox process is characteristic of a ECEC (E = electrochemical, C = chemical) electrochemical process. Cu(II), under a square planar geometry, is reduced into Cu(I) under the same geometry (E), which reorganizes into a tetrahedral geometry (C). For the reverse oxidation process, the oxidation occurs on Cu(I) in the tetrahedral geometry (E), and then the species rearranges into a square planar geometry (C). Another important parameter is that the reduction of Cu(II)-L occurs at a lower potential than the oxidation of the Ascorbate, and the oxidation of Cu(I)-L occurs at higher potential than the reduction of O2. This means that the complexes should resist to the reactions with ascorbate and O2, i.e. if L removes Cu ions from the peptide, the ROS production would be slowed down significantly. Only insignificant difference can be observed in the reproduction of the experimental competition spectrum using 0 -100 % ; 5 -95 % and 10 % -90 % as Cu(II)Aβ1-16-CuLH-1 ratio. We thus propose that in the competition spectrum there is 5 % +/-5% of Cu(II)Aβ1-16. 

II-D Conclusion

In this part regarding the Cu chelation in the AD context, two proofs of concept have been detailed.

The importance of the kinetic in the Cu removal from the Aβ peptide has been illustrated with two series of macrocyclic ligands. Indeed, if the redox process switching from Cu(II)-Aβ to Cu(I)-Aβ is faster than the Cu removal by the ligand, Cu ions stay bound to Aβ, leading to the production of ROS and the stabilisation of species such as the toxic oligomers. Then, the importance of targeting Cu(I) and Cu(II) ions in the chelatotherapy has been shown using the ligand L. As the redox state of Cu ions in the synaptic cleft is still unknown, it could be more useful to target both redox states. A caution has to be paid on the redox silencing of the ROS production by the Cu complex formed. A more secure approach in the chelatotherapy could be the use of a ligand with a fast kinetic in the removal of Cu ions from Aβ and able to chelate both Cu(I) and Cu(II). As it could chelate Cu ions faster than the redox process and as it could chelate both Cu(I) and Cu(II), it should be able to remove Cu ions from Aβ in vivo.

Nevertheless, one can wonder if a ligand, with a fast Cu chelation kinetic, in vivo, could not remove Cu ions after its administration and before reaching the synaptic cleft. This could have severe negative effects. In vivo, another issue for a Cu(I)/Cu(II) ligand can be the removal of Cu(I) from important metalloproteins found inside the cells, as the ligand is able to remove Cu(I). It is important that the ligand does not exhibit a too high affinity for Cu(I) (as for the Cu(II) affinity constant), compared to the affinity constant of the intra-cellular metalloproteins such as the metallothioneins or the Cuchaperons. Furthermore, adding a targeting Aβ moiety to such a ligand could help in the removal of the "AD Cu ions".

Another important point could be the metallophoric capabilities of a Cu(I)/Cu(II) ligand. Indeed, as previously explained, there is a dyshomeostasis of Cu ions the brain. The final idea of the chelatotherapy is not only the removal of Cu ions from Aβ but also their intra-cellular redistribution.

In the literature, the metallophores are Cu(II) ligands which, under a reducing medium as the intracellular medium, get reduced and release the Cu(I). However, a Cu(I) and Cu(II) ligand will form quite stable Cu(II) but also Cu(I) complexes. It can be more difficult to release the Cu(I) from such a stable complex. The design of such a ligand has to take into account that a Cu-protein in the intra-cellular medium has to be able to remove Cu(I) from the Cu(I)-L formed, in order to re-equilibrate the Cu homeostasis.

Chapter III. Impact of Zn(II) on the Cu(II) chelation 

III-A.i Summary

This perspective summarises the different investigations published until now on the mutual interactions of Cu ions and Zn(II) with the Aβ peptide.

~ 129 ~ production by monomeric species in the presence of Zn(II) is reported. Indeed, there is a mutual interference of Cu and Zn ions in the coordination of the metal, in the aggregation of the peptide; it is biologically relevant to determine whether there is an impact of Zn(II) on the ROS production.

Nevertheless, the tendency is not clear. Some studies show that Zn(II) has a protective effect towards the ROS production, increasing the survival of cells and decreasing the H2O2 production. This effect would be due to the displacement of the binding site of Cu(II) from component I to component II.

Nevertheless, other studies confirm that Cu(II) is displaced at another site upon Zn(II)-binding, but they disagree on the fact that component II is redox silent. The presence of Zn(II) do not change the ROS production. This result is in line with a recent study explaining that the Cu(II) coordination is not the key parameter of the ROS production at all. Finally, the ROS production by aggregated species is reported in this perspective. One study describes that for a 0.5:1 Cu:Aβ ratio, the monomeric complex produces more ROS than the aggregate one. Another study shows that for a stoichiometric ratio, Cu-Aβ complex aggregates produce more ROS than the Cu,Zn-Aβ complex aggregates. In other words, the aggregated species should produce less ROS than the monomeric ones, and the presence of Zn should have a protective role on the ROS production by aggregates. In brief, nowadays, there are not enough studies with both Cu and Zn ions on the ROS production and/or the aggregation. No clear tendency can be reached with these few investigations, except that Zn(II) has not a dramatic effect on Cu-Aβ ROS production, for the monomeric species.

III.A.i.1.3 Cu(II) chelation

The last part of this perspective focuses on the impact of the presence of Zn(II) on the withdrawal of Cu(II) from Aβ by a chelator. The Cu(II) chelation in the AD context has been developed in the last years. A ligand needs a higher affinity constant for Cu(II) than the Aβ peptide, but its affinity constant has also to be lower than the one of essential metalloproteins, in order to not remove the essential Aβ, are able to remove Cu(II) from Aβ. Nevertheless, in the presence of Zn(II), only one of them removes Cu(II) from the peptide. Indeed, they need a selectivity for Cu(II) towards Zn(II), i.e. a ratio between the affinity constant for Cu(II) and the one for Zn(II), and this is the case for both of them.

They need also that this selectivity is higher than the selectivity of Aβ; if not they are not able to remove Cu(II) from Aβ. Note that this part is detailed in part III-B. Some future work or ideas to take into account are then given. All of these studies prove that the Cu chelation has to be performed in a Zn(II)rich environment, even for Cu(I). Then, if Zn(II) can impact the Cu-chelation in the AD context, other biologically relevant ions such as Fe, Ca, Mg, etc. may also have an important role. Finally, as the thermodynamics are important in the Cu ion removal, the kinetics of removal of Cu ions from Aβ can also be an important parameter and should be studied next. In this perspective, the mutual interactions of Cu and Zn ions with the Aβ peptide are described. Zn(II) has an important impact on the relationship between Cu ions and Aβ peptide. Zn(II) displaces Cu(II) from a binding site to another one. Moreover, it influences the ROS production of the Cu-Aβ complex. The aggregation of the peptide is also influenced by the presence of Zn(II): it appears that Zn(II) should impose its metal-induced aggregation. All of these studies shed light on the high impact of Zn(II) on the Cu-Aβ complex and its properties. Zn(II) also impacts the Cu chelation. In order to remove Cu ions from Aβ in the presence of Zn(II), the ligand needs not only a higher affinity constant for Cu than Aβ, but also a higher selectivity of Cu over Zn than the Aβ. This selectivity issue has to be taken into account also for the Cu(I) removal.

~ 166 ~

The Cu(II) "pull-push" effect This part focuses on a new concept: the "pull-push". It is composed on a theoretical explanation of the concept, an experimental section and the results obtained with three ligands.

III-C.i Theoretical concept

As previously explained, chelatotherapy is one of the therapeutic approach against AD. It exists different kind of chelators (for more details, see II-A.). Some of them have an affinity constant for Cu ions too high, meaning that they could remove essential Cu ions from other metalloproteins. Other chelators have a too low affinity constant for Cu ions; therefore they are likely not efficient against AD since Cu ions stay bound to the Aβ peptide. Lastly, some chelators have an affinity constant for Cu ions in the range of the one of the Aβ peptide. Thus, there is an equilibrium between Cu ions bound to Aβ and Cu ions bound to the chelator.

The importance of Zn ions on the Cu chelation has been demonstrated in III-B. Chelators with a higher affinity for Cu(II) than Aβ such as Lc are not yet able to remove Cu ions from Aβ in the presence of Zn ions. The thermodynamic explanation is the selectivity of Cu over Zn ions: to be an efficient Cu(II)chelator in the presence of Zn ions, a selectivity of Cu(II) ions over Zn ions higher than the one for Aβ, which is of 4 orders of magnitude at pH 7.1, is needed (Table III The "pull-push" concept takes into account the fact that the addition of Zn ions can pull Cu ions out of the Aβ peptide and push it into the chelator. The chelator becomes more efficient in the removal of Cu ions in the presence of Zn ions than without. There are two main approaches for the "pull-push". Different experiments have been performed. The first two ones have been monitored with ligand, metal ions and the Aβ28 peptide at approximately 1 mM, minimal concentration required for our XANES conditions. Note that Aβ16 has not been used in order to limit the precipitation of Zn(II)-Aβ.

Cu(II

The same experiments than for the EPR are carried out: Aβ + Cu(II) + L* and Aβ + Cu(II) + Zn(II)-L*. In the presence of Zn(II), even if Aβ28 was used, there was an issue with the precipitation. The "pullpush" effect was visible for the three ligands, leading to more or less 100 % of Cu(II) bound to the ligand in the presence of Zn(II). The "pull-push" effect worked well, maybe too well and was not consistent with the EPR experiments. The precipitation of Zn(II)-Aβ displaces the equilibrium through the formation of Zn(II)-Aβ (see Equilibrium 5 below). This implicates that the equilibrium goes towards the chelation of Cu(II) by L*. This is the reason why Cu ions are removed from Aβ by L* but this is not due to the "pull-push" effect only. The other experiment was performed with Aβ16 at 200 μM; a concentration at which Zn(II)-Aβ does not precipitate. Nevertheless, 200 μM being a too low concentration for the beamline and detectors used; 1 mM is more or less the lower limit. To overcome this problem, 12 scans were accumulated instead of 3 when the concentration was around 1 mM. However, the spectra obtained were not exploitable. The noise of the spectra is too important, precluding any kind of calculations. In the ESRF at Grenoble where XANES was carried out, a new beamline for highly diluted samples has just opened. It could be interesting to perform these competition experiments in this beamline. However, all the current XANES results are useless.

III-C.iii.3 UV-Vis experiment for L

As previously described in ref. 1 , Cu(II)-L exhibits an important absorbance at 330 nm, ε = 18 000cm --1 .M -1 . Therefore, the "pull-push" effect can be follow by the detection of Cu(II)-L. This is a preliminary experiment. 

III-C.iv Conclusion

In this part, the "pull-push" concept is described (Figure III L, ABH and BAH are good "pull-push" ligands. The problem is that they are not able to stop the ROS production; but they illustrate quite well the "pull-push" concept. It would be interesting to determine their affinity constant for Zn(II). Indeed, for example, in case of L, 5 equivalents and not only one are needed to remove all Cu(II) from Aβ, the Cu over Zn ion selectivity of L should be too low.

Nevertheless, Zn(II) concentration in the synaptic cleft is 10 to 100 times higher than Cu ions, the need of 5 equivalents might not be a problem in vivo.

Note that the "pull-push" concept is a thermodynamic concept. It does not take into account kinetic issues. Furthermore, it is difficult to understand why the Cu(II)-L* complexes are not able to stop the ROS production. Maybe the conditions needed to fulfill the criteria of the affinity and selectivity for a "pull-push" ligand preclude it to stop the ROS production (geometry and kinetic issues?).

Studying ligands with a very low affinity constant for Cu(II) to illustrate the second approach of the "pull-push" concept would be also interesting. Maybe the better strategy would be the pro-drug one described with the "pull-push" concept. 

General conclusion

Along this thesis, different proofs of concept regarding the Cu chelatotherapy against AD are described. The studies are split into two main parts: on one hand, the Cu chelation by a ligand from the Cu-Aβ complex and on the other hand the impact of Zn ions on this Cu chelation. Several questions were outlined in the introduction and the answers are given below. The first proof of concept detailed in this thesis is about the possible kinetic issue in the Cu chelation (Figure 1, pink). The first question was:

-Does the kinetic of Cu chelation by a ligand have an impact on the ROS production catalysed by

Cu-Aβ complex?

To address this question, cyclen and cyclam macrocyclic ligands have been studied. The production of ROS has been monitored. Indeed, they can stop the ROS production only if they are pre-incubated with Cu(II)-Aβ (allowing formation of the Cu(II)-complex with the macrocyclic ligands) before the addition of the reductant since the Cu chelation by these ligands is too slow. Thus, this demonstrates the impact of the Cu(II) chelation kinetic on the arrest of the ROS production by Cu-Aβ.

-How is it possible to avoid that the ligands fail in the removal of Cu ions due to kinetic reasons (despite thermodynamically favoured) when designing a ligand against AD?

General conclusion

~ 179 ~ One of the possible answers is the addition of chelating arms. Indeed, cyclen and cyclam have been substituted with one or two picolinate arms. The following of the ROS production has also been performed with the substituted ligands. They are able to chelate Cu(II), even when it is found redox cycling during the ROS production, meaning that even in the presence of a mixture of Cu(I)/Cu(II), the substituted ligands are able to remove Cu from Aβ and stop the ROS production associated. In this case, there is no more need of incubation. Note that in the present case, the addition of chelating arms increases the Cu(II) chelation kinetic. Nevertheless, this strategy of adding chelating arms should not be efficient for all the ligands with Cu(II) chelation kinetic issues. Indeed, the addition of arms on linear ligands or macrocyclic ligands with another kind of cavity for example should not change the kinetics.

-Does the complex geometry have an impact on the kinetic of the Cu chelation?

Based on the results, as cyclam and cyclen complexes do not have the same geometry and present different behaviours regarding the Cu(II) removal from Aβ, the geometry of the complex could have an impact on the kinetic of the Cu chelation. Indeed, the Cu ion is found outside the cavity of the macrocycle for cyclen whereas it is inside the cavity for the cyclam. It should take more time to enter the cavity than to stay upon the cavity. Indeed, the Cu chelation by the cyclam is slower than for the cyclen.

We have been able to, by this first proof of concept, describe the importance of the kinetic on the Cu chelation approach.

The second proof of concept on the Cu chelatotherapy is about the choice of the target (Figure 1, green). Indeed, Cu is the target, but the redox state of the Cu to target is not defined. The issue is that the redox state of Cu in the synaptic cleft is not known. Therefore, using a Cu(II) or Cu(I) chelator should be useless, meaning that a Cu(I) chelator is not able to remove Cu(II) from Aβ and vice versa. The first two questions were:

-Which redox state of Cu ions should be targeted by the ligand to efficiently remove Cu ions from Aβ? Cu(I), Cu(II) or both?

As the redox state of Cu is not known, the ligand should target both of them. Thus, it would be interesting to compare the in vivo efficiency of a Cu(II), a Cu(I) and a Cu(I/II) chelator.

-Is it possible to target both redox states? If yes, is there a risk that the Cu-complex formed with the ligand itself can produce efficiently ROS by cycling between Cu(I) and Cu(II)? What parameters should be considered?

It can be possible to chelate both redox states and there is a risk to produce ROS, but this is not mandatory. Note that chelating both redox states could also be done by a mixture of a Cu(II) and a Cu(I) chelator. In this part, a ligand L has been studied. It is able to chelate both Cu(II) and Cu(I) and there is no more production of ROS when L is added to Cu-Aβ. The hypothesis to explain this

General conclusion

~ 180 ~ phenomenon is the difference between the Cu(I) coordination and geometry and the Cu(II) ones.

Indeed, the coordinating ligands are not exactly the same as well as the geometry. It takes time to switch from one Cu complex (e.g. Cu(I) complex) to the other one (e.g. Cu(II) complex).

This can explain the fact that the ligand can chelate both redox states without producing ROS. This shed light also the importance of the design of the ligand.

The last part of this thesis focuses on the impact of Zn ions on the Cu chelation since the concentration of Zn ions in the synaptic cleft is much higher than the one of Cu ions. The third proof of concept focuses on the thermodynamics (Figure 1, orange and purple). In the absence of Zn(II), a higher affinity constant for Cu of the ligand than Aβ is sufficient to remove Cu ions from Aβ (if the kinetic is favourable).

