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I. Inorganic chemistry of the amyloid-β peptides  

Introduction to intrinsically disordered peptides. Intrinsically disordered proteins/peptides 

(IDPs) are biologically active proteins without stable tertiary structure, whose functions are multiple 

and complete those of the ordered proteins, being commonly related to recognition, as well as 

control and regulation of various signaling pathways.1 When dysregulated and/or dysfunctional, IDPs 

become key players of several human diseases, including neurodegenerative disorders such as 

Alzheimer’s disease (AD).2 Actually, due to their high plasticity and flexibility, they can indeed be 

involved in functions, malfunctions or dysfunctions. In the present review, I will focus on the 

dysfunction of the IDP amyloid-β (Aβ) peptide involved in AD.  

IDPs are characterized by their propensity to form amyloid structures. Amyloids are self-

aggregated peptides or proteins considered as a signature of neurodegenerative diseases.3 However, 

they represent a fundamental non-pathological structure utilized by living organisms, from bacteria 

to humans.4 Amyloids are a bundle of highly ordered filaments composed of ladders of β-strands (i.e. 

β-sheets) perpendicular to the fiber axis. The stability of such a three-dimensional organization is 

attained through several types of non-covalent bonds, mainly hydrogen bonds but also hydrophobic 

and π-π stacking interactions. Amyloids are the most stable form of any kind of peptides and 

proteins, and the 3D structures of ordered protein corresponds to metastable states of the proteins 

(Figure 1).5 Fibrils are the dead-end point of the aggregation process that will be discussed more 

deeply later on.  

A relatively well conserved feature of amyloid-related diseases is the presence of loosely 

bound metal ions, i.e. metal ions that are not strongly bound to biomolecules and that can be 

exchanged rapidly between biomolecules, in the area where the amyloid deposits occurs.5-9 In line 

with the presence of redox-active metal ions in the amyloid deposits, oxidative stress is often 

encountered in amyloid-related diseases, although the importance of direct metal-induced Reactive 

Oxygen Species (ROS) to the overall oxidative stress is still unclear.9-13  
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Figure 1. The energetic profile of folding versus aggregation of proteins. All proteins when misfolded can form 
amyloid fibrils. Chaperones act so as to help the proper folding of proteins.14 IDPs follow the aggregation 
pathway (see further details of aggregation kinetics in the Aggregation section).    

 

In this review, we will illustrate the inorganic chemistry of IDPs following the example of the 

Aβ peptide encountered in AD. A first part is dedicated to the interaction of metal ions with IDPs and 

to the consequences with respect to aggregation and ROS production and a second part focuses on 

the various strategies developed to counteract such metal ions to Aβ interactions.   

Alzheimer’s Disease. AD is a neurodegenerative disorder characterized by progressive 

cognitive and memory impairment and is the most common cause of dementia in the elderly 

population, accounting for 60−80% of dementia cases.15, 16 The prevalence of AD is expected to 

double every 20 years in the near future and thus the social and economic burden of AD will continue 

to grow.17 This trend is mainly due to the increase of life expectancy and to the absence of curative 

medications. At the microscopic scale, AD is characterized by two hallmarks: the intra-cellular 

neurofibrillary tangles of hyperphosphorylated Tau protein18 and the extra-cellular senile plaques, 

made of aggregated Aβ peptides.19-21 In the amyloid deposits, metal ions, mainly Cu, Zn and Fe are 

found at mM concentrations and while Fe is mainly present as co-localized nanoparticles, Cu and Zn 

are bound to the Aβ.22-24 
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The various forms of Aβ peptides and the amyloid cascade hypothesis. The Aβ peptide is not 

unique: there are many forms (sequences) of the Aβ peptides, with various lengths and key point 

modifications. Aβ peptides are obtained from the cleavage of the Amyloid Precursor Protein by the 

β- and γ-secretase.25 The most well-known and studied forms of Aβ are the “full-length” peptides 

made of 37 to 43 amino-acid residues (noted Aβ1-37/43, see the abbreviations paragraph for the 

notation of the peptides) with the two predominant forms being the Aβ1-40 and Aβ1-42. The sequence of 

the Aβ1-43 is shown in Figure 2 along with the most important mutations or peptide alterations. 

Indeed there is some heterogeneity at both the N-terminal and the C-terminal cleavage sites, leading 

to peptides with C-terminal side ending between residues 37 and 43 and N-terminal side starting 

between residues 1 and 5 and at residue 11. In addition, there are the pyroglutamate counterparts of 

the Aβ3-n and Aβ11-n and mutants responsible for the early onset of AD (known familial mutants). 