-Is it also the case in the presence of Zn ions?

Based on the results obtained with the ligands L2 and Lc, Zn(II) can preclude the Cu(II) removal from Aβ while in the absence of Zn(II), the Cu(II) removal by the ligand was possible. Both L2 and Lc have higher affinity constants for Cu and Zn than the ones of Aβ. The difference between themselves is the selectivity of Cu(II) over Zn ions (with the selectivity being the ratio between the affinity constant for Cu(II) and the one for Zn(II)). The selectivity for L2 is higher than the one for Aβ while the selectivity for Lc is lower than the one for Aβ. Both L2 and Lc can remove Cu(II) from Aβ, while in the presence of Zn ions, only L2 is able.

This part highlights the importance of the selectivity of Cu over Zn ions on the Cu chelation. Not only the affinity constant is important, but also the selectivity compared to one for Aβ.

Finally, the last proof of concept describes the "pull-push" effect (Figure 1, red). The pull-push effect is the fact that for a category of ligand, Zn ions pull Cu ions out from the Aβ and push them inside the ligand.

-Is a ligand with an affinity constant for Cu in the same range than Aβ able to remove totally Cu from Aβ? Can Zn(II) help the ligand to chelate Cu ions from Aβ in this case?

The "pull-push" concept illustrates that a Cu chelator, with an affinity constant around the one of Aβ, can remove almost all Cu(II) bound to Aβ, only in the presence of Zn(II). Indeed, the ligands for the "pull-push" need an affinity constant for Cu in the same range than the one for Aβ and a selectivity of Cu over Zn ions higher than the one for Aβ. Without Zn(II), Cu ions are bound to Aβ and to the ligand in an equilibrium. In the presence of Zn(II), when the "pull-push" effect occurs, more Cu ions are bound to L than to Aβ, for the same ligand.

This can be useful in the AD context: le ligand is not able to remove « healthy » Cu ions except in a Znrich environment such as the synaptic cleft, where Cu ions are toxic.

General conclusion ~ 181 ~

Then, it would be interesting to investigate the impact of the selectivity regarding Cu(I) on the Cu removal from Aβ. Indeed, as Zn ions impact the Cu(II) chelation by a ligand, they could also impact the chelation of Cu(I). Furthermore, the impact of Zn(II) on the kinetic of Cu binding is also an important parameter to study. Preliminary experiments have been performed and show that in vitro, Zn can preclude the Cu chelation. Indeed, Zn ions can be first chelated by the ligand and the dissociation time is very long, meaning that Cu will stay bound to Aβ. Other studies on the kinetic issue are the addition of arms on chelators such as ABH. Indeed, with this kind of ligands, Cu(II) needs to deprotonate an amide to be chelated. This takes time and the addition of chelating arms can be of help in the Cu removal from Aβ. Regarding the "pull-push" concept, the study of the second approach, i.e. the ligand with a very weak affinity constant for Cu(II) and a quite good selectivity, would be interesting as well as the study of the "pull-push" Cu(I)-Zn. Another investigation regarding the Cu chelation is the use of a Mn-complex as a pro-chelator. The idea is to use a superoxide dismutase mimic complex able to stop the ROS production as a ligand against AD. Preliminary experiments show that a swap of metallic ions, Cu and Mn, between Aβ and the complex occurs, stopping the associated deleterious events of Cu-Aβ.

Furthermore, the metallophoric capabilities of the ligand should also be studied in order to reequilibrate the homeostasis in the brain.

Later, the idea would be to gather these criteria in only one ligand with the already known criteria (BBB permeability, the intrinsic toxicities of the ligand and the Cu-complex): a fast Cu(I) and Cu(II) chelation, quite low affinity constants for Cu(I) and Cu(II) in order to not remove "healthy" Cu(II) and Cu(I), a Cu over Zn selectivity allowing the Cu(I) and Cu(II) chelation only in the presence of Zn ions.

Then, it will be interesting to understand if other criteria are needed or not. Actually, the answer would be yes, it is needed more criteria for an efficient ligand in vivo. For example, the Cu(II)-complex BBB permeability, its metabolism and finally its excretion have to be studied. Furthermore, as Zn ions have an important impact on the Cu chelation, other biomolecules or cations can also alter it. It would interesting to study the impact of Ca(II), Fe(II/III) for example or also some amino acids, the acetylcholine, etc., on the Cu chelation from thermodynamic and kinetic aspects. 

A-i. Summary

This article reports the use of a new water soluble UV-Visible dye L (Figure 1) to determine the affinity constant of Aβ peptide for Cu(II). This is an important parameter for the design of ligands in a therapeutic approach relying on chelation because the chelators need an affinity constant for Cu(II) higher than Aβ. Many works were previously reported and the affinity constant values obtained ranged mutations compared to the human one: R5G, Y10F and H13R. The affinity constant for Cu(II) of the human mutants of Aβ corresponding to the mutations involved in the murine peptide are also evaluated with this method. Consistent results are also obtained. Indeed, the affinity constant of the murine peptide is twice stronger than the one of the human Aβ, as proposed in the literature. The R5G mutation is the most important one and the affinity constant of the associated mutant is the same than the murine. This is due to the formation of the 6-membered metallacycle between the peptidic bond Gly5-His6 and the His6. This formation of metallacyle stabilizes the Cu(II) complex, increasing its affinity constant.

These experiments allow to propose that L is a good competitor to determine the affinity constant of peptides or proteins with a moderate affinity constant for Cu(II). The validation of the Cu(II) coordination using different mutants also supports the reliability of L. This method is easy to handle do to the important absorbance of the Cu(II)-L complex. Indeed, only a UV-Vis spectrophotometer is required and a small quantity of L and peptide is needed. Furthermore, by UV-Vis, there is no bleaching of the dye, no inner filter effect, etc. Note that for the determination of the affinity constant of a peptide at another pH than pH 7.1, the affinity constant for the competitor L has to be determined previously. For peptides or proteins with lower or higher affinity constants, modifications of L are needed to adapt its affinity constant in the appropriate range.

This article proposes a consistent affinity constant of Aβ for Cu(II), at 1.6 x 10 9 M -1 . This is an important parameter to know, for the development of new ligands able to remove Cu(II) from Aβ in a therapeutic approach based on chelation.

Résumé

La maladie d'Alzheimer est une maladie neurodégénérative, touchant plus de 30 millions de personnes dans le monde. A ce jour, seules des thérapies symptomatiques sont disponibles ; aucun traitement curatif n'existe. Une des hypothèses concernant cette maladie propose une mauvaise régulation des quantités en ions métalliques, notamment les ions Cu et Zn, dans certaines zones du cerveau. Ils favoriseraient une accumulation de peptides appelés Amyloïdes-β (Aβ) dans les fentes synaptiques. Ces dépôts empêcheraient les connexions neuronales, entrainant les symptômes connus de la maladie, tels que la perte de mémoire ou les déficiences intellectuelles. Les ions Cu seraient également responsables d'un stress oxydant incontrôlé, dégradant entre autres les membranes neuronales. Les ions Cu sont donc une cible thérapeutique à privilégier. Les recherches se dirigent vers le développement de nouvelles molécules, dites chélateurs, en vue d'extraire sélectivement ces ions Cu (par rapport aux ions Zn), pour réguler leur quantité et limiter voire empêcher cette accumulation de peptides. Mon projet de recherche se place précisément dans ce contexte. Différents chélateurs des ions Cu(II) et Cu(I) sont étudiés, en présence ou non de Zn(II), pour comprendre les paramètres à prendre en compte pour le développement de chélateurs efficaces. La première partie de cette étude regroupe différentes preuves de concept concernant les chélateurs des ions Cu. L'aspect cinétique du retrait du Cu(II) du peptide Aβ par un chélateur est étudié grâce à des ligands macrocycliques. Ensuite, l'état d'oxydation des ions Cu dans les fentes synaptique n'étant pas connu à ce jour, deux chélateurs du Cu(I) ou du Cu(I/II) sont proposés. La seconde partie de l'étude prend en compte l'impact du Zn(II) dans la chélation des ions Cu. Le côté thermodynamique de la chélation du Cu en présence de Zn(II) est mis en évidence grâce à différents chélateurs aux caractéristiques différentes.

Abstract

Alzheimer's disease is a neurodegenerative disease, affecting more than 30 million people all over the world. Nowadays, only symptomatic therapies exist, there is no cure yet. A dyshomeostasis of metal ions such as Cu and Zn ions in some areas of the brain is one of the different hypothesis about this disease. They would promote an accumulation of peptides, the Amyloid-β (Aβ) peptides, in the synaptic cleft. These aggregates would prevent the neuronal connections, triggering known symptoms of the disease, such as memory loss or cognitive impairments. Cu ions would also be responsible for an important oxidative stress, destroying the neuronal membranes for example. Cu ions are an important therapeutic target to cure the disease. Investigations are currently focusing on the development of new molecules, called chelators, in order to remove selectively Cu ions (over Zn ions), to regulate their concentrations and avoid the accumulation of the peptides. My research project focuses precisely on such kind of investigations. Different Cu(II) and Cu(I) chelators are studied, in the presence or not of Zn(II), in order to understand the different criteria to take into account for the development of good chelators. Different proof-of-concepts are developed in the first part. The kinetic aspect of the removal of Cu(II) from the Aβ peptide by a chelator is studied with macrocyclic ligands Then, the redox state of Cu ions in the synaptic cleft staying unknown, two Cu(I) or Cu(I/II) chelators are proposed. The second part of the study takes into account the impact of Zn(II) in the Cu chelation. The thermodynamic part of the Cu(II) chelation in the presence of Zn(II) is evidenced with different chelators.

I

  -A. La maladie d'Alzheimer La maladie d'Alzheimer (MA) est une maladie neurodégénérative découverte en 1906 par Alois Alzheimer. Elle touche plus de 35 millions de personnes à travers le monde et est la première forme de démence. Les symptômes de la MA sont relativement bien connus par le public : perte de mémoire pouvant devenir très importants, perte de la notion d'espace et de temps, parfois agressivité, etc. Cette maladie difficile pour le patient l'est également pour son entourage. Malheureusement, il n'existe à ce jour aucun traitement curatif. Seuls des traitements symptomatiques sont disponibles, visant à améliorer la vie des patients et à ralentir la progression de la maladie. La MA est caractérisée notamment par la présence d'enchevêtrements neurofibrillaires intraneuronaux de protéine Tau hyperphosphorylée (Figure I-1). La protéine Tau, nécessaire à l'assemblage et à la stabilisation des microtubules, est hyperphosphorylée dans le cas de la MA. Elle s'agrège et s'accumule en enchevêtrements neurofibrillaires. Elle n'est donc plus apte à remplir son rôle, entraînant la mort des neurones. Un autre marqueur important est la présence de plaques séniles ou plaques amyloïdes dans le cerveau (Figure I-1). Ces plaques se situent dans les fentes synaptiques, notamment dans l'hippocampe et le cortex, empêchant les connexions neuronales. Ma thèse s'intéresse aux peptides Aβ, principaux composants de ces plaques séniles ; il n'y a pas d'études concernant la protéine Tau.

Figure I- 1 .

 1 Figure I-1. Schéma représentant les deux évènements importants de la MA : les enchevêtrements neurofibrillaires ainsi que les plaques séniles.

Figure I- 2 .

 2 Figure I-2. Figure représentant les différentes coordinations des ions métalliques avec Aβ ainsi que les constantes d'affinité correspondantes, à pH 7.4.

Figure I- 3 .

 3 Figure I-3. Schéma représentant la production d'ERO par le complexe Cu-Aβ ainsi que les différentes techniques utilisées pour leur étude

Figure I- 4 .

 4 Figure I-4. Représentation de la Thioflavine T, ainsi que de la libre rotation entre les deux parties de la molécule.

Figure II- 1 .

 1 Figure II-1. Schéma regroupant les ligands étudiés dans la bibliographie dans le cadre de la MA : les hydroxy/aminoquinolines (en haut à gauche), les ligands basés sur les benzothiazoles (en haut à droite) et les ligands homologues azotés des stilbènes (en bas).

Figure II- 2 .

 2 Figure II-2. Schéma regroupant le deuxième groupe de ligands étudiés dans la bibliographie dans le cadre de la MA : les structures de type salen, bispicen et bis(thiosemicarbazonato) (en haut à gauche), les ligands macrocycliques (en haut à droite) et les ligands peptidiques (en bas).

Figure II- 3 . 21 ~Figure II- 4 . 1 .

 32141 Figure II-3. Schéma des six ligands étudiés dans cette partie.

Figure II- 5 .

 5 Figure II-5. Schéma représentant le ligand L étudié comme chélateur du Cu(I) et du Cu(II). Un squelette nitrilotriacétique sert de support au greffage de trois résidus Histidine.

Figure II- 6 .

 6 Figure II-6. Schéma représentant les modes de coordination du Cu(II) et du Cu(I) par le ligand L à pH 7.1.

Figure II- 7 .

 7 Figure II-7. Suivi de la production d'ERO par consommation d'ascorbate, par UV-Vis à 265 nm, avec une correction de la ligne de base à 800 nm. Panneau A.Aβ + Cu(II) + Asc (courbe noire), L + Cu(II) + Asc (courbe bleue), Aβ + Cu(II) + L + Asc (courbe rouge). Panneau B. Cu(II) + Asc + Aβ + air (courbe noire), Cu(II) + Asc + L + air (courbe bleue), Cu(II) + L + Asc + Aβ + L (courbe rouge). Panneau C. Asc + Cu(II) + L (courbe bleue), Asc + Aβ + Cu(II) + L (courbe rouge). [L] = [Aβ] = 12 μM, [Cu(II)] = 10 μM, [Asc] = 100 μM, [HEPES] = 100 mM, pH 7.1. Pour les expériences du panneau B, toutes les solutions ont été déoxygénées en bullant de l'Argon et ont été ajoutées sous une légère surpression d'Argon pour garder le Cu sous son état d'oxydation +I.

Figure III- 1 .

 1 Figure III-1. Représentations des différents sites de coordination des ions Cu(I/II) et Zn(II) avec le peptide Aβ à pH physiologique, ainsi que des ceux des complexes hétéro-bimétalliques.

Figure III- 3 .

 3 Figure III-3. Suivi de la consommation d'Ascorbate à 265 nm avec une correction de la ligne de base à 800 nm. Le t0 des expériences a été arbitrairement décalé pour une meilleure visibilité. (a) Cu; (b, b') Cu(II)-Aβ ou Cu(II),Zn(II)-Aβ, (c) Cu(II)-Aβ + L, (d) Cu(II)-Aβ + Zn(II)-L, avec L = L2 (panneau A) et L = Lc (panneau B). L'Ascorbate est ajout en premier, et le ligand est ajouté à A = 0.8. [Aβ] = [L] = 12 µM, [Zn] = 12 µM; [Cu] = 10 µM, [Asc] = 100 µM, [HEPES] = 0.1 M, pH 7.1, T = 25°C.

Figure III- 4 .

 4 Figure III-4. Schéma des trois ligands L, ABH et BAH utilisés pour le «pull-push». B correspond à une β-alanine.

Figure III- 5 .

 5 Figure III-5. Expériences RPE de compétition entre Aβ et L (Panneau A), ABH (Panneau B) ou BAH (Panneau C). (a) Aβ + Cu(II), (b) L* + Cu(II), (c) Aβ + Cu(II) + L*, (d) Aβ + Cu(II) + Zn(II)-L*. (L* = L, ABH ou BAH). [L*] = [Aβ ] = [Zn(II)] = 200 μM, [ 65 Cu(II)] = 190 μM, [HEPES] = 50 mM. pH = 7.1. T = 110 K. 10 % de glycérol est utilisé comme cryoprotecteur. Le temps d'incubation des échantillons pour L et ABH est de 64 h au frigo et 7 h à température ambiante pour BAH.

  chélatothérapie du Cu dans le cadre de la MA. Quatre nouveaux critères à prendre en compte dans la conception de ligands contre la MA sont proposés et regroupés dans la Figure IV-1.

Figure IV- 1 .

 1 Figure IV-1. Schéma synthétisant les différents ligands et concepts étudiés au cours de cette thèse.

Figure I- 1 .

 1 Figure I-1. Graphic illustrating the annual incidence rate by age of AD for 100 persons-years. Figure from ref.6 

  Figure I-3.

Figure I- 3 .

 3 Figure I-3. Scheme representing the different hallmarks of the Alzheimer's disease. In an AD brain, neurofibrillary tangles ofTau protein and Amyloid plaques are present. Scheme from ref.24 

  in 2004; it is the Pittsburgh compound B (PiB), a neutral 2-aryl-benzothiazole derivative labelled with the 11 C (Figure I-4). PiB compound was designed to bind the Aβ deposits.

Figure I- 4 .

 4 Figure I-4. Representation of the Pittsburgh compound B (PiB) used for the Aβ PET imaging.

Figure I- 5 .

 5 Figure I-5. PiB-PET images (top) and FDG-PET images (bottom) of a 67-years old healthy person as a control and of a 79-years old AD patient. A three-day delay exists between PiB and FDG-PET images. For the PiB-PET standardized uptake value (SUV) images (top), the images are summed over 40 to 60 minutes. In the healthy brain, there is no retention of PiB, contrary to the AD brain. This means that the healthy brain does not expose Aβ aggregates whereas the AD brain does. For the FDG-PET images (bottom), regional cerebral metabolic rate for glucose (rCMRglc) images (in mol.min -1 .100 ml) show a normal18 FDG uptake for the healthy brain and a hypometabolism in the case of the AD brain (arrows). Figure from ref.30 

Figure I- 6 .

 6 Figure I-6. Scheme representing the formation of the Aβ peptide. The APP protein is cleaved by two secretases, leading to the extracellular Aβ peptide. The sequence of the Aβ peptide is written in pink.

Figure I- 7 .

 7 Figure I-7. Scheme illustrating the Cu and Zn ions regulation/uptake in neurones.

  Figure I-8 (top) describes the main components of Cu(II)-Aβ near physiological pH. In Component I, Cu(II) has five ligands: the N-terminal amine, the O atom from the first peptidic bond and two N atoms from His6 and

  6 M -1 to 10 19 M -1 at pH 7.4. But more recently, a consensual value was proposed near 10 10 M -1 at pH 7.4. Most of these studies used potentiometric titrations, isothermal calorimetry, and fluorescence or competition experiments.

Figure I- 8 .

 8 Figure I-8. Representations of the different metal ion coordination to the Aβ peptide at physiological pH 7.4. The affinity constants are given at pH 7.4. Figure adapted from ref.73 

  4 (see FigureI-8). This study has been divided in two main parts. The first one describes an EXAFS study paralleled to a NMR study used for the determination of the number and the nature of the ligands. Zn(II) is a 4coordinated ion in the Aβ peptide, with a tetrahedral geometry. Then, XANES and NMR investigations have been performed on a wide series of Aβ16 mutants in order to determine which amino acid residue is involved in the coordination of Zn(II). If the complex Zn(II)-mutant exhibits the same XANES and NMR signals than the Zn(II)-Aβ complex, the amino acid mutated is not involved in the coordination, whereas if the signals are different, the amino acid mutated can be involved in the coordination. The ligands involved in the Zn(II) coordination are the N atom from His6, the carboxylate from the Glu11, a N atom from His13 or His14 and a carboxylate from Asp1, Glu3 or Asp7. This study is given in Annexe B of this manuscript.

  Figure I-9 reminds this ROS production and some methods used for their detection in vitro.

Figure I- 9 .

 9 Figure I-9. Scheme representing the ROS production catalysed by the Cu-Aβ complex. The different detection methods are also reminded. Scheme from 73 .

Figure I- 10 .

 10 Figure I-10. Scheme describing the aggregation process and the ThT fluorescence kinetic shape for the associated experiment. Scheme adapted from 110 .

  This phenomenon enhances its fluorescence. Therefore, during an aggregation experiment, the formation of β-sheets is monitored by the detection of the fluorescence. Hence, ThT fluorescence is used to monitor fibril formation. A particular caution is needed to not over-interpret the results obtained. After the aggregation experiment, different microscopies can be used, including the Atomic Force Microscopy (AFM) and the Transmission Electron Microscopy (TEM), in order to probe the morphologies of the aggregates formed.

Figure I- 11 .

 11 Figure I-11. Representation of the Thioflavin T dye or ThT, with the free rotation around the bond between the two aromatic rings.

  Chapter I: Context of the project ~ 53 ~ Inhibiting the action of the AChE enzyme should increase the concentration of ACh. One of the first AChE inhibitors was Tacrine (Figure I-12) which is rarely used today due to its side effects. 116 Donepezil, Rivastigmine and Galantamine (Figure I-12) are the three AChE inhibitors currently available.[116][117][118] The other group of symptomatic treatment is the antagonist of the N-methyl-D-aspartate (NMDA) receptor, involved for example in the memory. When NMDA receptors are activated by glutamate for example, NMDA receptors open their channel and Ca 2+ can enter into the neuron. Nevertheless, in AD brains, there is an excitotoxity, meaning that NMDA receptors are over activated and the concentration of Ca 2+ that enters into the neuron is too high, leading to the degradation of the neuron.119 The antagonists of the NMDA receptors block the channel and reduce the concentration of Ca 2+ entering into the neuron.119 The actual available drug is the Memantine (Figure I-12). 116-120 Some studies also propose high doses of vitamin E which is an antioxidant capable of improving the cognitive impairments, 116 but clinical trials showed no benefit.

Figure I- 12 .

 12 Figure I-12. The different structures of the available symptomatic drugs against AD.

  Chapter II: Cu ion chelationThis chapter focuses on the Cu(I/II) chelation within the Alzheimer's disease context. This work might be biologically relevant since Cu ions might interact with the Aβ peptide in AD as previously explained an form toxic Cu-Aβ species. Thus, Cu ions bound to Aβ were considered as a therapeutic target of choice.A first part reports the state of art regarding the Cu(II) chelation approach in AD. Different ligands are grouped in categories, depending on their structures. Their impact on the ROS production by Cu-Aβ, on the aggregation of Aβ and on the cell toxicities are reported. Then, a first proof-of-concept focuses on the kinetic issue regarding the Cu(II) removal. Two series of macrocyclic ligands are studied.It is demonstrated that, by measuring the ROS production by Cu-Aβ, a high affinity constant for Cu(II) is not enough to remove the Cu ions from the Aβ if the removal is slower than the redox cycling of Cu-Aβ. The second proof-of-concept detailed here describes the removal of both Cu(II) and Cu(I) from the Aβ peptide since the redox state of Cu ions bound to Aβ in the synaptic cleft is not defined. The ligand L and the corresponding Cu(I) and Cu(II) complexes are characterized. The ability of this chelator to remove both Cu ions from the peptide is demonstrated by EPR and XANES spectroscopies as well as its ability to stop Cu-Aβ mediated ROS production.

Figure II- 1 .

 1 Figure II-1. Three categories of ligands studied in the literature: the hydroxyl/aminoquinolines (top left), the benzothiazole like ligands (top right) and the stilbene like ligands (bottom).

  hydroxyl-aminoquinolines are one of the different categories of ligands developed against AD (Figure II-1, top left). The most well-known are clioquinol and then PBT2. 6, 32 19, 33-40 Clioquinol (CQ) is a prototypical Metal Protein Attenuating Compound (MPAC). The MPAC are then called metallophores.

83 wFigure II- 2 .

 832 Figure II-2. Three other categories of ligands from the literature: salen, bispicen and bis(thiosemicarbazonato) (top left), macrocyclic ligands (top right) and peptidic ligands (bottom).

  complexes. They are able to remove Cu(II) ions from Aβ and to stop the associated deleterious events Chapter II: Cu ion chelation ~ 73 ~ such as the ROS production and the Cu-induced aggregation. Nevertheless, they are not designed to have radical scavenging capabilities or interactions with the Aβ peptide. The bis(thiosemicarbazonato) ligands, mainly gtsm, show interesting metallophoric capabilities. They are able to redistribute Cu intracellularly, leading to the activation of the Aβ degradation pathways and improving the cognitive performances of AD mice.[100][101] 

AmandineScheme 1 .

 1 Scheme 1. Representation of the six different azaligands studied in this work.

Figure 1 .

 1 Figure 1. X-ray crystal structures of Cu(II)-te2pa with atom labelling; hydrogen atoms and water molecules are omitted for simplicity. The ORTEP plots is drawn at the 30% probability level. Cu-N(1) = 2.0604(15), Cu-N(2) = 1.9906(15), Cu-N(3) = 2.7910(16), N(1)-Cu-N(2) = 86.61(6), N(1)-Cu-N(2) = 93.39(6), N(1)-Cu-N(3) = 75.81(5), N(2)-Cu-N(3) = 87.90(6), N(3)-Cu-N(1) = 104.19. Symmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1, -z+1

  may be linked to the rate of Cu(II) extraction from Cu(II)-Aβ during the redox cycling. Indeed, there is a competition between Cu(II)-Aβ reduction (and thus Asc consumption) and Cu(II) extraction by the ligands. If the Cu(II) extraction is not fast enough, the system Cu(II)-Aβ continue to redox cycle. Based on the properties of non-substituted and substituted ligands with respect to the rate of Cu(II) complexation, it is anticipated that the addition of the methylpicolinate arm(s) accelerates Cu(II) removal from Aβ.

Figure 2 .

 2 Figure 2. Kinetics of Ascorbate consumption, followed by UV-visible spectroscopy at 265 nm with a background correction at 800 nm. Panel A. (a) Aβ16 + Cu(II) + Asc, (b) Aβ16 + Cu(II) + cyclen + Asc, (c) Aβ16 + Cu(II) + do1pa + Asc, (d) Aβ16 + Cu(II) + do2pa + Asc. Panel B. (a) Aβ16 + Cu(II) + Asc, (b) Aβ16 + Cu(II) + cyclam + Asc, (c) Aβ16 + Cu(II) + te1pa + Asc, (d) Aβ16 + Cu(II) + te2pa + Asc. Panel C. (a) Asc + Aβ16 + Cu(II), (b) Asc + Aβ16 + Cu(II) + cyclen, (c) Asc + Aβ16 + Cu(II) + do1pa, (d) Asc + Aβ16 + Cu(II) + do2pa. Panel D. (a) Asc + Aβ16 + Cu(II), (b) Asc + Aβ16 + Cu(II) + cyclam, (c) Asc + Aβ16 + Cu(II) + te1pa, (d) Asc + Aβ16 + Cu(II) + te2pa. [L] = [Aβ16] = 12 µM, [Cu(II)] = 10 µM, [Asc] = 100 µM, [HEPES] = 100 mM, pH 7.1. Note that the experiments are performed under aerobic conditions.

Scheme 2 .

 2 Scheme 2. Scheme representing the kinetic issues studied here, with the six macrocyclic ligands.
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 6 Figure S6. Kinetics of Ascorbate consumption, followed by UV-visible spectroscopy at 265 nm with a background correction at 800 nm. Panel A. (a) Asc + Cu(II), (b) cyclen + Cu(II) + Asc, (c) do1pa + Cu(II) + Asc, (d) do2pa + Cu(II) + Asc. Panel B. (a) Asc + Cu(II), (b) cyclam + Cu(II) + Asc, (c) te1pa + Cu(II) + Asc, (d) te2pa + Cu(II) + Asc. Panel C. (a) Asc + Cu(II), (b) Asc + Cu(II) + cyclen, (c) Asc + Cu(II) + do1pa, (d) Asc + Cu(II) + do2pa. Panel D. (a) Asc + Cu(II), (b) Asc + Cu(II) + cyclam, (c) Asc + Cu(II) + te1pa, (d) Asc + Cu(II) + te2pa. [L] = [Aβ16] = 12 µM, [Cu(II)] = 10 µM, [Asc] = 100 µM, [HEPES] = 100 mM, pH 7.1. Asc is added latter after the first reactants in order to reach the thermodynamic equilibrium.

Figure S7 .Figure S8 .

 S7S8 Figure S7. Fluorescence kinetics of CCA experiments. Panel A. (a) Cu(II) + Asc, (b) cyclen-Cu(II) + Asc, (c) do1pa-Cu(II) + Asc, (d) do2pa-Cu(II) + Asc. Panel B. (a) Aβ16 + Cu(II) + Asc, (b) Aβ16 + Cu(II) + cyclen + Asc, (b') Aβ16 + Cu(II) + Asc + cyclen, (c) Aβ16 + Cu(II) + do1pa + Asc, (c') Aβ16 + Cu(II) + Asc + do1pa, (d) Aβ16 + Cu(II) + do2pa + Asc, (d') Aβ16 + Cu(II) + Asc + do2pa. Panel C. (a) Cu(II) + Asc, (b) cyclam-Cu(II) + Asc, (c) te1pa-Cu(II) + Asc, (d) te2pa-Cu(II) + Asc. Panel D. (a) Aβ16 + Cu(II) + Asc, (b) Aβ16 + Cu(II) + cyclam + Asc, (b') Aβ16 + Cu(II) + Asc + cyclam, (c) Aβ16 + Cu(II) + te1pa + Asc, (c') Aβ16 + Cu(II) + Asc + te1pa, (d) Aβ16 + Cu(II) + te2pa + Asc, (d') Aβ16 + Cu(II) + Asc + te2pa. If Asc is the last reactant, it was added 5 min after the beginning of the measurement. For the experiments A(b), A(c), A(d), B(b), B(c), B(d), C(b) and D(b), the samples were prepared 1 to 2 days before the addition of Asc. [L] = [Aβ16] = 12 µM, [Cu(II)] = 10 µM, [CCA] = 500 µM, [Asc] = 500 µM, [phosphate buffer] = 50 mM, pH 7.3.

Figure S9 .

 S9 Figure S9. TEM images of Aβ40 (left image), Cu(II)-Aβ (central image) and Aβ40 + Cu(II) + te2pa (right image).

.

  The electromotive force of the sample solutions was measured after calibration of the electrode by titration of a standard HNO3 solution at 2.0 × 10 -3 M in the work conditions. The [H + ] of the solutions was determined by measurement of the electromotive force of the cell, E = E°′ + Q log [H + ] + Ej. The term pH is defined as -log[H + ]. E°′ and Q were determined by acid region of the calibration curves. The liquid-junction potential, Ej, was found to be negligible under the experimental conditions used. The value of Kw = [H + ][OH -] was found to be equal to 10 -13.78 by titrating a solution of known hydrogen-ion concentration at the same ionic strength in the alkaline pH region, considering E°′ and Q valid for the entire pH range. The protonation constants of H4edta and the thermodynamic stability Chapter II: Cu ion chelation ~ 92 ~

  l and βMH-1L= βML(OH) × Kw). Differences, in log units, between the values of protonated (or hydrolyzed) and nonprotonated constants provide the stepwise (log K) reaction constants (being KMmHhLl = [MmHhLl]/[MmHh-1Ll][H]). The errors quoted are the standard deviations calculated by the fitting program from all the experimental data for each system. Electron Paramagnetic Resonance. Electron Paramagnetic Resonance (EPR) data were recorded using

  This article describes a chelator able to remove both Cu(II) and Cu(I) from the Aβ peptide within the context of Alzheimer's disease. In most cases of the literature, only Cu(II) chelators are studied, although the redox state of Cu ions bound to Aβ in the synaptic clefts is not known. Moreover, as previously detailed, the Cu-Aβ complex has the capability to produce ROS in presence of a reductant and O2. This means that Cu ions cycle between the (+I) and the (+II) redox state during the ROS production. Mostly Cu(II) (or Cu(I)) chelators in the literature that are redox-silent have a coordination optimized for Cu(II) (or Cu(I)). Thus, Cu(II) ligands are classically poor Cu(I) ligands and vice versa. Thus, a ligand that binds Cu(II) and Cu(I) strongly is new and it is explained in the following why it is also redox-silent. This ligand, noted L, is designed in order to chelate both redox states of Cu ions. As for the Aβ peptide, three Histidine residues are involved in the coordination of the metal ion. They are graft on a nitrilotriacetic platform. L has affinities higher than Aβ for Cu(II) and Cu(I) and should be able to remove Cu(II) and Cu(I) from the peptide.The first step of this study is the synthesis of the ligand. Three Histidine residues are grafted on a nitrilotriacetic acid scaffold. The carboxylate groups of the Histidine residues are amidated to avoid their possible coordination to metal ions. Then, the protonation states are measured. The next step was the characterization of the complex Cu(II)-L. ESI-MS has shown the existence of the complex 1:1 as the unique species. Then, potentiometric studies have been performed and demonstrated three predominant species between pH 3 and pH 8. This leads to a proposition of three binding modes depending on the pH. The first one, at pH around 4, involves two nitrogen atoms from Histidine residues, the third one staying protonated. Two molecules of solvent or O atoms from the CO groups complete the coordination sphere. Around pH 6, the predominant form involves the three Hisitine residues and a solvent molecule or an O atom. Finally, at pH around 7, the three Histidine residues and a deprotonated amide coordinate the Cu(II). The last characterization of the complex has Chapter II: Cu ion chelation ~ 95 ~ been performed by EPR. The deduced parameters confirm the three binding modes previously proposed at the different pH.