Murine animals also have a modified form of the peptide with mutations at positions 5 (R5G), 10 

(Y10F) and 13 (H13R).26 It is anticipated that the various forms of the Aβ peptides interact differently 

with the metal ions, especially when the modified residues belong to the family of the binding 

residues (the terminal amine, the His, Asp and Glu side chains).27, 28 Alterations can also cause a 

modification in the secretase activities and thus in peptides processing and release, leading to an 

increase of the Aβ1-42  over Aβ1-40 ratio.26 As the longer Aβ1-42 form is more prone to aggregation than 

Aβ1-40, an increase of this ratio documents the hypothesis according to which aggregation is a key and 

deleterious process in AD development, known as the amyloid cascade hypothesis.29 According to 

this hypothesis, aggregation of the Aβ peptide is the early event in the disease that results in Tau 

dysfunction, neuronal loss and ultimately dementia. Familial AD (FAD) modifications of the peptide 

leading to early onset of the disease are also involved either in modulation of the secretase activity, or 

enhancement of the aggregation propensity of the peptide, once again nourishing the amyloid 

cascade hypothesis.15   

 

 
Figure 2. Sequences of the various Aβ peptides using the three-letter code of amino-acids. In green: truncation 
leading to the ATCUN motif with the His in third position drawn in green; in red: FAD mutations; in blue: 
mutations leading to murine peptide.  
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Metal ions: copper and zinc in the synaptic cleft. AD takes place in the synaptic cleft, a place 

of intense metal ion exchange. More precisely, a subset of glutamatergic neurons contains high 

amounts of Zn (mM) in their synaptic vesicles. Zn is transported via the ZnT3 transporter into these 

vesicles. Upon neuronal activation, these vesicles fuse with the cell membrane and Zn is released in 

the synaptic cleft. Locally, transient concentrations of up to several 100 µM have been detected. Zn is 

then rapidly taken up again by the neurons. It has been shown that this Zn-pool, released from 

neurons, plays a neuromodulatory role.  Evidence from the literature suggests that Cu pumped by 

the ATPase7A Cu-transporter into vesicles could be released into the synaptic cleft via vesicle fusion. 

The oxidation state of vesicular Cu and its ligand(s) are not known. It is thus anticipated that the Zn 

and Cu exchanged in the synaptic cleft interact with Aβ and are finally found in high concentrations in 

the senile plaques detected in AD brains (Figure 3).30, 31  

 

 

 
Figure 3. Zinc (plain grey circles) and copper (open black circles) movements in the synaptic cleft and 
aggregation of the Aβ peptides leading to the amyloid fibrils found in the senile plaque, via the formation of 
oligomeric species considered as the most toxic ones.  
 

Coordination to the Aβ peptides. Because the metal ions may interact with Aβ peptides, the 

coordination abilities (i.e. sites, affinity and kinetics of binding) of the Aβ peptides with respect to 

Cu(I) and Cu(II) and Zn(II) have been intensively studied in the last decade, although mainly the “full-

length” peptides were under investigations.    

 Cu(II) - Coordination sites. Cu(II) has first and mainly been under focus. This may be because 

of its d9 electronic configuration that makes it active in many spectroscopies (EPR (see eibc.0310), 

NMR, UV-Vis and CD).9, 27, 32, 33 In addition, the study of Cu(II) binding site to Aβ has fostered the 

development of sophisticated techniques and methodologies.27, 32 Cu(II), as with other metal ions, are 

bound to the N-terminal part encompassing the 14 first residues and is bound to the Aβ via the N-

terminal amine, two among the three His residues and one carbonyl function from the peptide 

backbone, with a preference for the carbonyl group of Asp1-Ala2 bond. This site (site ) is the most 
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populated at physiological pH but is in pH equilibrium with a second one (site ) where the Cu(II) ion 

is bound by the N-terminal amine, the adjacent amidate function from the Asp1-Ala2 bond and 

carbonyl group from Ala2-Glu3 and one among the three His residues. The Cu(II) adopts its preferred 

binding geometry, induced by the Jahn-Teller effect, with four equatorial ligands and a fifth apical 

position that may be occupied by carboxylato groups. Coordination of Cu(II) to Aβ1-n and to other 

selected forms of Aβ are given in Figure 4. Notably, the Aβ4/11-n peptides offer the Cu(II) an ATCUN 

(Amino-Terminal Cu and Ni binding motif) site which is due to the –H2N-Xxx-Yyy-His sequence,34 a 

motif that is shared with key proteins such as the Human Serum Albumin and has been strongly 

studied for its biological properties.35, 36 Cu(II)27 binding to the murine peptide (See Figure 2 for 

sequence) has also been investigated. Indeed as murine animals do not show AD, it is anticipated 

that different coordination sites may be responsible, at least in part, of the different 

amyloidogenicity of the two peptides.  