  The ability of L to remove Cu(II) and Cu(I) from the Aβ peptide has been studied byEPR and XANES spectroscopies, respectively. The EPR experiments have shown that one equivalent of L is enough to remove almost all Cu(II) from Aβ. A linear combination of the signatures of Cu(II)-Aβ and Cu(II)-L proposes that less than 5 % of Cu(II) stays on Aβ. Based on the affinity constants, 0.2 % of Cu(II) should stay on the peptide. The XANES experiments have probed the removal of Cu(I). A linear combination of the spectra of Cu(I)-Aβ and Cu(I)-L shows that around 17 % ± 5 % of Cu(I) stay bound to Aβ. This value is also in good agreement with the affinity constants since 30 % of Cu(I) should stay bound to the peptide. These experiments have proved that L is able to fully remove Cu(II) and partly Cu(I) from the Aβ peptide, in line with the affinity constants. The last part of this work was the study of the capability of L to stop the ROS production catalyzed by Cu-Aβ. Two indirect methods have been used: the consumption of ascorbate by UV-Vis spectroscopy and the following of 7-OH-CCA formation by fluorescence. The UV-Vis experiments have shown that L stops the ROS production in all the configurations: if the Cu(II) or Cu(I) complex is formed before the addition of ascorbate, as well as if L is added during the ROS production. The results Chapter II: Cu ion chelation ~ 96 ~obtained by CCA fluorescence assay are consistent. Note that this is not intuitive. Indeed, if a ligand chelates Cu(I) and Cu(II), it may be able to catalyze the ROS production. The hypothesis for L is that the geometry and coordination modes for the Cu(I) and Cu(II) complexes are very different. Switching from one complex to another one should take too much time, leading to a strong decrease of the ROS production.

Figure II- 3 .

 3 Figure II-3. Scheme representing the ligand L, able to remove both Cu(I) and Cu(II) from Aβ and stop the ROS production.

Figure S2 .

 S2 Figure S2. EPR signatures of Cu(II)L at different pH values. [L] = 200 µM, [ 65 Cu(II)] = 180 µM. 10% of glycerol was used as cryoprotectant. T = 110 K.

Figure S3 .

 S3 Figure S3. (+)ESI-MS spectrum of L (100 µM) with equimolar Cu(I)(CH3CN)4PF6, in ammonium acetate buffer (20 mM, pH 6.9).

Figure S4 .

 S4 Figure S4. EXAFS data for the Cu(I)L complex. Top. Experimental data (solid black curve) and simulated fit (dotted red line) of the filtered first shell of the EXAFS function and Down. the corresponding radial structure functions (RSF, not corrected phase shift). FT and Im(FT) are the magnitude and imaginary part of Fourier transforms, respectively.

Figure S5 .

 S5 Figure S5. Cyclic voltamograms of O2 (Panel A) and ascorbate (Panel B). [O2] = ~ 0.2 mM, [Asc] = 1 mM in [phosphate buffer] = 100 mM at pH 7.1. Scan rate = 100 mV.s -1 ; WE = Glassy carbon, Ref = SCE, CE = Pt wire.

Figure S6 .

 S6 Figure S6. Panel A. EPR experiments of Cu(II)Aβ1-16 + Cu(II)L (black curve), linear combination: 0% Cu(II)Aβ1-16 + 100% Cu(II)L (blue curve), linear combination: 20% Cu(II)Aβ1-16 + 80% Cu(II)L (pink curve). The inset corresponds to a zoom of the first band. Panel B. EPR experiments of Cu(II)Aβ1-16 + Cu(II)L (black curve), linear combination: 5% Cu(II)Aβ1-16 + 95% Cu(II)L (blue curve), linear combination: 10% Cu(II)Aβ1-16 + 90% Cu(II)L (pink curve). The inset corresponds to a zoom of the first band. [L] = [Aβ1-16] = [ 65 Cu(II)] = 200 µM, [HEPES] = 50 mM, pH 7.1. 10% of glycerol was used as cryoprotectant. T = 110 K.

Figure S7 .

 S7 Figure S7. Panel A. XANES spectra of Cu(I)Aβ1-16 + Cu(I)L (black line), linear combination: 0% Cu(I)Aβ1-16 + 100% Cu(I)L (blue line), linear combination: 100% Cu(I)Aβ1-16 + 0% Cu(I)L (red line). Panel B. XANES spectra of Cu(I)Aβ1-16 + Cu(I)L (black line), linear combination: 0% Cu(I)Aβ1-16 + 100% Cu(I)L (blue line), linear combination: 50% Cu(I)Aβ1-16 + 50% Cu(I)L (red line). Panel C. XANES spectra of Cu(I)Aβ1-16 + Cu(I)L (black line), linear combination: 10% Cu(I)Aβ1-16 + 90% Cu(I)L (blue line), linear combination: 30% Cu(I)Aβ1-16 + 70% Cu(I)L (red line). Panel D. XANES spectra of Cu(I)Aβ1-16 + Cu(I)L (black line), linear combination: 15% Cu(I)Aβ1-16 + 85% Cu(I)L (blue line), linear combination: 20% Cu(I)Aβ1-16 + 80% Cu(I)L (red line), linear combination: 25% Cu(I)Aβ1-16 + 75% Cu(I)L (green line). The insets correspond to a zoom of the absorption. [L] = [Aβ1-16] = 1.00 mM, [Cu(II)] = 0.95 mM, [dithionite] = 10 mM, [HEPES] = 100 mM, pH 7.1. 10% of glycerol was used as cryoprotectant.

Figure S8 .

 S8 Figure S8. Top: Kinetics of ascorbate consumption, followed by UV-visible spectroscopy at 265 with subtraction of the background signal at 800 nm. Panel A. Aβ1-16 + Cu(II) + Asc (black curve), L + Cu(II) + Asc (blue curve), Aβ1-16 + Cu(II) + L + Asc (red curve). Panel B. Cu(II) + Asc + Aβ1-16 + air (black curve), Cu(II) + Asc + L + air (blue curve), Cu(II) + Asc + Aβ1-16 + L + air (red curve). Panel C. Asc + Cu(II) + L (blue curve), Asc + Aβ1-16 + Cu(II) + L (red curve). [L] = [Aβ1-16] = 12 µM, [Cu(II)] = 10 µM, [Asc] = 100 µM, [HEPES] = 100 mM, pH 7.1. For the experiments from Panel B, all the solutions were deoxygenated by bubbling Argon and were added under a little overpressure of Argon in order to keep Cu under its +I oxidation state. Bottom: Panel A. UV-vis spectra of L (blue curve), L + Cu(II) (red curve), L + Cu(I) (green curve). [L] = 100 µM, [Cu(II)] = [Cu(I)] = 100 µM, [HEPES]= 100 mM, pH 7.1. To ease direct comparison, the absorbance intensity has been divided by a factor of ten since data were recorded at a ten-fold higher concentration to improve the signal over noise ratio. Panel B. Spectra corresponding to the experiment shown in Figure7. Asc + Aβ40 (black curve), Asc + Aβ40 + Cu(II) at 720 s, just before the addition of L (dark grey curve), Asc + Aβ40 + Cu(II) + L at the end of the kinetic (light grey curve). [L] = [Aβ1-16] = 12 µM, [Cu(II)] = 10 µM, [Asc] = 100 µM, [HEPES] = 100 mM, pH 7.1.

Figure S9 .

 S9 Figure S9. Fluorescence kinetics of CCA experiments of (a) Cu(II) + Asc, (b) Aβ1-16 + Cu(II) + Asc, (c) L + Cu(II) + Asc, (d) Aβ1-16 + Cu(II) + L + Asc, (e) Aβ1-16 + Cu(II) + Asc + L at 20 min. Asc was added 5 min after the beginning of the measurement. [L] = [Aβ1-16] = 12 µM, [Cu(II)] = 10 µM, [CCA] = 500 µM, [Asc] = 500 µM, [phosphate buffer] = 50 mM, pH 7.1.

Figure S10 .

 S10 Figure S10. 400 MHz 1 H NMR spectrum in D2O at 300 K.

  This chapter focuses on the impact of Zn(II) ion on the Cu(II) chelation within the Alzheimer's disease context. This work is biologically relevant since Zn(II) is present in very high concentrations in the synaptic cleft compared to the Cu ions. Furthermore, Cu and Zn ions are found co-localised with the Aβ peptide in the senile plaques. That is the reason why it is biologically relevant to investigate the interplay between Cu and Zn ions with the Aβ peptide and the drug-candidates that are based on the chelation of Cu from Aβ. A first part describes the state of the art regarding the impact of Zn(II) on the interaction between Cu ions and Aβ peptide. Metal ions coordination, ROS production and aggregation of the peptide are under focus. Moreover, the impact of Zn ions on the Cu ion chelation is reported and developed in the III-B section. A second part focuses on the Cu(II) chelation from a thermodynamic point of view. Studies regarding the removal of Cu(II) by different chelators from Aβ in the presence of Zn(II) have been performed by EPR, UV-Visible and XANES spectroscopies. The impact of this removal on the arrest of ROS production and on the aggregation have then been studied by fluorescence and UV-Visible spectroscopies. Aggregates have been imaged by AFM. The last part describes another proof of concept: the "pull-push" effect. For some ligands, Zn ions are necessary in order to remove Cu ions from Aβ. Zn(II) pulls Cu ions out from the peptide et pushes them into the chelator. This concept is described and experimentally illustrated by EPR, XANES and UV-Vis spectroscopies. State of the art: the mutual interactions of Cu and Zn ions on the Aβ peptide This part summarises the state of the art about the interactions of Zn(II) on the interplay between Cu ions and Aβ peptide. It is composed of a perspective article published in Dalton Transactions in 2017 and a summary of this perspective. I have co-written this review.

  Cu(II).As previously shown, Zn(II) impacts the Cu ion coordination, the ROS production and the aggregation. Therefore, it is an important parameter to take into account in the Cu chelation. The first studies regarding the impact of Zn(II) on the Cu chelation have been performed with the metallothionein Zn7-MT-3 (Figure III-2, left). There is a swap of metal ions between Cu(II) bound to Aβ and Zn(II) bound to Zn7-MT-3, removing Cu(II) from Aβ and forming an air stable Cu(I)4-thiolate cluster inside the metallothionein. This cluster silences the ROS production. Then the same results are shown with the MT-2A. Moreover, with the MT-2A, the same experiments with the apo-MT-2A are performed: Cu(II) stays bound to Aβ and the ROS production is not reduced. This sheds light on the importance of the presence of Zn(II). Then this kind of experiments is performed with synthetic ligands (Figure III-2, right). The two studied ligands, with a higher affinity constant for Cu(II) than the one of Chapter III: Impact of Zn(II) on the Cu(II) chelation ~ 130 ~

Figure III- 2 .

 2 FigureIII-2. Scheme representing the swap of metallic ions between metallothioneins or chelators and the Aβ peptide. The impact on the ROS production is also illustrated.

Figure III- 5 .

 5 Figure III-5. EPR experiments of competition between Aβ and L (Panel A), ABH (Panel B) or BAH (Panel C). (a) Aβ + Cu(II), (b) L* + Cu(II), (c) Aβ + Cu(II) + L*, (d) Aβ + Cu(II) + Zn(II)-L*. (L* = L, ABH or BAH). [L*] = [Aβ ] = [Zn(II)] = 200 μM, [ 65 Cu(II)] = 190 μM, [HEPES] = 50 mM. pH = 7.1. T = 110 K. 10 % of glycerol was used as gryoprotectant. The incubation time for experiments for L and ABH is 64 h in the fridge, 7 h at room temperature for BAH.

Equilibrium 5 :

 5 Cu(II)-Aβ + Zn(II) + L* Zn(II)-Aβ + Cu(II)-L*

Figure III- 6 .

 6 Figure III-6. Kinetic of formation of Cu(II)-L, followed by UV-Vis spectroscopy at 330 nm. [Aβ] = [L] = [Cu(II)] = 20 µM, Zn(II) is added equivalent by equivalent. [HEPES] = 100 mM, pH = 7.1, 25°C.

  an important absorbance when bound to Cu(II). Nevertheless, a fluorescence experiment could be carried out. Indeed, it is possible to add an extrinsic fluorophore to the ligand (strategy A) or to use the fluorescence of the tyrosine residue of Aβ (strategy B)8 and, as the paramagnetism of Cu(II) quenches the fluorescence, it is possible to determine if Cu(II) is bound to Aβ or to the ligand. For the strategy A, if Cu(II) is bound to the ligand, there will be exctinction of the fluorescence contrary to if Cu(II) is bound to Aβ (detection of the fluorescence from the ligand). For the strategy B, this is the opposite.~ 174 ~III-C.iii.4 ROS production experimentsAs previously explained, the ligands have to stop the ROS production. To monitor this, Ascorbate consumption assay has been performed. The results are shown in the FigureIII-7. Cu(II)-L* produces ROS. Different kind of experiments have been monitored: a pre-incubation of Cu(II) and L* before adding Ascorbate, use of 10 equivalents of L* to preclude the free Cu (the used concentrations are very low), but Cu(II)-L* produces ROS. Up to now, it is very difficult to understand why these complexes catalyse the ROS production. Note that the "pull-push" concept cannot be seen with the ROS production experiments since Cu(II)-L* doesn't stop the ROS production.

Figure III- 7 .

 7 Figure III-7. ROS production followed by the consumption of Ascorbate by UV-Vis spectroscopy, at 265 nm with a background correction at 800 nm. (a) L + Cu(II) + Asc, (b) ABH + Cu(II) + Asc, (c) BAH + Cu(II) + Asc. [L*] = 12 μM, [Cu(II)] = 10 μM, [Asc] = 100 μM, [HEPES] = 100 mM, pH = 7.1, T = 25°C.

Figure III- 8 .

 8 FigureIII-8. Scheme representing the "pull-push" concept, with the three ligands studied here.

  Chapter III: Impact of Zn(II) on the Cu(II) chelation ~ 176 ~ Conclusion This part focuses on the impact of Zn ions on the Cu(II) chelatotherapy against AD. It has been proposed that depending on the Cu(II) affinity constant and on the Cu(II) over Zn selectivity of the ligand, Zn ions can preclude the Cu(II) removal from Aβ or can trigger it. Both of these parameters are very important in the design of ligands against AD.

Figure 1 .

 1 Figure 1. Summary scheme of the different ligands studied in this thesis. Note that the blue part (PTA) is described in Annexe 1 and focuses on a Cu(I) chelator. Solid arrows describe a quasi-total Cu ion removal by the ligand from Aβ. A dotted line describes an equilibrium. An arrow with special arrow head describes a fast kinetic in the Cu removal from Aβ by a ligand.

  of the affinity constant of Aβ peptide for Cu(II) This section focused on the determination of the affinity constant of Aβ peptide for Cu(II), using a new water soluble UV-Visible dye. It is composed of a summary of the article published in Analytical Chemistry in 2017, the publication itself and finally the supporting information. The results reported have been obtained in collaboration with two groups. The organic and inorganic synthesises as well as the crystallographic characterisation of the water-soluble dye have been performed by Laurent Lisnard and his colleagues (at the University Pierre et Marie Curie, in Paris), and the fitting of the EXAFS experiment by Stéphanie Sayen and Emmanuel Guillon (at Institut de chimie moléculaire, in Reims). I have co-written the first draft of the paper with Valentina Borghesani.
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 61 Figure 1. Scheme of the ligand L.

  

  ). En effet, en général, ces ligands chélatent les ions Cu(II) avec une forte affinité, dans une géométrie relativement stable, empêchant la réduction du Cu(II) et la catalyse de production d'ERO. On forme majoritairement des complexes 1 : 1 avec ces ligands. Tous ces ligands peuvent retirer les ions Cu du peptide Aβ et en général peuvent au moins stopper la production d'ERO ou induire une agrégation du type « apo » et non Cu-induite. Concernant les complexes ternaires, il est probablement plus difficile pour eux d'arrêter la production d'ERO puisque

	La dernière catégorie regroupe les ligands de type salen, bis(thiosemicarbazonato) ou encore les
	bispicen (Figure II-2, en haut à gauche). Ils chélatent les ions Cu(II) et forment des complexes 1 :1.
	Laboratoire Chimie Electrochimie Moléculaires et Chimie Analytique, Brest) basés sur les 1,4,7,10-
	tetraazacyclododecan (cyclen) et 1,4,8,11-tetrazacyclotetradecane (cyclam) sont étudiées (Figure II-3).
	Les ligands cyclen et cyclam sont connus pour leur forte affinité pour les ions Cu(II) et pour l'inertie
	cinétique de leur complexe.

la géométrie autour des ions Cu est plus flexible, accommodant les ions Cu(II) et Cu(I) et permettant le cycle rédox Cu(II)/Cu(I). Ainsi, les complexes ternaires sont peut-être plus efficaces dans la modification de l'agrégation que dans l'arrêt de la production d'ERO. De plus, pour pouvoir concevoir un métallophore, il semble plus simple d'utiliser des complexes 1 : 1. La littérature est riche d'études de chélateurs ou métallophores contre la MA, avec des structures et actions différentes. La suite de cette thèse propose différentes preuves de concept qui constituent de nouveaux critères à prendre en compte dans la conception de ligands dans le cadre de la MA. Il faut noter que les ligands étudiés dans cette thèse ne remplissent pas, dans un premier temps, tous les critères évoqués précédemment pour des raisons de solubilité et d'études in vitro. Cependant, la sophistication de ces ligands sera à envisager dans un second temps. II-B. Impact de la cinétique de chélation La première preuve de concept détaillée dans cette thèse concerne l'importance de la cinétique de captation des ions Cu(II) par un ligand. Les paramètres thermodynamiques ont souvent été étudiés : le chélateur a besoin d'une constante d'affinité pour le Cu(II) supérieure à celle d'Aβ, mais pas trop élevée pour ne pas retirer les ions Cu d'autres protéines. Pour illustrer l'importance des paramètres cinétiques, deux séries de ligands macrocycliques (en collaboration avec Dr. Raphaël Tripier,

  Cette deuxième preuve de concept décrit donc un ligand capable de chélater le Cu(II) et le Cu(I) et de produire très peu d'ERO (comparativement au peptide Aβ). Ceci semble être dû à la différence de géométrie et de coordination entre Cu(I)-L et Cu(II)-L. Ce changement est très important, empêchant le Cu de cycler et donc de produire des ERO. Cibler les deux états d'oxydation dans ce contexte est important puisque, actuellement, le degré d'oxydation du Cu dans les fentes synaptiques reste inconnu. Les chélateurs sont des molécules capables de retirer les ions Cu du peptide ; les métallophores sont des chélateurs qui peuvent ensuite redistribuer les ions Cu intracellulairement. Certains de ces métallophores, comme le clioquinol et PBT2, ont été jusqu'aux tests cliniques, mais ont finalement échoué. Une des différentes hypothèses concernant ces échecs sont le manque de sélectivité des ions Cu par rapport aux ions Zn de ces ligands. En effet, ils peuvent chélater aussi bien les ions Cu que les ions Zn. Ceci met l'accent sur le fait que cibler seulement les ions Cu

	comme approche thérapeutique ne semble pas être suffisant et qu'il faille prendre en compte
	l'environnement des ions Cu. La première étape de cette approche plus réaliste est l'étude de l'impact
	des ions Zn(II). Premièrement, l'impact des ions Zn(II) sur la coordination des ions Cu est reporté, puis
	sur la production d'ERO et sur l'agrégation, et enfin sur la chélation des ions Cu.
	La première partie de cet état de l'art se concentre sur les coordinations hétéro-bimétalliques.
	Elles ont été étudiées par différentes techniques spectroscopiques et potentiométriques. Concernant
	la coordination des ions Cu(II), les ions Cu(II) et Zn(II) déplacent mutuellement le site de coordination
	de l'autre ion (Figure III-1). Par exemple, le Zn(II) garde l'Histidine 6 comme ligand (ligand commun aux
	deux ions métalliques dans les complexes homo-métalliques) et le Cu(II) garde les deux autres
	Histidines à pH 7.1. Ainsi, le Zn(II) pousse le Cu(II) dans la coordination du composé 2 et le Cu(II) pousse
	le Zn(II) dans une coordination différente de celle du complexe homo-métallique, avec une seule
	Histidine. Concernant le Cu(I), il impose son mode de coordination, laissant une seule Histidine et non
	deux comme ligand pour le Zn(II) (Figure III-1). En résumé, Cu(I/II) et Zn(II) ont des interactions
	mutuelles sur leur site de coordination au peptide Aβ. Cependant, des études sont maintenant
	nécessaires pour déterminer l'impact mutuel de ces ions sur les constantes d'affinité.
	~ 24 ~

III. Impact des ions Zn sur la chélation des ions Cu

La première partie de ma thèse s'est focalisée sur la chélation des ions Cu dans le contexte de la MA. Après une étude de la bibliographie sur ces chélateurs, une première preuve de concept décrit l'impact de la cinétique de captation du Cu sur la production d'ERO. Ensuite, une deuxième preuve de concept détaille l'intérêt de cibler les deux états d'oxydation du Cu et propose un ligand répondant à ce critère. Bien entendu, les complexes formés ne doivent pas produire d'ERO. La seconde partie de cette thèse se concentre sur l'impact des ions Zn(II) sur la chélation du Cu(II). Ces études sont biologiquement pertinentes puisqu'il y aurait 10 à 100 fois plus de Zn(II) que d'ions Cu dans la fente synaptique.

III-A.

Etat de l'art sur les interactions mutuelles entre Cu, Zn et Aβ L'état de l'art concernant les études sur les effets des interactions mutuelles entre les ions Cu et Zn et le peptide Aβ est rapporté dans la première section de la dernière partie de la thèse. Dans les cerveaux atteints de la MA, il y a une mauvaise régulation des concentrations des ions Cu et Zn. Les ions Cu seraient trop concentrés extra-cellulairement, et déficients intra-cellulairement. Concernant les ions Zn, il est difficile de savoir si leur concentration est trop élevée ou trop faible, car ces deux résultats ont été obtenus par différents groupes. Les ions Cu et Zn ont également été retrouvés dans les plaques séniles et in vitro, les deux ions métalliques interagissent avec le peptide Aβ. Il a été montré que, séparément, ces ions pouvaient moduler l'agrégation du peptide, mais à nouveau, la tendance de cette modulation in vitro n'est pas claire. Cependant, toutes les études convergent vers l'importance du ratio métal : peptide et vers le fait que les effets des ions Cu et ceux des ions Zn sur l'agrégation sont différents. De plus, le complexe Cu(II)-Aβ catalyse la production d'ERO qui peuvent attaquer les biomolécules environnantes. C'est pour cela que la chélation des ions Cu(II) est une partie importante des recherches sur la MA depuis plusieurs années. Il existe deux grandes catégories de ligands : les ~ 25 ~ chélateurs et les métallophores.

  Aβ pour pouvoir retirer les ions Cu du peptide. Cependant, en présence de Zn(II), ceci n'est plus suffisant. Deux ligands, L2 et Lc (Figure III-2), sont étudiés pour illustrer ce problème thermodynamique. Les deux ont une affinité pour les ions Cu et Zn supérieure à celle d'Aβ et les deux retirent les ions Cu(II) du peptide en absence de Zn(II). En absence de Zn(II), les deux ligands sont capables de réduire très fortement voire stopper la production d'ERO. Cependant, en présence de Zn(II), seul L2 arrête toujours la production d'ERO. Ceci s'explique par le fait qu'en présence de Zn(II), Cu(II) est chélaté par L2 capable d'arrêter la production d'ERO, alors que Cu(II) est chélaté par Aβ dans le cas de Lc, catalysant ainsi la production d'ERO.

	semblerait que les espèces agrégées produisent moins d'ERO que les espèces monomériques. De plus, chélation in vivo des ions Zn(II) et laissant les ions Cu toxiques dans la fente synaptique. De plus, il a inférieure, 10 7.7 et 10 2.0 respectivement. Ainsi, thermodynamiquement, seul L2 est capable de retirer
	la présence de Zn semblerait diminuer les ERO produites par les agrégats. été montré que les ions Zn interfèrent dans la coordination des ions Cu au peptide, dans la production le Cu(II) d'Aβ en présence de Zn(II).
	d'ERO par le complexe Cu-Aβ et sur l'agrégation de ce complexe peptidique. Ainsi, la seconde étape
	La dernière partie de cette revue s'est concentrée sur l'impact du Zn(II) sur la chélation des ions de ces études est de mimer cet environnement riche en Zn(II) et de déterminer son impact sur la La deuxième partie de l'étude s'est centrée sur l'efficacité de ces deux ligands à arrêter la
	Cu. Un ligand dans le contexte de la MA doit avoir une constante d'affinité pour le Cu supérieure à chélation des ions Cu. Un système à quatre partenaires, c'est-à-dire Aβ, le ligand, le Cu(II) et le Zn(II), production d'ERO. Ceci a été réalisé via deux expériences différentes : le suivi de la consommation
	celle pour Aβ, mais pas trop forte non plus, pour ne pas retirer les ions Cu non toxiques d'autres est ainsi étudié. d'ascorbate par production d'ERO par spectroscopie UV-Vis (Figure III-3) et le suivi de la cinétique de
	métalloprotéines. Puisque les ions Zn ont un impact sur la coordination du Cu, sur la production d'ERO fluorescence du 7-OH-CCA, molécule fluorescente formée suite à la réaction entre le CCA et le radical
	ainsi que sur l'agrégation du peptide, il est pertinent d'étudier son impact sur la chélation des ions Cu. Rappelons qu'un « bon » ligand a besoin d'une constante d'affinité pour les ions Cu supérieure à HO • .
	Les premières études ont été réalisées avec les métallothionéines Zn7-MT-3 puis MT-2A. Il se produit un échange d'ions métalliques Cu et Zn entre les MT et le peptide Aβ. Il se forme un cluster Cu(I) 4-thiolate stable à l'air, stoppant ainsi la production d'ERO. Ensuite, ces études ont été réalisées avec des ligands synthétiques L2 et Lc. Les deux ligands, ayant une constante d'affinité pour le Cu(II) supérieure à celle de Aβ, retirent Cu(II) du peptide et diminuent voire stoppent la production d'ERO. Cependant, en présence de Zn(II), seul le ligand L2 peut toujours retirer Cu(II). La thermodynamique permet d'expliquer ceci. En effet, la sélectivité, c'est-à-dire la différence entre la constante d'affinité pour le Cu et celle pour le Zn, est un paramètre important dans la chélation des ions Cu. Elle est supérieure à celle d'Aβ dans le cas de L2 alors qu'elle est inférieure dans le cas de Lc. Il est donc nécessaire d'avoir une constante d'affinité pour Cu supérieure à celle d'Aβ mais également une sélectivité (Cu versus Zn) supérieure à celle d'Aβ. celle d'Figure III-2. Schéma des ligands L2 et Lc.
	Ainsi, cette revue décrit les interactions mutuelles entre les ions Cu et Zn et le peptide Aβ. Zn(II)
	déplace le Cu(II) de son site de coordination, a un impact sur la production d'ERO ainsi que sur
	Elle est également très dépendante du ratio métal : peptide, du pH, de la température, etc. Dans le cas l'agrégation. Il impacte également la chélation du Cu(II), pouvant aller jusqu'à l'empêcher. Enfin,
	de l'agrégation du complexe Cu-Aβ, le ratio métal : peptide est très important. En effet, avec des ratios puisque le Zn(II) a un impact sur la chélation du cuivre, il faudrait également étudier l'impact d'autres n'a pas d'impact sur la chélation des ions Cu. Cependant, Lc n'est plus capable de chélater Cu(II) en
	sous-stoechiométriques en ions Cu comparés au peptide, des fibres sont formées, alors qu'avec des ions biologiquement pertinents tels que les ions Ca(II) ou Fe(II/III) sur la chélation des ions Cu dans le présence de Zn(II) ; le Cu(II) reste lié au peptide, et Lc coordine Zn(II). Ceci semble contre-intuitif
	ratios au moins stoechiométriques, ce sont les oligomères toxiques qui sont formés. Les ions Zn cadre de la MA. puisque les deux ligands ont une constante d'affinité pour Cu(II) supérieure à celle d'Aβ. Une
	impactent également l'agrégation du peptide, même à des stoechiométries très faibles. A des ratios explication thermodynamique est proposée. En effet, la différence qui existe entre ces deux ligands
	stoechiométriques, des fibres sont formées mais seraient différentes des fibres apos. L'agrégation en III-B. Effet thermodynamique de la présence des ions Zn est leur sélectivité. La sélectivité est le rapport entre la constante d'affinité pour le Cu(II) et celle pour
	présence des ions Cu(II) et Zn(II) serait la même que celle en présence de Zn(II) : les ions Zn, semblent le Zn(II). Notons qu'une forte constante d'affinité pour le Cu(II) n'implique pas une grande sélectivité
	imposer la morphologie des espèces formées. La production de ROS en fonction de ces deux ions La première étape de la chélatothérapie contre la MA a été de comprendre et d'étudier comment et inversement, une grande sélectivité n'est pas forcément due à une forte constante d'affinité pour
	métalliques est également détaillée. Cependant, il n'y a à ce jour pas suffisamment d'études pour un ligand pouvait retirer le Cu(II) du peptide Aβ et stopper la production d'ERO. De nombreuses études le Cu(II). L'important est vraiment le rapport entre l'affinité du Cu(II) et celle du Zn(II). Ainsi, pour retirer
	proposer une tendance. Certains proposent une diminution de la production d'ERO en présence de ont proposé des ligands organiques et peptidiques dans ce sens. Cependant, jusqu'à ce jour, les le Cu(II) d'Aβ en présence de Zn(II), le ligand a besoin non seulement d'une affinité pour Cu(II)
	Zn(II) alors que d'autres ne voient pas d'effet. Ensuite, la production d'ERO par les espèces agrégées quelques ligands qui ont pu arriver en essais cliniques ont échoués. Ceci serait surement dû au fait que supérieure à celle d'Aβ mais aussi une sélectivité supérieure à celle d'Aβ. Cette sélectivité pour Aβ est
	est rapportée. A nouveau, il n'y a pas assez d'études pour pouvoir affirmer une tendance, mais il les ions Cu sont dans un environnement in vivo trop simplifié dans les études in vitro. Par exemple, la déjà élevée, 10 4.2 à pH 7.1. L2 a une sélectivité supérieure à celle d'Aβ alors que pour Lc, elle est
	forte concentration en ions Zn n'est pas représentée dans ces études. Les ligands comme le clioquinol
	peuvent également chélater les ions Zn(II) avec une forte affinité, entrainant ainsi une possible
	~ 27 ~ ~ 29 ~

Avant de regarder l'impact de ces ligands sur la production d'ERO et sur l'agrégation, il est nécessaire d'étudier l'impact que peut avoir le Zn(II) sur ce retrait du Cu(II) d'Aβ. Pour cela, des études spectroscopiques par UV-visible, RPE et XANES ont été réalisées. Concernant le L2, la présence de Zn(II)