Cu(II) - Affinity. As a direct consequence, Cu(II) affinity values to the various Aβ peptides 

differs with Aβ4/11-n having the highest one: 1014 M-1, the Aβ1/3-n   intermediate  : 1010 M-1 and the 

pyroglutamate forms Aβp3/p11-n, the weakest: 108 M-1 at pH 7.4.34
   

 

 

Figure 4. Metal ion coordination to several Aβ peptides and corresponding conditional affinity value at pH 7.4. 
Regarding Cu(I) affinity, the two most accepted values reported in the literature are given.   

 

Cu(II) – binding kinetics. In contrast to structural and thermodynamic data, kinetic data has 

been less investigated and mainly with Aβ1-n. The rate of Cu(II) binding (kon) is about 5 x 108 M-1.s-1 37 

or 5 x 106M-1.s-1,38 where the weaker value may be due to the co-presence of glycine in the solution 
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studied.39 Cu(II) binding is much faster in site  than in site  so Cu(II) binding to site  goes through 

binding to site  and further reorganization.37-39 In addition, the kon value is not strongly dependent 

with peptide FAD alterations.40 Rate of Cu(II) dissociation from Aβ1-n (koff) has been evaluated to 0.1-

0.8 s-1,37, 38 all the data being given at pH 7.4.  

Cu(I) - Coordination sites.  Cu(I) has been less studied, and almost exclusively for the Aβ1-n 

peptide, but the model of the coordination site was rapidly consensual, with two His making a linear 

His-Cu(I)-His arrangement (Figure 4), where the most populated site was made by the two adjacent 

His13 and His14.22, 41, 42 The result was mainly obtained using XANES spectroscopy (X-ray Absorption 

Near Edge Structure, see eibc.0305) since the intensity of the 1s to 4p edge feature is strongly 

characteristic of the coordination mode of Cu(I). It could be anticipated that any form of Aβ keeping 

the His13-His14 dyad would show a similar Cu(I) site. 

Cu(I) - Affinity.  Regarding the affinity, there is still a divergence in the literature, with values 

of 107 M-1 or 1010 M-1,43-45 due to a difference in the Cu(I) affinity value taken for the competitor used 

in the titration experiment; hence the need to find a more direct way to determine Cu(I) affinity.     

Zn(II) - Coordination sites. As for Cu(I), the d10 electronic configuration of Zn(II) makes it silent 

in most of the classical spectroscopic techniques. In addition and in contrast to Cu(I), the XANES 

fingerprint is weakly informative. That’s why several binding modes have been proposed.23, 46 Recent 

results point to a Zn(II) ion tetrahedrally bound by two His residues and two carboxylates, with the 

predominant contribution of Glu11.47 The murine peptide shows a different site with a Zn(II) 

surrounded by the N-terminal amine, two His side chains and the carboxylate group from Glu11 

(Figure 4).48 Noteworthy, both the Cu(II) and Zn(II) major sites at physiological pH differ between 

human and murine peptides, with the general trend of having a less protonated peptide bound to 

the metal center with the murine Aβ.  Several studies of Zn(II) coordination to FAD have been 

reported and pointed out to the facilitated formation of aggregation prone Zn complexes.49-51  

Zn(II) - Affinity. The Zn(II) affinity for Aβ1-n is largely weaker than Cu(II) affinity and lies in the 

105 M-1 – 106M-1 range.52, 53   

Concluding remarks. Recurrent features in all the binding sites made by the Aβ peptides are 

(i) the presence of several sites, which are due to several equilibria in solution including pH equilibria; 

(ii) the nature of the binding site is dictated by the central ion; in other words, the peptide is unable 

to offer a preorganized binding site as encountered with 3D-folded metalloproteins. This may be due 

to two factors: the high flexibility of the peptide and the number of potential binding amino-acid 

residues which exceeds the coordination number of the metal center, thus allowing the metal ion to 
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choose its preferred environment. A direct consequence is the impossibility to get structural data by 

X-ray crystallography; hence the multi-technic approach used to determine metal binding sites in Aβ.       

ROS. One key impact of Cu(I)/Cu(II) binding to Aβ is the production of ROS, which results 

from the incomplete reduction of O2 to O2°-, H2O2 and HO° by ascorbate catalyzed by Cu(Aβ) (Figure 

5, left panel). Given the very different binding sites of the two redox states of Cu, a direct electronic 

transfer will necessitate a very high reorganization energy, extremely unfavorable for the catalysis. 

Hence it has been proposed that the redox  reactions proceed via another site, the geometry of 

which is between that of Cu(I) and Cu(II) and is the same for both Cu(I) and Cu(II) ions. This site is 

known as the “in-between state” (IBS)22 and was first observed via electrochemistry,54 hence without 

any external substrate (reductant or oxidant). Further studies in presence of substrate led to the 

proposition of Cu ions bound by the N-terminal amine and the carboxylate side chain from Asp1 and 

from one His residue, and indicated that the rate-limiting step of the complete redox cycle may be 

due to oxidation of Cu(I) by dioxygen.55 This IBS has only been proposed for Aβ1-n but similar states 

may also be encountered with the other forms of Aβ since for all Aβ, the Cu(I) and Cu(II) coordination 

environments are extremely different.   

Aggregation. The formation of amyloids follows a specific pathway consisting in the 

aggregation of largely unfolded monomeric units, according to a two-step process: a rate-limiting 

nucleation phase during which oligomers form and an elongation phase during which the fibrils are 

made via the auto-catalytic self-assembly of peptides triggered by the oligomers (Figures 1 and 5).34, 

56, 57 It is now accepted that the transient oligomeric species are the most toxic.58 Aggregation of apo-

Aβ follows the sigmoid-type curve as probed by thioflavin T (ThT), a dye that acquires fluorescence 

upon binding to β-sheet structures56 and lead to well-defined typical amyloid fibrils (diameter of 

about 10 nm and length of about 1 µm).  Metal ions can influence this aggregation mechanism via 

several paths, including helping to bridge two monomers and to form the nucleus or inducing a 

change of the peptide to a conformation more prone to aggregation.59-61 The influence of Cu(II) and 

Zn(II) on Aβ aggregation has mainly been investigated on the full-length Aβ1-40/42 peptides with no 

real consensus.60, 62 This is due to the intrinsic auto-catalytic character of the aggregation process, 

which is mainly governed by the nucleation phase. Several parameters that are difficult to fully 

identify and control influence the nucleation phase. One key parameter is the nature of the starting 

Aβ sample, the perfect monomerization of which is required to get reproducible data. Then 

aggregation will depend on the conditions including concentration, buffer, pH, ionic strength, the 

nature of metal ions and their ratio.63 With respect to the role of metal ions, the consensual general 

trends reported are: (i) stoichiometric amount of Cu(II) and Zn(II) influences Aβ aggregation 

differently, with Zn(II) leading to the formation of ill-defined heterogeneous aggregates and Cu(II) to 
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small protofibrils; (ii) at weaker ratios, both Cu(II) and Zn(II) mainly influence the kinetics of the 

aggregation by delaying the elongation phase but keep the morphology of the apo-aggregates.33 Very 

recently, one structure of Aβ1-42 fibrils has been proposed based on cryo-Electronic Microscopy, 64  

complementing previous propositions made by NMR.65, 66 It shows the participation of binding 

residues from the N-terminal part in several salt bridges; then it can be anticipated that such 

interaction will be disrupted by coordination of metal ions, explaining why metal ions do alter the 

full-length Aβ aggregation.  

 

 

Figure 5. Left panel: ROS production catalyzed by the Cu(Aβ1-n) species; right panel: the typical sigmoidal curve 
depicting the formation of Aβ fibrils.  

 

The coordination sites of metal ions in the solid state (full-length Aβ aggregates) is very 

similar to those found for the soluble monomeric counterpart.22, 67 This may be due to the flexibility 

of the N-terminal site even in the solid-state.  

Concluding remarks. It would be very interesting to explore in the near future (i) the ROS and 

aggregation properties at the molecular level of the altered counterparts of the Aβ1-40/42, exploiting 

the tools and methods developed in the study of the full-length peptides. This has been partly done 

for N-terminally truncated forms34 and FAD peptides; and (ii) the ROS production mechanism by the 

oligomeric species to possibly link their toxicity to the ROS production.   