La dernière étude de cette partie concerne l'agrégation du peptide Aβ. Elle a seulement été réalisée pour L2 et non pas pour Lc puisque en présence de Zn(II), le Cu(II) est chélaté par Aβ et donc

  

		Résumé en français
	Cette troisième preuve de concept propose un nouveau critère pour la conception de ligand pour Equilibre 2:
	la chélatothérapie des ions Cu dans le cadre de la MA : la sélectivité des ions Cu versus Zn(II). En effet,
	il est important de prendre en considération la présence des ions Zn(II) en haute concentration dans -+ -↔ -+ -, avec
	la fente synaptique. L'étude des ligands L2 et Lc a permis d'illustrer ce problème. Ainsi, un ligand a
	besoin d'avoir une sélectivité, c'est-à-dire un rapport entre l'affinité pour Cu et celle pour Zn, = -. --. -. = .
	supérieure à celle d'Aβ pour pouvoir retirer le Cu(II) du peptide dans un environnement riche en Zn(II).
	Ainsi, L2 arrête la production d'ERO par Cu-Aβ et empêche le Cu(II) de stabiliser des oligomères représente la constant d'affinité de L' pour M, avec L' = Aβ ou L et M = Cu ou Zn.
	toxiques.	
	Les équilibres 1 et 2 décrivent donc l'équilibre de retrait du Cu d'Aβ par L en absence et en
	Cette étude est un premier pas vers une complexification du système. En effet, les ions Zn(II) ont présence de Zn, respectivement. La Table III-1 montre différents exemples d'affinité et de sélectivité
	été ici pris en compte pour la chélation des ions Cu. Cependant, il serait intéressant d'étudier ainsi que leur impact sur les équilibres 1 et 2, à pH 7.1.
	également l'impact des autres biomolécules présentes dans les fentes synaptiques ainsi que les autres
	ions métalliques. De plus, ce concept peut également être appliqué pour la chélation des ions Cu(I).
	III-C.	Le concept du «pull-push»
	Le concept du «pull-push» se place dans le contexte de la chélatothérapie des ions Cu contre la
	MA. Si les ligands ont une constante d'affinité pour les ions Cu inférieure à celle d'Aβ, ils ne pourront
	pas retirer le Cu du peptide ; une affinité du même ordre de grandeur que celle d'Aβ entraine un
	équilibre entre les espèces Cu-Aβ et Cu-L ; une affinité supérieure à celle d'Aβ permet un retrait total
	du Cu d'Aβ. Rappelons que ceci est vrai en absence de Zn. La présence de Zn, comme expliqué
	précédemment, perturbe ces équilibres. Il est nécessaire que la sélectivité du ligand soit supérieure à
	celle d'Aβ pour qu'il puisse retirer Cu d'Aβ (Table III-1, L >> Aβ). Ainsi, un ligand ayant une affinité de
	l'ordre de celle d'Aβ, ne retire qu'environ la moitié du Cu d'Aβ, alors qu'en présence de Zn, la totalité
	du Cu peut être retirée par le ligand si la sélectivité est suffisamment grande. Aβ attire le Zn(II) qui à
	la présence de Lc n'a pas d'impact sur l'agrégation. Le suivi de l'agrégation a été réalisé par suivi de son tour pousse le Cu(II) dans le ligand. Voici quelques exemples pour illustrer ce concept du «pull-
	fluorescence de la ThT et les échantillons ont été imagés par AFM. Rappelons que les conditions push». Considérons les équilibres suivants.
	utilisées dans cette thèse permettent d'observer que le peptide apo ainsi que le complexe Zn(II)-Aβ Equilibre 1:
	agrègent en fibres, alors que Cu(II)-Aβ agrège en oligomères ou protofibres. Les résultats obtenus
	montrent que si L2 est ajouté à Cu(II)-Aβ, alors l'agrégation est la même que celle de Aβ apo. De plus, -+ ↔ + -, avec
	si Zn(II)-L2 est ajouté à Cu(II)-Aβ, l'agrégation est la même que celle de Zn(II)-Aβ. Ainsi, même en
	présence de Zn(II), l'ajout de L2 empêche la formation des oligomères qui sont définis comme étant = . --. =
	les espèces les plus toxiques de l'agrégation du peptide. Cette étude prouve à nouveau qu'il y a un
	échange des ions métalliques entre Aβ et L2.
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Constante d'affinité de L K1 % Cu(II)-L Sélectivité de L K2 % Cu(II)-L

  

	à avoir). Cette catégorie de ligands permet de passer de 10 % de Cu chélaté au ligand en absence de
	Zn(II) à 50 % en présence de Zn(II).				
	Pour illustrer le concept du «pull-push», trois ligands ont été étudiés (Figure III-4). Les constantes
	d'affinité pour le Cu(II) de ces ligands sont 3.2 10 9 M -1 , 3.0 10 8 M -1 et 3.7 10 9 M -1 à pH 7.1 pour L, ABH
	et BAH respectivement. Les constantes d'équilibre en absence de Zn valent respectivement 2.0, 0.2 et
	2.3. Ceci signifie qu'en absence de Zn, L et BAH retirent ~ 60 % d'Aβ et ABH 30 % de Cu(II) d'Aβ. Les
	constantes d'affinité pour le Zn(II) ne sont pas connues, ainsi il n'est pas possible de déterminer les
	constantes de l'équilibre 2. Différentes expériences spectroscopiques ont été réalisées pour illustrer la
	première catégorie de ligands « pull-push ».			
	Table III-1. Table montrant différents exemples différents exemples d'affinité et de sélectivité d'un ligand et leur impact sur
	les équilibres 1 et 2.					
				10 1	10 -3	3 %
	L >> Aβ 10 11 >> 10 9	10 2	90 %	10 4	1	50 %
				10 7		97 %
				10 1	10 -3	3 %
	L = Aβ 10 9 = 10 9	1	50 %	10 4	1	50 %
				10 7		97 %
				10 1	10 -3	3 %
	L << Aβ 10 7 << 10 9	10 -2	10 %	10 4	1	50 %
				10 7		97 %
	Le concept du «pull-push» concerne deux catégories de ligands. La première correspond aux
	ligands avec une affinité pour le Cu de l'ordre de celle d'Aβ (10 9 M -1 à pH 7.1) (Table III-1, L = Aβ) et
	une sélectivité très supérieure à celle d'Aβ (~ 10 4 ). Ainsi, le ligand doit avoir les affinités suivantes :
	= 10 !"# M -1 et	= 10 " M -1 à pH 7.1 pour pouvoir passer de 50 % de Cu(II) chélaté par L en
	absence de Zn(II) à 97 % en présence de Zn(II). La seconde correspond aux ligands qui ont une affinité
	pour le Cu(II) très faible (Table III-1, L << Aβ). Notons que si l'affinité pour Cu est faible, il faut une
	affinité pour le Zn très petite, sachant que 10 1-2 est déjà très faible, pour avoir une sélectivité
	relativement forte (le cas de l'affinité à 10 7 et de la sélectivité à 10 7 est très probablement impossible
			~ 32 ~			

  II)-L augmente à chaque ajout de Zn(II), pour atteindre 100 % du Cu(II) lié à L en présence de 5 équivalents de Zn(II). Cette expérience par UV-Vis permet de bien pouvoir visualiser le concept du «pull-push».

	Ensuite une étude par UV-Vis a également permis de mettre en évidence l'effet «pull-push» avec
	le ligand L. En effet, seul L a pu être étudié par UV-vis car il est le seul à avoir une intense bande
	d'absorption en présence de Cu(II) à 330 nm. Ainsi, le complexe Cu(II)-Aβ est formé puis L est ajouté.
	Lorsque l'équilibre thermodynamique est atteint, un équivalent de Zn(II) est ajouté, et ainsi de suite
	jusqu'à 5 équivalents de Zn(II). Les valeurs d'absorbance de Cu(II)-L en fonction du nombre
	d'équivalents de Zn(II) sont regroupées dans la Table III-2, ainsi que les pourcentages de Cu(II) lié à L.
	Notons qu'en absence de Zn(II), la quantité de Cu(II)-L est un peu élevée comparée aux données
	thermodynamiques, peut-être à cause d'une quantité initiale en L plus importante que prévu. La
	quantité de Cu(
	~ 33 ~

10 % de glycérol est utilisé comme cryoprotecteur. Le temps d'incubation des échantillons pour L et ABH est de 64 h au frigo et 7 h à température ambiante pour BAH.

Table III -

 III 

	Nombre d'équivalents	0	1	2	3	4	5
	Abs (330 nm)	0,28	0,30	0,32	0,34	0,35	0,36
	% Cu(II)-L	78 %	83 %	89 %	94 %	97 %	100 %

2. Tableau regroupant les valeurs d'absorbance à 330 nm de Cu(II)-L en fonction du nombre d'équivalents de Zn(II) ajoutés ainsi que les pourcentages de Cu(II)-L correspondants.

Cette dernière preuve de concept repose donc sur l'utilisation des ligands de relativement faible affinité pour le Cu(II), de l'ordre de celle d'Aβ, pour retirer le Cu(II) d'Aβ. Cependant, il n'est possible de retirer qu'environ la moitié du Cu(II). La présence de Zn(II) est ici primordiale : le Zn(II) va tirer le Cu(II) hors du peptide et le pousser dans le ligand. Notons que pour cela, le ligand doit avoir une sélectivité bien supérieure à celle d'Aβ. Trois ligands ont été étudiés pour illustrer ce concept. Un équivalent de Zn(II) permet d'augmenter la quantité de Cu(II)-ligand. Concernant L, 5 équivalents de Zn(II) sont nécessaires pour retirer la totalité de Cu(II) d'Aβ. Cependant, in vivo, ceci ne devrait pas poser de problème puisque la concentration en Zn(II) dans la fente synaptique serait 10 à 100 fois supérieure à celle en Cu.

Un ligand «pull-push» dans le cadre de la MA est intéressant. En effet, puisqu'il a une relativement faible affinité pour Cu(II), il ne pourra pas retirer les ions Cu essentiels des métalloprotéines, sauf dans un environnement riche en Zn comme dans les fentes synaptiques. Ainsi, le concept du « pull-push » est une stratégie de prodrogue.

Table 1 -

 1 Table summarising the main alterations found in AD patients, from ref.6 

	Gene	Main alteration	Presumed mechanism
	Amyloid precursor protein (APP)	Mutation	Autosomal dominant, mostly early onset
	Presenilin 1 (PSEN1)	Mutation	Autosomal dominant, mostly early onset
	Presenilin 2 (PSEN2)	Mutation	Autosomal dominant, mostly early onset
	Apolipoprotein-E (APOE)	Common variant	Familial and sporadic, late onset
	Sortilin-related receptor, L(DLR class) A repeats-containing (SORL1)	Common variant	Familial and sporadic, late onset
	Clusterin (CLU)	Common variant	Sporadic, late onset
	Phosphatidylinositol binding clathrin assembly protein (PICALM)	Common variant	Sporadic, late onset
	Complement component (3b/4b) receptor 1 (CR1)	Common variant	Sporadic, late onset
	Binding integrator 1 (BIN1)	Common variant	Sporadic, late onset

  but failed in phase IIa. Then, other groups have developed hydroxyl/aminoquinolines based on the CQ moiety. The effect of these ligands are reminded in TableII-1. For the ROS production, two different effects are reported: redox silencing means that the ligand removes Cu ions from Aβ and stop the ROS production, radical scavenging means that the ligand itself captures the radical species. For the aggregation, the effect of the ligand by removing Cu ions from Aβ on the aggregation is reported as well as the effect of the ligand itself.

Note that the modifications, such as linking two CQ moieties (see Figure II-1, top left), performed on the CQ moiety allow to have 1:1 complexes (ligand:metal ratio) and not 2:1 complexes as for CQ.

Table II -

 II 

				Chapter II: Cu ion chelation				
			ROS production	Aggregation		Cell toxicity		
		pCu	Redox silencing	Radical scave-nging	Cu removal effect	Ligand effect	Techn.	Wit-hout Asc	With Asc	Metall-ophore	Refs. Entry
					Hydroxy/amino quinoline				
	clioquinol	9.5 66	67	68	~68	46-47	ThT + AFM		69	58	46-47, 58, 66-69	a
							WB +				
	PBT2	n.d.	n.d.	n.d.			ThT + TEM 61,		n.d.	71	61,70-71	b
							70				
	1	10.8 ¤***		n.d.	n.d.	n.d.	n.d.	n.d.	n.d.		72-74	c
	PA1637	10.9 ¤***		n.d.	n.d.	n.d.	n.d.	n.d.	n.d.		72, 75	d
							Micro				
	1	15.7 *+		n.d.		n.d.	BCA	n.d.	n.d.	n.d.	76	e
							Assay				

1

. Hydroxy/aminoquinolines reported from the literature as well as their impact on the ROS production, on the aggregation and on cellular toxicities. means that there is redox silencing or ROS scavenging, no Cu-induced aggregation or impact on the apo aggregation, no cell toxicity, metallophoric capabilities. means that there is no redox silencing or no ROS scavenging, Cu-induced aggregation or no impact on the apo aggregation, cell toxicity, no metallophoric capabilities. WB stands for Western Blot, ThT means a ThT assay, TEM is the microscopy performed to image the aggregates. Note that if the characteristic has not been studied, n.d. (not determined) is written. pCu is calculated for a Cu(II) concentration at 10 µM. Grey lines mean that the complex formed is not a 1:1 complex. * = pH 7.1, ** = pH6.6, *** = pH 7.4. + = conditional value, ¤ = apparent value.

~ 67 ~

Stilbene like and benzothiazole like ligands

Stilbene and benzothiazole (BzT) like ligands form the same category due to their structures involved as Aβ targeting moieties (Figure II-1 top right and bottom). Indeed, BzT is the scaffold of the ThT and it is well known that ThT interacts with the β-sheets of the Aβ fibrils. Thus, ThT derivatives are developed as well as other planar structures such as the stilbene like. The effects of these ligands are reported in Table II-2. Regarding the ROS production, the impact of these ligands is not clear. Regarding the aggregation, BzT like ligands reported in Table II-2 do not have effect on the apo aggregation, apo meaning without any metal ions, while they have an effect on the metal-induced aggregation.

  , *** = pH 7.4. + = conditional value, ¤ = apparent value.

							Chapter II: Cu ion chelation				
	8-H2QH BM	n.d. 8.1 *+	n.d. n.d.	n.d.	~		turb. + WB + WB + TEM Turb.	n.d.	n.d. n.d.	n.d. n.d.	70	f
			1	8.9 +++¤		~				TEM turb. + ThT + Turb.		n.d.	n.d.		b
	8-H2QS	2	n.d. 9.0 +++¤	n.d.	~				WB + TEM ThT + Turb.		n.d. n.d.	n.d. n.d.	70	g	c
	8-H2QT	3	n.d. 9.5 +++¤	n.d.			n.d.	n.d.	turb. + WB + ThT + Turb.	n.d.	n.d. n.d.	n.d. n.d.	70	h	d
	L 1	4 5 7a	9.9 *+ 8.8 +++¤ n.d. 9.6 +++¤ n.d.	n.d.	~ ~	n.d. n.d. n.d. ~	n.d.	n.d. ~	TEM n.d. ThT + Turb. ThT + WB + TEM ThT + Turb. ThT + TEM	n.d. n.d.	n.d. n.d. ~ n.d. n.d.	n.d. n.d. n.d. n.d. n.d.	59, 77 67	i j	e f g
		8a	n.d.		~	n.d.		~		ThT + TEM	n.d.	n.d.	n.d.		h
		7b	n.d.			n.d.		~		ThT + TEM	n.d.	n.d.	n.d.		i
		8b	n.d.			n.d.		~		ThT + TEM	n.d.	n.d.	n.d.		j
		L2a	n.d.		~	n.d.				WB + TEM		n.d.	n.d.		k
				1:1 :											
		L2b	7.8 *+ 2:1 :			n.d.	~			WB + TEM		n.d.	n.d.	78-79	l
				6.8 *+											
			1	n.d.		~					WB + TEM		n.d.	n.d.		m
			2	n.d.		~					WB + TEM		n.d.	n.d.		n
			3	n.d.		~					WB + TEM		n.d.	n.d.		o
			4	n.d.	n.d.			~		WB + TEM		n.d.	n.d.		p
											WB +				
		ML	8.8 *+							TEM /		n.d.	n.d.		q
											IM-MS				
									BzT-like						
			1	6.0 **+		~	n.d.				Turb. + AFM		~	n.d.		r
			2	n.d.		~	n.d.				Turb. + AFM		~	n.d.		s
			3	n.d.		~	n.d.				Turb. + AFM		~	n.d.		t
		HBX	pCu 1:1 : 9.4 *+ 5.5 *+ 2:1 :	ROS production Redox silencing Radical scave-nging n.d. n.d.	Aggregation removal Cu effect Ligand effect ~	Techn. Turb.	Cell toxicity Wit-Asc Asc hout With n.d. n.d.	Metall-ophore n.d.	Refs. Entry u
		HBT	8.4 *+	n.d.	n.d.	~	Stilbene-like	Turb.	n.d.	n.d.	n.d.		v
			2	n.d.		~	n.d.		n.d.		ThT +			n.d.	67	a
									~ 68 ~						

  , *** = pH 7.4. + = conditional value, ¤ = apparent value.

				Chapter II: Cu ion chelation					
	2	5.3 *+	n.d.	n.d.	~		ThT	n.d.	n.d.	n.d.	90	l
					Macrocyclic ligands					
	cyclam	12.5 *+	~	n.d.		n.d.	Turb. + ThT		n.d.	n.d.	91	m
	cyclen	11.5 *+	~	n.d.		n.d.	Turb. + ThT		n.d.	n.d.	91	n
	cyc-KLVFF	n.d.		n.d.	n.d.		ThT + TEM		n.d.	n.d.	92	o
	cyc-LVFF	n.d.		n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	92	p
	cyc-GKLVFF	n.d.		n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	92	q
							Turb. +					
	L1 (Yang)	n.d.	~	n.d.			CD +		~	n.d.	93	r
							ThT					
							Turb. +					
	L2 (Yang)	n.d.	~	n.d.			CD +		~	n.d.		
							ThT					
			ROS production	Aggregation		Cell toxicity			
		pCu	Redox silencing	Radical scave-nging	Cu removal effect	Ligand effect	Techn.	Wit-hout Asc	With Asc	Metall-ophore	Refs. Entry
					Peptidic ligands					
	(GH)2K	9.3 *+	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	85	a
	(HH)2K	10.1 *+	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	85	b
	KLVFF	n.d.		~			ThT	n.d.		n.d.	86	c
	L	8.8 *+		n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	87	d
	AB12-20	n.d.		n.d.			ThT	n.d.	~	n.d.	86	e
	AB13-20	n.d.		n.d.			ThT	n.d.		n.d.	86	f
	HWH	7.3 ***+		n.d.			GFP ThT	n.d.	n.d.	n.d.	88	g
	HK c H	6.8 ***+		n.d.			GFP ThT	n.d.	n.d.	n.d.	88	h
	HAH	n.d.		n.d.			GFP ThT	n.d.	n.d.	n.d.	88	i
	GGH	n.d. ***¤	4 eq	n.d.	n.d.	n.d.	n.d.	n.d.	~ (4eq)	n.d.	89	j
	1	5.4 *+	n.d.	n.d.	~		ThT	n.d.	n.d.	n.d.	90	k
					~ 71 ~						

93 s

Other organic ligands

In this last category, salen, bispicen and bis(thiosemicarbazonato) ligands are grouped (Figure II-2, top right). They mainly formed 1:1 complexes. The effects of these ligands are reported in Table

II-4. 

Table II -

 II 

				Chapter II: Cu ion chelation					
	H2GL2	8.3 *+	n.d.		~	n.d.	Turb.	n.d.	n.d.	n.d.	95	b
	L2	9.4 *+		n.d.		n.d.	ThT + AFM	n.d.	n.d.	n.d.	96-97	c
	ENDIP	10.2 *+	n.d.	n.d.		n.d.	DLS	n.d.	n.d.	n.d.	98	d
	DMAP	7.0 *+	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.	98	e
	PTA	13.2	~	n.d.	20 equiv.	n.d.	ThT + AFM	n.d.	n.d.	n.d.	99	f
	btsc	n.d.	n.d.	n.d.	n.d.	n.d.	n.d.		n.d.		100-101	h
			ROS production		Aggregation	Cell toxicity			
		pCu	Redox silencing	Radical scave-nging	Cu remo-val effect	Ligand effect	Techn.	Wit-hout Asc	With Asc	Metall-ophore	Refs. Entry
					Other structures					
	H2GL1	8.6 *+	n.d.			n.d.	Turb.	n.d.	n.d.	n.d.	95	a
						~ 72 ~						

4

. Other ligands reported from the literature as well as their impact on the ROS production, on the aggregation. means that there is redox silencing or ROS scavenging, no Cu-induced aggregation or impact on the apo aggregation, no cell toxicity, metallophoric capabilities. means that there is no redox silencing or no ROS scavenging, Cu-induced aggregation or no impact on the apo aggregation, cell toxicity, no metallophoric capabilities. ThT means a ThT assay, Turb. means a turbidimetric assay, DLS stands for diffusion light scattering assay, TEM and AFM are the microscopies performed to image the aggregates Note that if the characteristic has not been studied, n.d. (not determined) is written. pCu is calculated for a Cu(II) concentration at 10 µM. Grey lines mean that the complex formed is not a 1:1 complex. * = pH 7.1, ** = pH6.6, *** = pH 7.4. + = conditional value, ¤ = apparent value.

Table 1 .

 1 Thermodynamic, spectroscopic and electrochemical characteristics of the six studied Cu(II) complexes (recorded under the very same conditions).

			Cu(II)-cyclen Cu(II)-do1pa Cu(II)-do2pa Cu(II)-cyclam Cu(II)-te1pa	Cu(II)-te2pa
	Coordination	4Neq 1Oap	5N 1O	5N 1O	4Neq	4 Neq 1Nap	4 Neq
		pH7.1	17.4 -18.8	18.5	17.4	19.9 -20.8	18.0	14.9
		refs.	123-124	120	121	125-126	120	This work
		g//	2.20 ± 0.01	2.23 ± 0.01	2.23 ± 0.01	2.18 ± 0.01	2.19 ± 0.01	2.18 ± 0.01
	A//( 65 Cu) (10 -4 cm -1 )	202 ± 5	187 ± 5	181 ± 5	224 ± 5	211 ± 5	217 ± 5
	Epc (V vs. SCE)	-0.85	-0.82	-0.67	-0.98	-0.88	-0.76
	Reversibility	Irrev.	Rev.	Rev.	Irrev.	Rev.	Irrev.
		Incubation					
		Cu					
	ROS	Cu(Aβ) No incubation					
		Cu					
		Cu(Aβ)					

In line with the electrochemical measurements, once the Cu(II) complexes are formed (with any of the six ligands), they are not reduced by Asc as probed by the absence of Asc consumption

Table S2 .

 S2 Crystal data and refinement details for Cu

(II)-te2pa.10H2O

  

	Chapter II: Cu ion chelation
	Rint	0.0232
	reflns measd	16365
	unique reflns	4955
	GOF on F 2	1.065
	R1 a	0.0551
	wR2 (all data) b	0.1082
	Largest differences peak and	0.456 and -0.283
	hole /eÅ -3	
	a R1 = ∑Fo-Fc/ ∑Fo. b wR2 = {∑[w(Fo 2 -Fc 2 ) 2 ]/∑[ w(Fo 4 )]} 1/2
	3-Potentiometric study	
		Cu(II)-te2pa.10H2O
	formula	C24H52CuN6O14
	MW	712.26
	crystal system	Monoclinic
	space group	P21/c
	T/K	297(2)
	a/Å	9.5261(2)
	b/Å	12.2915(3)
	c/Å	14.3849(4)
	β/deg	101.102(2)
	V/Å 3	1652.81(7)
	F(000)	758
	Z	2
	λ, Å (MoKα)	0.71073
	Dcalc/g cm -3	1.431
	µ/mm -1	0.733
	θ range/deg	3.26 to 30.50
	~ 83 ~

Table S3 .

 S3 Stepwise and overall protonation and stability constants of te2pa 2-and its Cu(II) complex at 25.0 ºC and I = 0.10 M in KNO3.

	Equilibrium reaction a	log βHiL / log KHiL
	L + H + ⇄ HL	11.12 / 11.12 (2)
	HL + H + ⇄ H2L	21.48 / 10.36 (1)
	H2L + H + ⇄ H3L	24.86 / 3.38 (2)
	H3L + H + ⇄ H4L	27.49 / 2.63 (1)
		log βMHiL / log KMHiL
	L + Cu(II) ⇄ CuL	23.5 / 23.5 (1)
	CuL + H + ⇄ CuHL	26.47 /2.97 (5)
	CuL ⇄ CuLOH + H +	12.47 / -10.93 (6)
	pCu b	16.8

  -1, L >> Aβ). The following equilibria illustrate this phenomenon. Equilibria 1 and 2 reflect the affinity constants of Aβ peptide or a ligand for a metal ion M, such as Cu or Zn ions. Equilibrium 3 is the equilibrium for the Cu removal from Aβ by a chelator L. Equilibrium 4 is the equilibrium for the Cu removal in the presence of Zn ions. K1 and K2 are the associated equilibrium constants. The following Table III-1 shows some examples of the impact of the selectivity of the chelator on the equilibrium 4. Note that the affinity constants of Aβ for Cu(II) and Zn(II) at pH 7.1 are approximately 10 9 and 10 5 M -1 respectively. The ideal chelator must have a selectivity at least equal to 7 order of magnitude in order to remove all Cu ions from Aβ in the presence of Zn ions. Note that the hypothesis is that all Cu ions are removed from Aβ when it stay 1/1000 of Cu ions bound to Aβ; the equilibrium constant being 10 3 .

		.
		.
	Equilibrium 4:	
		↔	, with
		.	.
		.	.
	Equilibrium 1:	
	↔	, with
		.
	Equilibrium 2:	
	↔	, with
		.
	Equilibrium 3:	
	↔	, with
		~ 167 ~

Table III -

 III 

1. Table illustrating different cases for the equilibria 3 and 4. The percentages of Cu bound to L are also reported.

  Several EPR experiments have been performed. Figure III-5 shows one of them. A competition between Aβ and the ligands with or without Zn ions were carried out. For L, ABH and BAH, there is a good agreement with the thermodynamic calculations. Indeed, linear combinations of the EPR experiments shown in the Figure III-5 reveales that L removes 60 % of Cu(II) from Aβ, ABH 25 % and BAH 50 % (Table III-2). When Zn ions are also in competition, the percentages of the Cu(II) removal change. Using the calculations of the Equilibrium 4 and linear combinations of the EPR experiments (Figure III-5), the percentage in the presence of Zn(II) are 80 % of Cu(II) removed by L from Aβ, 45 % by ABH and 70 % by BAH (TableIII-2). These experiments illustrate the "pull-push" effect. Note that there is a kinetic effect in the Cu(II) chelation. At t0, meaning without incubation, ABH and BAH remove only 10 % of Cu(II) from Aβ, not consistent with the thermodynamic calculations. After t1 (64 h in the fridge) ot t2 (7h at room temperature), the percentages of Cu(II) removed from Aβ are consistent with the thermodynamic caluclations (TableIII-2). Furthermore, the percentages obtained for Equilibria 3 and 4 change between the different experiments, but stay by less than 10 %.

		III-C.iii.1 EPR experiments			
	) affinity constant of L	K1	% Cu(II)-L	Selectivity of L	K2	% Cu(II)-L
				10 1	10 -3	3 %
	L >> Aβ 10 11 >> 10 9	10 2	90 %	10 4	1	50 %
				10 7	10 3	97 %
				10 1	10 -3	3 %
	L = Aβ 10 9 = 10 9	1	50 %	10 4	1	50 %
				10 7	10 3	97 %
				10 1	10 -3	3 %
	L << Aβ 10 7 << 10 9	10 -2	10 %	10 4	1	50 %
				10 7	10 3	97 %
			~ 171 ~		

Table III -

 III 2. Table reporting the percentages of Cu(II) removed by the ligands from Aβ without and with Zn(II).XANES is a very appropriate technique to probe the environment of Zn ions since they are silent in most of the classical spectroscopic techniques. XANES allows to follow Cu and Zn ion chelation in the same time and with the very same sample. Therefore, in order to illustrate the "pull-push" effect, XANES appears to be a very well appropriate technique.

	III-C.iii.2 XANES experiments	
		Without Zn(II)	With Zn(II)
	L	60 %	80 %
	ABH	25 %	45 %
	BAH	50 %	70 %
		~ 172 ~	

  is reached, one by one equivalent of Zn(II) is added, until 5 equivalents. FigureIII-6shows the kinetic of the formation of Cu(II)-L at 330 nm. Table III-3 exhibits the absorbance and the experimental percentages of Cu(II) bound to L, as a function of the number of equivalents of Zn(II).Without Zn(II), the percentage of Cu(II) bound to Aβ is quite high compare to what is expected based on the Ka values (78 % vs. 60 %). This may be due to a too high concentration of L in the cuve. The addition of each equivalent of Zn(II) until 5 equivalents increases the quantity of Cu(II) bound to Aβ until 100 %. For L, 4 or 5 equivalents of Zn(II) are needed to push all Cu(II) in the chelator.

First, Aβ is complexed with Cu(II). Then, one equivalent of L is added. When ~ 173 ~ the equilibrium

Table III -

 III 

	Number of equivalents	0	1	2	3	4	5
	Abs (330 nm)	0,28	0,30	0,32	0,34	0,35	0,36
	% Cu(II)-L	78 %	83 %	89 %	94 %	97 %	100 %
	This experiment is not possible for the other two ligands ABH and BAH because they do not exhibit

3. Table bringing together the values of absorbance of Cu(II)-L as a function of the number of added equivalent of Zn(II). The percentages of Cu(II) bound to L compared to the total Cu(II) are given.

  Indeed, for this strategy, the ligands have a low Cu(II) affinity constant, meaning that they could not be able to remove Cu(II) in vivo from any protein. Nevertheless, with a Cu(II) over Zn(II) selectivity around 10 5 -10 6 (or higher if possible), the ligand is able to remove Cu(II) from Aβ only in the presence of Zn ions, as for example in the Zn(II)-rich synaptic cleft.Zn ions are ejected from the neuron to the synaptic cleft and are re-taken very rapidly, meaning that Zn levels fluctuate constantly up and down. One can wonder if the important parameter of the Another important parameter to take into account is the impact of other ions such as Ca or Fe ions or other biomolecules on the Cu(II) chelation. Indeed, Zn has been studied first because it is present in very high concentrations in the synaptic cleft. Nevertheless, as the impact of Zn is not insignificant, other molecules could also have an effect and it could be of interest to study the importance of this.

kinetic of Cu(II) removal (detailed in the section II-2) is also important in the presence of Zn ions. It seems that it is always very important. The ligand needs a very important selectivity of Cu(II) over Zn to not chelate Zn ions during the ejection of these pools of Zn(II). Furthermore, the ligand needs to chelate Cu(II) very fast, as not to chelate Zn ions instead of Cu(II) ions. Some preliminary experiments have been performed, showing that, in vitro, even with a fast Cu(II) chelation, a ligand can chelate first Zn ions, leaving Cu(II) ions bound to Aβ. More studies are needed to understand how this issue could be resolved.