Generalization to others IDPs. Other IDPs are involved in diverse neurodegenerative 

disorders. This is the case of the Tau protein in AD,18, 19, 31, 68-70 of synucleins in Parkinson’s Disease,8, 9, 

70-74 of prion protein in Creutzfeld-Jacob Disease,8, 74-76 polyGlu sequences in Huntington’s Disease,77, 

78 and Cu,Zn superoxide dismutase (SOD) in amyotrophic lateral sclerosis.9, 78-80 IDPs can also be 

linked to other (non-neurodegenerative) pathologies: for instance, amylin is involved in Type II 

Diabetes Mellitus.81-83 General features of those IDPs shared with the Aβ peptides are: (i) formation 

of amyloid deposits [always]; (ii) presence of loosely bound metal ions in the vicinity of the deposits 

[frequent]; (iii) trace of oxidative stress [frequent]; (iv) familial mutations linked to early-onset of the 
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disease [frequent] and mutations in the murine peptide counterpart which precludes the 

spontaneous apparition of the pathology [often].   

Because the coordination of metal ions are governed by the same requirements as for the Aβ 

peptide, similar consequences with respect to ROS production and aggregation can be foreseen. The 

literature is however more limited compared to that for Aβ (see previous refs.). 
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II. Therapeutic approaches linked in AD 

Introducing remarks. As previously detailed, metal ions have important roles in the 

modulation of the intrinsic properties of the IDPs. In general, interaction of the IDPs with metal ions 

are considered harmful, leading to therapeutic approaches mainly based on the removal of the metal 

ions. However, this raises several questions: (i) Is it safe to remove metal ions ? (ii) should both Cu 

and Zn be removed ? (iii) what can be the alternatives ?  

In the following paragraphs, we describe the various inorganic approaches reported in the 

context of curing AD. We limit the description to AD because it is a prototypical IDP-related disease 

with respect to inorganic based therapies. This will include the molecules able to target metal ions or 

inorganic complexes able to interfere with ROS production and/or Aβ aggregation. Finally, we will 

briefly show some use of inorganic complexes for the early detection of AD.   

 

First, we start with the description of the various approaches to extract metal ions from the 

Aβ peptides. As for the more fundamental studies, all the reports concerned the Aβ1-n peptides. In 

addition, because Cu can be directly involved in ROS production, it is generally regarded as the target 

of choice and hence I will describe only Cu targeting molecules. In the following, chelators 

correspond to molecules able to remove metal ions and metallophores to chelators able to 

redistribute the chelated ions elsewhere. The literature being extremely abundant of this topic, only 

chosen examples are described (and recent reviews given in refs.). The criterion for such a selection 

could be either historical, the smartness of the concept carried, but not necessarily the best drug 

candidates in terms of short-term medical approval (id est pharmacologic properties).   

Chelators. Note that among the chelators described here, some may also be metallophores 

as well but the property has not been challenged and/or reported. Most of the chelators designed 

target Cu(II) and to be able to remove it from Aβ have higher Cu(II) affinity than the Aβ peptide. Of 

course, the affinity should not be too high in order to maintain as much as possible the natural metal 

homeostasis. In addition to the ability to extract Cu from Aβ, most of the chelators are designed so as 

to redox silence the Cu ion and to prevent the formation of Cu-induced oligomers.78, 84-89 Extra 

activity and/or property are often sought leading to bi-functional and even multi-functional 

molecules.90-93       

Simple ligands. The simple cyclen (Figure 6.a) and cyclam scaffolds were probed for the 

above described abilities and show promising results.94 This is also the case for derivatives of Schiff-

base ligands (Figure 6.b).95, 96 In particular, those ligands are able to selectively remove Cu(II) versus 

Zn(II) from the Aβ peptide, a property that may be crucial as Cu(II) is the target of choice but that is 
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not easy to fulfill due to (i) the high Cu(II) over Zn(II) selectivity of the Aβ itself which is about 4 

orders of magnitude while for standard ligands such as edta the selectivity is about 2 orders of 

magnitude and (ii) the excess of Zn compared to Cu in the synaptic cleft (ratio of about 10).33   

Peptide-based ligands. The use of peptide-based molecules represents an interesting 

approach because the synthesis is highly modular. It is thus straightforward to adapt the affinity 

and/or to include additional groups such as a coumarin chromophore (Figure 6.c) that is able to act 

as a reporter for the extraction of Cu(II) from Aβ.97 

Cu(I) ligands. The first Cu(I) chelator described in the context of AD was the PTA (1,3,5-triaza-

7-phosphaadamantane), Figure 6.d) a widely use molecule in anti-cancer therapy.98 Results were 

good with the ability to stop ROS production induced by Cu(Aβ) and formation of oligomers. Later on, 

a more general approach was developed, where the ligand LNTA (Figure 6.e) was able to target both 

Cu(I) and Cu(II), remove them from Aβ and stop associated ROS production.99 The main interest of 

such an approach is its pragmatism since the redox state of Cu within the synaptic cleft is still 

unknown.   