Figure S11. 100 MHz13 C NMR spectrum decoupled from1 H in D2O at 300 K.
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List of abbreviations 7-OH-CCA: 7-hydroxycoumarin carboxylic acid

Abstract

Targeting copper ions to either remove or redistribute them is currently proposed as a possible therapeutic strategy in the context of Alzheimer's disease (AD). Thermodynamic parameters, as for instance the Cu(II) affinity of the drug candidate or the Cu(II) over Zn(II) selectivity, are often/always considered. In contrast, kinetic ones have been overlooked despite their high importance. In the present communication, we use a wide series of azamacrocyclic ligands to demonstrate that kinetic issues has to be taken into account when designing copper chelators or metallophores in the context of AD. AD is the most common neurodegenerative disorder characterized by the formation of extracellular senile plaques. 102 They are detected in AD brains and contain high levels of Cu and Zn ions embedded with aggregates of the amyloid-β (Aβ) peptide. [103][104] Aggregates of Aβ can be of various size and morphologies with distinct cell toxicity. 105 While metal ions can effect aggregation pathways and final species, neither the mechanism nor the resulting aggregate types are clear-cut. Cu ions are essential and play key biological roles, 106 but due to their redox ability, they play a harmful role in AD. [107][108] Actually, Cu in the presence of a reductant such as ascorbate (Asc) present at 200-400 µM in the synaptic cleft, produces Reactive Oxygen Species (ROS) that participate in the oxidative stress observed in AD and damage neighboring biomolecules. 108 This is one of the main reason why molecules targeting copper ions, mainly Cu(II), have been developed as drug candidates within the context of AD.

Such ligands can either remove Cu from Aβ (chelator) and redistribute it (metallophore) and many of them have been reported in the last years. [109][110] They fulfill several requirements, including having a higher affinity for Cu(II) than the Aβ peptide, the ability to redox silence the Cu(II) ion to stop the ROS production and a very high Cu over Zn selectivity. 111 Tetraazamacrocycles are ligands well known for the kinetic inertness and the thermodynamic stability of the complexes counterparts. In particular, 1,4,8,11-tetrazacyclotetradecane (cyclam) and 1,4,7,10-tetraazacyclododecan (cyclen) have been previously tested in the AD context with mitigate results. 112 They are also the scaffold of many chelators used for radiopharmaceutical purposes that bind 64/67 Cu for positron emission tomography [113][114][115] and Gd for magnetic resonance imaging 116 , for instance. As a general trend, Cu(II) complexation with unsubstituted tetraazamacrocycles is quite slow and pending arms are added to help improving the rate of Cu(II) complexation [117][118] as it was observed also with other metals as Gd(III). 119 Inspired by this observation, we report here the use of two families of tetraazamacrocycles based on the cyclen or cyclam scaffold as potential Cu(II) chelators against AD and illustrate the importance of kinetic issues in the removal of Cu(II) from the Aβ peptide. Bisformyl-cyclam (1) (200 mg, 0.89 mmol) and NaI (540 mg, 3.57 mmol) were dissolved in 10 mL of freshly distilled acetonitrile. Methyl 6-(chloromethyl)picolinate (2) (348 mg, 1.88 mmol) dissolved in 10 mL of acetonitrile was added dropwise to the previous solution and the mixture was stirred at reflux for 5 days. The precipitate was filtered and washed with acetonitrile to obtain compound 3 as a white insoluble salt (686 mg, 98 %) that was used without further purification.

Ligand te2pa

An aqueous solution of NaOH 4 M was added to compound 3 (686 mg, 0.88 mmol). The mixture was stirred at r.t. for 3 days. HCl 6 M was added until pH 2. A white precipitate appeared that was filtered and washed with acetone to give te2pa as a hydrochloride salt (491 mg, 80 %). 1 H NMR (300 MHz, CDCl3): δ 8.05 (m, 4 H), 7.67 (dd, 2 H, 3 J = 6.9 Hz, 4 J = 2.1 Hz), 3.98 (s, 4H), 3.37 (bt, 4 H, 3 J = 5.1 Hz), 3.02 (m, 4 H), 2.86 (bt, 4 H, 3 J = 6.0 Hz), 1.97 (bq, 4 H, 3 J = 6.3 Hz). 

for C24H34N6O4 + H +

Caution! Although no problem was found during our experiments, salts of perchlorate and their metal complexes are potentially explosive and should be handled with great care and in small quantities.

Cu(te2pa)

Te2pa.xHCl (50 mg, 0.081 mmol) was dissolved in H2O (5 mL) and the pH adjusted to 5 with a solution of KOH 1 M. Cu(ClO4)2.6H2O (39 mg, 0.11 mmol) was added to the ligand solution. The mixture was refluxed overnight and then concentrated. Acetone was added to precipitate the salts which were removed by filtration. This operation was repeated twice to lead to a purple solid (40.8 In AD brains, a dyshomeostasis of Cu and Zn ions is reported: extracellular Cu(II) level is too high while the intracellular concentrations of Cu(I) are too low. Regarding Zn(II) concentrations, the tendency is not so clear. Indeed, some groups have found Zn ions in concentrations too high, and other ones, in concentrations too low. Furthermore, Cu and Zn ions have been found in the senile plaques and in vitro studies have shown that not only Cu ions but also Zn ions can interact with the Aβ peptide.

Supplementary Information

These metal ions can also modulate the aggregation of Aβ, but again no tendency in vitro has been reached yet. Aggregation is important because oligomeric forms of Aβ are considered to be the most toxic species to cells. All the studies agree on the importance of the metal:peptide ratio and the fact that Cu(II) and Zn(II) ions both have an effect on the aggregation but that effect differs between Cu(II) and Zn(II). Another potential toxic mechanism is the ROS production catalysed by the Cu-Aβ complex, which can attack and degrade the surrounding biomolecules. That is why Cu(II) chelation is an important part of the Alzheimer's therapeutic investigations since the last years. It has been reported that not only removing the Cu(II) from Aβ and redox silencing the Cu ions by the chelator might be important, but also the subsequent transport of Cu into the cell and its release as Cu(I) (such chelators are often called metallophores). Some of the chelators, such as clioquinol and then PBT2, have been under clinical trials but failed in phase II. Nowadays, one of the hypothesis for these failures is that the selectivity (i.e. the ratio between the affinity constant for Cu(II) and the one for Zn(II)) of the chelators between Cu(II) and Zn(II) is not high enough: the ligand removes Zn ions which then precludes removal of Cu ions. This could indicate that Cu(II) is a therapeutic target but that the interactions of Zn(II) (or other factors) has to be taken into account as well. In this perspective, the coordination of the homometallic (Cu(II) or Cu(I) or Zn(II)) and of the hetero-bimetallic (Zn(II) and Cu(II) or Cu(I)) complexes are reported, then the impact of Zn ions on the ROS production by Cu-Aβ and on the Cu-Aβ aggregation is described, and finally the impact of the presence of Zn(II) on the Cu ion removal by different chelators is discussed.

III.A.i.1.1 Coordination

The first part of this perspective reports the most accepted coordinations of the monometallic and 

III.A.i.1.2 ROS production and aggregation

The second part of this perspective focuses on the impact of Zn(II) on the aggregation and the ROS production by the complex Cu-Aβ. First of all, the aggregation of the Aβ peptide is modulated by Cu and Zn ions and these aggregations are highly dependent on the metal:peptide ratio, on the pH, on the temperature, etc. In the case of the Cu-Aβ aggregation, the metal:peptide ratio is very important. Indeed, in a sub-stoichiometric ratio of Cu ions compare to Aβ, fibrils are formed, whereas in at least a stoichiometric ratio, toxic oligomers are formed. Zn(II) impacts the Aβ aggregation even at a very low ratio, and at a stoichiometric ratio, fibrils as well as amorphous aggregates are formed. Note that the Zn(II)-induced fibrils are different from the apo-fibrils. The aggregation in the presence of both Cu(II) and Zn(II) has been reported to be the same than the aggregation with Zn ions only. Then, the ROS ~ 142 ~

The thermodynamic study

This section focuses on the thermodynamic aspect of the Cu(II) withdrawal from Cu(II)-Aβ by a chelator in the presence of Zn(II). It is composed of a summary of the article published in Dalton

Transactions in 2016, the article itself and finally the supporting information. Note that this article is part of the review above.

III-B.i Summary

This article describes the impact of Zn(II) ions on the Cu(II) chelation from Aβ. The first step of the chelation therapy, meaning the removal of Cu ions from Aβ in AD brains, was to understand how a ligand can sequester Cu(II) ion from the Aβ peptide and how it can stop the ROS production. Many studies have proposed organic as well as peptidic ligands in order to remove Cu(II) from the Aβ peptide.

But, as previously explained, Zn(II) ion is present in high concentrations in the synaptic cleft, and in the senile plaques. Some works have shown that Zn(II) has an influence on the Cu(II) coordination with Aβ, on the ROS production by the Cu(II)-Aβ complex, and on the metal-induced aggregation of the peptide. Thus, the second step of the chelation therapy studies before going to more complex systems like studies in cellulo, has been the understanding of the 4-partner system, namely Cu(II), Zn(II), Aβ and a chelator. This four-partner system has two metal ions and two ligands: it is important to know if the chelator can remove Cu ions from Aβ in the presence of Zn ions or if it will chelate Zn ions. The following equilibrium is considered:

In order to determine if this equilibrium is on the right or on the left, spectroscopic techniques are used to distinguish if Zn(II) and/or Cu(II) is bound to Aβ or to the chelator.

A good chelator needs a higher affinity constant for Cu(II) than Aβ: the metal ion is chelated by the ligand. Nevertheless, in the presence of Zn(II) ion, this parameter is not enough for the removal of Cu(II) from Aβ. In this article, two Cu(II) chelators, L2 and Lc, have been studied: both have an affinity constant for Cu(II) higher than Aβ and they both sequester the metal ion in the absence of Zn(II).

The study of the swap of metal ions, Cu(II) and Zn(II), between these two chelators and Aβ is the first part of this work (see equilibrium above). UV-Visible, EPR and XANES are used in order to perform this experiment. For the L2 ligand, all the results lead towards the swap of metal ions (equilibrium on the right), whereas not for the Lc ligand (equilibrium on the left). For the latter, in the presence of Chapter III: Impact of Zn(II) on the Cu(II) chelation ~ 143 ~ Zn(II), Cu(II) stays bound to Aβ: Lc is not able to remove Cu(II) from the peptide whereas L2 can, altough both have a higher affinity constant for Cu(II) than Aβ. A thermodynamic explanation is proposed for this phenomenon. The main difference between these two chelators is their selectivity. The selectivity of a ligand is the ratio between its affinity for Cu(II) and its affinity for Zn(II). Moreover, a high affinity constant for Cu(II) does not mean that the corresponding selectivity is high, and vice versa. In order to remove Cu(II) from Aβ in the presence of Zn(II), the chelator needs not only a higher affinity constant for Cu(II) than Aβ, but also a higher selectivity, which is already relatively high for Aβ (about 10 4.2 at pH 7.1). The Cu(II) over Zn selectivities of L2 and Lc are about 10 7.7 and 10 2.0 , respectively, at pH 7.1.

Thermodynamically, only L2 is able to sequester Cu(II) in the presence of Zn(II).

A second part of the study is dedicated to the efficiency of these two chelators in preventing the This study is a first step before a more elaborate system. Indeed, it would be interesting to investigate the impact of the surrounding biomolecules within the synaptic cleft and also other metal Amandine Conte-Daban, [a] Adam Day, [a] Peter Faller [a,b] and Christelle Hureau [a] [a] A. Conte-Daban, A. Day, Prof. P. 

SUPPORTING INFORMATION

Materials and methods

Cu(II) and Zn(II) coordination sites to Aβ

Ligands

ROS detection methods

Equations

Apparent affinity and selectivity values of the chelators

~ 168 ~

The first one applies to chelators with an affinity constant close to the one for Aβ (10 9 M -1 at pH 7.1, see Table III-1, L = Aβ). This means that half of Cu ions is bound to Aβ peptide without Zn ions. Ideally, the addition of Zn ions should move the equilibrium 4 from about 50 % to near 100 % of Cu-L. This is the case if the selectivity of the chelator is at least 7 orders of magnitude (see Table III-1, L = Aβ); 10 !"# M -1 and 10 " M -1 at pH 7.1. The second approach applies to chelators with a very low affinity constant for Cu(II) (Table III-1, , L << Aβ). Note that if the affinity constant of the chelator for Cu ions is low, the selectivity cannot be equal to 7 orders of magnitude because the affinity constant for Zn ions is already very low and this is difficult to reach such affinities for only one molecule (the case of an affinity for Cu(II) at 10 7 and a selectivity at 10 7 is probably impossible to reach). In this second case, the addition of Zn(II) should move the equilibrium from about 10 % to 50 % of Cu(II) bound to L.

The first approach is illustrated with three ligands and the experimental part is described in the following section.

III-C.ii Experimental section

Chemicals. Reagents were commercially available and were used as received. All the solutions were prepared in milliQ water (resistance: 18.2 MΩ.cm).

The Cu(II) ion source was CuSO4.5H2O, bought from Sigma-Aldrich. A stock solution was prepared at 25 mM. The Zn(II) ion source was ZnSO4.H2O, bought from Sigma-Aldrich. A stock solution was prepared at 100 mM.

HEPES buffer (sodium salt of 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) was bought

from Sigma-Aldrich. A stock solution was prepared at 500 mM, pH = 7.1.

Ascorbate was bought from Sigma-Aldrich. A 5 mM stock solution was prepared in Milli-Q water just before beginning the experiments. Because ascorbate can be oxidized by air, a fresh solution was prepared every day. 

III-C.iii Illustration of the "pull-push" concept

To illustrate the "pull-push" concept, three chelators were used. Their structures are shown in 

B-i. Summary

This article describes the Zn(II) coordination to the Aβ peptide at pH 7.4. The study of the interaction between Zn(II) and Aβ peptide is biologically relevant since Zn(II) is the most common transition metal ion involved in the neurotransmission signal. It is present in higher concentrations in the synaptic cleft than Cu. In addition, important concentrations of Zn(II) have been found in the senile plaques, evidencing the interactions between Zn(II) and Aβ. Previous works have described a possible protective role of Zn(II) ion, such as the precipitation of Aβ in excess into redox-silent species.

Moreover, as previously explained, Zn(II) has also an impact on the Cu(II) coordination, on the ROS production by the Cu-Aβ complex and on the aggregation of the peptide; it is thus important to understand its interaction with the peptide in order to understand its impact in the disease. Zn on Aβ fingerprint and on the mutant one are the same, the amino acid mutated is not involved in the Zn(II) coordination, (ii) if these changes are different, the amino acid is important for the coordination.

The first important point of this study is the determination of which Histidine is involved in the binding of the metal ion. H13A and H14A have shown the broadening of R5 (mutants in which H6 can coordinate the metal ion), which disappeares for the H6A, evidencing the importance of H6 in the coordination. Moreover, the affinity constant of H6A for Zn(II) is lower than H13A and H14A. Regarding H13, there is no important broadening upon Zn(II) addition for the mutation H13A while for the wild type Aβ there is. H13 should be involved in the Zn(II) coordination. In addition, V12 signal is affected for H6A and H14A (mutants in which H13 can coordinate the metal ion) but is not for H13A. This evidences the implication of H13 in the Zn(II) coordination. All of these data lead to the conclusion that H6 is involved in the Zn(II) coordination, but H13 and H14 are in a dynamic exchange (Figure 2). The other important point of this part is the determination of the importance of the carboxylate groups.

The carboxylate groups of Asp1, Glu3 and Asp7 are in a dynamic exchange for the binding of Zn(II), whereas the carboxylate of Glu11 binds Zn(II) independently (Figure 2). The last important point of this part is the importance of the N-terminal amine. The changes induced by the addition of Zn(II) for the Annexes ~ 201 ~ Aβ peptide and for the N-terminal acetylated are identical, meaning that the changes are due to the involvement of the carboxylate side chain the Asp1. This is in line with the weak decrease of the affinity constant for Zn(II) of the N-terminal acetylated peptide. Contrary to what is previously proposed in the literature, the N-terminal amine is not involved in the Zn(II) coordination at pH 7.4 (Figure 2), but seems to be involved at higher pH (around 9). to reduce considerably the ROS production by Cu-Aβ complex (see Scheme below) and to avoid the formation of the toxic oligomeric species in a large excess of ligand. Moreover, as PTA can be easily modified by alkylation or arylation in the nitrogen atoms, it could be interesting to improve the PTA scaffold to be more resistant to oxidation, more air-stable, and to increase its affinity constant for Cu(I), making dimer of PTA for instance, in order to remove all the Cu ions from the Aβ peptide. Another improvement could be the coupling of PTA and an Aβ target moiety, in order to be more specific in the removal of Cu ions.