Bi- and multi-functional chelators. All the reported bi- and multi-functional chelators target 

Cu(II). Four examples of such molecules are given in Figure 6.a, f-h. As a classical feature, they 

encompass a Cu(II) binding moiety and a unit responsible for the recognition of Aβ aggregates. 

Mainly three Aβ recognition moieties are used: 2-aryl-benzothiazole (Figure 6.f),100 a scaffold 

reminiscent of the ThT dye known to interact with β-sheet (see §.Aggregation), stilbene-like 

derivatives (Figure 6.g)101, 102 and peptidic β-sheet breaker sequence, typically the KLVFF 

pentapeptide (Figure 6.a).103 The Aβ recognition moiety can either encompass the binding groups 

(Figure 6.g) or be linked to it (Figure 6.a). A typical multifunctional chelator is given in Figure 6.h, 

where the binding motif is created by the formation of the triazole group obtained by the 

straightforward “click” reaction thus leading to a very high modularity of such drug candidates.104  
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Figure 6. Selection of chelators designed to fight against AD.  

 

Metallophores. The most developed and studied family of metallophores is the 

hydroxyquinoline family (Figure 7.a).105 Clioquinol was first used and then the PBT2 derivative that 

offers a better pharmacologic profile was tested in Phase II of three different clinical trials.106 

Mechanism of action of such molecules relies on their ability to translocate Cu and Zn into the 

neurons and to trigger several events including higher degradation of the Aβ peptide.107 The other 

important class of metallophore is the bis(thiosemicarbazone) ligand (Figure7.b). Intracellular Cu 

transfer is mediated by the intracellular reduction of Cu(II) and subsequent release that triggers a 

cascade of biological events leading to better clearance of  Aβ, in a similar way as proposed for 

hydroxyquinoline-based molecules.108 A bis-aminoquinoline ligand (Figure 7.c) has recently been 

shown to be able to transfer the Cu(II) extracted from Aβ to apo-proteins via the formation of an 

intermediate Cu(I)-glutathione complex.109      

 

Figure 7. Selection of metallophores designed to fight against AD.  
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Prodrugs. An elegant way to avoid perturbing normal metal homeostasis is to design pro-

drugs that will release the active chelator at its place of action.110 The release can be triggered by 

different ways; three of them are illustrated below.  

Cleavable peptide. A peptide encompassing a recognition site of the secretase involved in Aβ 

processing is cleaved to deliver an ATCUN (see §.Cu(II) coordination) motif able to strongly bind 

Cu(II), thus to remove it from Aβ and redox silence it (Figure 8.a).111  

Sugar-based ligands. Because the brain consumes a lot of sugar, glycosylated prochelators 

have been designed (Figure 8.b). In addition to masking the chelating unit, they can also direct the 

molecule towards its place of action and after enzymatic deprotection, the free ligand will be able to 

bind metal ions.112 

 Inorganic prodrug. Recently a Mn-based SOD mimic has been used to mask the chelator and 

was shown to redox silence Cu(II) extracted from Aβ and restore apo-like aggregation of the peptide 

(Figure 8.c).113 This strategy has also the benefit to provide a prodrug active against the oxidative 

stress that occurs in AD. 

 

 

Figure 8. Prochelator approaches developed to fight AD.  

Concluding remarks. Several key properties can be extracted from the studies detailed above: 

(i) A Cu affinity higher than that of the Aβ peptides but weaker than that of key Cu-metalloproteins; 

(ii) a high Cu over Zn selectivity in order to mainly remove Cu and not Zn, thus targeting the most 

toxic ion, at least with respect to ROS production; (iii) the redistribution approach adds value 

compared to the chelating one, indirectly inducing Aβ degradation pathways; (iv) chelators or 

metallophores should form redox inert complexes to prevent ROS production. Directing the drug 

candidates towards Cu(I) or Cu(II) is still open to debate; but criteria (i) and (ii) may be easier to fulfill 

with Cu(I).  
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Other points will have then to be taken into account, the most important of which is the 

ability to cross the blood-brain barrier (BBB) either via passive or active diffusion.114   

Inorganic drugs. In addition to be used as prodrug (see §.Inorganic prodrug), inorganic 

complexes have been developed to target several aspects of AD (see eibc2499).90 Three main 

approaches can be found: (i) redistribution of Cu or Zn binding sites in the Aβ (or ejection of them), 

(ii) inhibition of Aβ aggregation, and (iii) secretase-like activity to cleave and clear Aβ peptides.  

Redistribution of the Cu and Zn binding site in the Aβ peptide. The use of platinoid complexes 

with N-heterocyclic and aromatic substituents aimed at precluding the binding of the Cu and Zn ions 

to the Aβ peptide, considered as deleterious event in the AD context, is a promising development in 

this area. Indeed such platinoid complexes make strong and relatively inert bond with the His 

residues from the peptide.90, 115-117 But actually, it has been shown that they rather redistribute the 

Cu and/or Zn ion to another binding site in the peptide.118 This family of inorganic drugs mainly act by 

modulating the Aβ aggregation pathways and in this family, the Pt(II) complex shown in Figure 9.a 

was studied in vivo, due its possible oral administration as the Pt(IV) prodrug, showing a decrease of 

amyloid deposits in transgenic mice models.119   

 

Figure 9. Inorganic drug candidates developed to fight AD.  

Inhibition of Aβ aggregation. POM (Poly-oxo metallates) including mono-substituted POM 

can inhibit Aβ aggregation. This has been attributed to (i) POM binding to the peptide via 

electrostatic interaction that leads to monomer unable to aggregate and (ii) POM binding to 

oligomers leading to the stabilization of oligomers which is unfavorable for nucleation and growth of 

fibrils.120 The substitution by a Co(II) or Ni(II) ion (Figure 9.b) may increase the stability of the POM – 

peptide interaction via binding of His residues to the metal center.121  

Secretase-like activity. Another strategy relies on the use of azamacrocyles of transition 

metal ions (Figure 9.c) that has the ability to induce Aβ hydrolysis and thus modulate its aggregation. 

Co(II) was shown to be the best metal center due to the low pKa value of the coordinated water 

molecule responsible for the hydrolytic activity.122 Having a synergetic effect by using the apo 
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azamacrocyle ligand able to first remove Cu(II) and then use it to hydrolyze the peptide is also very 

elegant and has been reported with the cyclen-derivative ligand shown in Figure 6.b.103  

Concluding remarks. While ligands (either chelators or metallophores) can influence ROS 

production and aggregation by removing the metal ions, inorganic drugs have a main impact on the 

aggregation process, which can however be different than the one obtained with the ligands. Hence 

the two approaches using organic or inorganic molecules seem to be complementary. Passage 

through the BBB may be more complex with the inorganic compounds than with the organic 

derivatives.    

Inorganic detection agents. The early detection of AD is the other key issue if one aims at 

effectively fighting the disease. Many organic molecules were reported, bearing either 11C or 18F 

elements as radiotracers.19, 123 The use of metal radionuclides is also of interest, mainly for the ease 

to generate the labelled molecule in comparison with the more challenging covalent incorporation of 

11C or 18F in organic scaffolds (see eibc.2447). In this context, mainly, 99mTc- based molecules have 

been developed for SPECT imaging, with 99mTc having an half-life of 6 hours and 64Cu complexes for 

PET, with 64Cu having an half-life of 13 hours.56, 90 As a general trend, the ligand for the 99mTc or 64Cu 

ion is linked to an Aβ recognition moiety, possibly via a modular linker (Figure 10.a), where two main 

Aβ recognition moieties are used: the benzothiazole (Figure 10.b) or the stilbene scaffold (Figure 

10.c). Affinity for the metal center and kinetic inertness of the resulting complex must be high to 

avoid any metal release.  The complex shown in Figure 10.c is a typical thiosemicarbazone Cu(II) 

complex that was used to detect Aβ deposits in post-mortem brains.124 Further improvements on the 

same scaffold lead to Cu(II) complex able to cross the BBB in wild-type mice.125 Recently, a family of 

benzothiazole-azamacrocycle Cu(II) (Figure 10.b) complexes with the ability to be a leading family of 

molecules for diagnostic applications were also described.126 Indeed, promising results were obtained 

with respect to brain uptake in AD transgenic model mice and preliminary imaging by microPET.127               

 

 

Figure 10. Radiotracers for early-detection of AD. General scheme of bifunctional chelator and 

corresponding 64Cu(II) complexes.  

Concluding remarks.  AD early detection is crucial because late treatments are less (if not 

completely) inefficient. Hence, the future of any kind of radiotracers or imaging agents should focus 

on the design of molecules able to detect oligomeric states of the Aβ aggregates.     
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III. What’s next ?  

     From my view as a bioinorganic chemist, metal ion binding to Aβ   is fascinating at several 

levels: the metal center (Cu(I), Cu(II) or Zn(II)) drives the nature of the binding sites; the binding sites 

are not unique but several ones are possible and interconversion between them can be triggered by 

subtle changes (such as replacement of a non-binding Arg by a Gly residues in the murine sequence). 

One of the consequences of such versatility is the complex mechanism involved in ROS production 

and in modulation of the Aβ aggregation pathways. Efforts to better decipher all of these metal 

related processes are essential if one aims at rationally designing new disease-modifying drugs. In 

addition, they have fostered the development of new spectroscopic tools and analytical 

methodologies that will be very useful in the future for the study of metal ions binding to other IDPs.    

Since the 1990’s and the proposition of the amyloid cascade hypothesis, therapeutics 

targeting the Aβ peptide have been controverted because no curative drug candidates have 

succeeded in phase III of clinical trials.29 This is also true for molecules targeting metal ions linked to 

the amyloid cascade process.128 While as a direct consequence of such failures, the metal 

intervention in the amyloid cascade is more and more questioned, one may rather consider whether 

the metal-based therapeutic approaches developed were   (biologically) relevant. Pathogenesis of AD 

is indeed multifactorial and only with respect to metal ions – Aβ peptides interactions, the chemical 

partners are multiple. These include the different sequences of the Aβ, the various forms of Aβ 

aggregates, the varying levels of Cu and Zn, the presence of other amino-acid residues such as 

glutamate. Three examples illustrate this issue very well: (i) taking for granted that Cu(II) is the target 

of choice. The brain is a reducing environment and hence Cu(I) may be the main redox state of Cu 

ions within the synaptic cleft;99 (ii) regarding Zn as an “innocent” ion because it is redox-silent. 

Indeed, Zn can interfere with Cu binding to the Aβ peptides129 and thus with Cu targeting;33 (iii) 

overlooking kinetic parameters in the design of chelators or metallophores.130 Up to now only 

thermodynamic data (affinity and selectivity) have been taken into account. As a more general trend, 

the importance of other biological partners have to be evaluated and a more general vision of AD is 

required. This includes interaction of Aβ with membranes131 and with Tau, while the two IDPs 

involved in the disease are currently considered independently when not opposed to each other.69 

Another key issue may be the late detection of the disease that hampers any kind of modification of 

the disease progression. Here comes the question of prevention versus cure. To conclude with the 

therapeutic issues, one open question remains: do the metal and the amyloid cascade hypotheses 

need to be reassessed or should synthetic medicinal chemists be more creative ?  
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ABBREVIATIONS  

IDP: Intrinsically Disordered Peptides or Proteins ; AD: Alzheimer’s Disease ; Aβp/q-n/m: Aβ peptide 

starting at position p or q and ending at position n or m ; ROS: Reactive Oxygen Species ; FAD: 

Familial Alzheimer’s Disease ; ThT: Thioflavin T ; ATCUN: Amino-Terminal Cu and Ni binding motif ; 

BBB: Blood Brain Barrier.  
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ABSTRACT 

In the present chapter, I review the structural, thermodynamic and kinetic data on metal ions 

(copper and zinc) binding to the amyloid-β peptides of various sequences involved in Alzheimer’s 

disease. Metal ions are indeed regarded as key players in Alzheimer’s disease because they may 

contribute to the oxidative stress and modulate the aggregation propensity of the amyloid-β 

peptides, two key processes in the etiology of the disease. An analogy with the influence of the 

interaction between metal ions and other intrinsically disordered peptides in different pathologies is 

also drawn. In a second part, several therapeutic and diagnostic approaches based on the role of 

metal ions are described and discussed. A selection of chelators, metallophores, prodrugs as well as 

inorganic compounds is proposed that illustrates the various strategies developed by inorganic 

medicinal chemists to fight Alzheimer’s disease.       
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