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Abstract:

Alzheimer’s Disease (AD) is the most common form of dementia, and is a multi-faceted
disease that is characterized by oxidative stress, metal-ion dysregulation, and the formation of
intracellular neurofibrillary tangles of tau protein and extracellular amyloid- (Ap) aggregates.
This review will focus on the interaction of metal complexes with the Ap peptide, and how these
interactions can modify the peptide aggregation pathway, oxidative stress, and overall toxicity of
the AP peptide. While certain endogenous metal complexes such as heme can enhance toxicity, a
large number of reports detail the potentially protective effect of discrete metal complexes in AD.
These results will be discussed in the context of ligand design to target specific peptide residues
for covalent binding, modulate peptide aggregation towards non-toxic species, and enhance blood
brain barrier access. Additional features of metal complexes such as light-activated A binding,

catalytic antioxidant activity, and peptidase activity will be detailed.
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1. Introduction:

Neurodegenerative diseases (ND) are chronic and progressive disorders that share several
common features, such as neuronal death in specific areas of the brain, synaptic damage and the
accumulation of misfolded protein aggregates, causing memory and cognitive impairments, and
eventually death.[1-3] Protein misfolding is common in ND, with genetic, neuropathological,
cellular and biochemical studies supporting the theory that protein aggregation plays a role in these
diseases.[4] Aggregation-prone proteins in NDs are: amyloid-f (AB) and tau in Alzheimer’s
disease (AD), a-synuclein (a-Syn) in Parkinson disease (PD), TAR DNA-binding protein 43
(TDP-43) in amyotrophic lateral sclerosis (ALS), and prion protein in prion disease (PrD). These
proteins differ in function, sequence, expression level and size, however they have all been
observed to misfold from their native state, forming intermolecular 3-sheet-rich structures, which
leads to a loss of protein function.[1, 2] These aggregates can vary from oligomeric species
(ranging from dimers to larger protofibrils) to larger fibrillar structures, to which oligomers have

demonstrated higher toxicity than the fibrillar structures in a number of diseases.[2]

Dementia is a process in which a ND leads to memory and cognitive decline, typically
occurring above the age of 65, and in 2018 was estimated to affect 50 million people worldwide.[5]
This number is expected to drastically increase over the next 30 years, reaching 152 million by
2050, in accordance with a global increase in life expectancy.[5, 6] AD is the most common form
of dementia, representing 50-75% of the cases.[7] AD is classified as a proteinopathy and is
characterized by the extracellular accumulation of AP aggregates (from oligomers to plaques) and
intracellular formation of neurofibrillary tangles (NFTs) of tau.[8] The final diagnosis of AD
requires post-mortem examination of the brain, however the development of molecular

neuroimaging agents could allow for a diagnosis ante-mortem.[9] Positron emission tomography
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(PET) agents for the detection of amyloid are clinically available, such as 8F-labelled tracers
florbetapir, flutemetamol and florbetaben (Figure 1), however tau PET ligands are still in clinical
development.[8] A number of metal-based diagnostic agents for AD have been reported, and this
is a promising development due to the ability to tune the metal radionuclide decay properties to

the pharmacokinetics of the imaging agent vide infra.[10-15]
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Figure 1: Structures of FDA-approved drugs for PET imaging of the brain (florbetapir,
flutemetamol, florbetaben).

The FDA-approved drugs for treatment of AD are the acetyl cholinesterase (AChE)
inhibitors donepezil, rivastigmine, and galantamine (Figure 2), and the N-methyl-D-aspartate
(NMDA) receptor antagonist memantine (Figure 2). These drugs ameliorate the symptoms of the
disease in its early stage, however disease modifying therapies could provide for a more effective
approach for AD treatment.[14, 16-20] There are currently 64 agents in Phase Il and 26 agents in
Phase 111 clinical trials, to which 30% and 54% respectively are anti-amyloid (immunotherapy, p-

secretase inhibitors and anti-aggregation) and 14% and 4% respectively are anti-tau
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(immunotherapy and anti-aggregation).[21] Efforts to develop new disease modifying therapies is

of great interest for AD treatment.
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Figure 2: FDA-approved acetylcholinesterase inhibitors (donepezil, rivastigmine, galantamine)
and the NMDA antagonist memantine.

The Amyloid hypothesis has long been the dominant theory to explain the cause of AD,
postulating that AP peptide oligomers and aggregates trigger a neurotoxic cascade in the brain.[20,
22-24] The AP peptide is a proteolytic cleavage product of the amyloid precursor protein (APP)
by B- and y-secretases, through the amyloidogenic pathway, producing fragments from 38 to 43

amino acids, forming in majority AB1-40 (~90%) followed by AB1.42 (~9%) (Figure 3).[25]
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Figure 3: Diagram of the transmembrane protein APP and the amyloidogenic pathway involving
its cleavage by B- and y-secretases producing APi-4 and ABi-42 peptides. The full amino acid
sequence for AB1-4 is also shown.

The APP protein can also be cleaved via a nonamyloidogenic pathway, when cleaved by
o~ and y-secretases, forming products that have been hypothesized to have a role in brain
development or in adult brain processes, such as synaptic plasticity and neurodegeneration
protection.[26] Genetic mutations on the APP gene have been associated with higher production
of AP1-42 and are linked to early-onset familial AD.[27] A decrease in the level of APBi42 in the
cerebrospinal fluid (CSF) was shown to be detected before the increase in tau and phosphorylated
tau (P-tau),[8] supporting the hypothesis that AP plays a role in other brain processes leading to

the disease.

AB monomers mostly exist as random coil structures, however, when these monomers fold
to form o-helix and B-strand structures they can interact with other folded monomers via
hydrophobic interactions. These interactions typically occur first at the hydrophobic C-terminal
and/or at the self-recognition site (from Leu!’ to Ala?!, Figure 4), leading to aggregate
formation.[28-30] The AP peptide can be found in the brain in three general forms: membrane
associated, aggregated and soluble.[31] Soluble, oligomeric ApB species have been shown to have
higher toxicity,[25, 31-34] and are better correlated with memory impairment and AD progression,
leading to loss of dendritic spines and their synaptic connections.[28-30, 35] In addition, metal-
ions such as Fe, Cu and Zn, have been shown to interact with the AB peptide, modulating its

aggregation and increasing toxicity (Figure 4).[36]
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Figure 4. A) The aggregation process of the AP peptide including metal-ion interactions. B)
Structure of A4 fibrils (PDB 5KK3) showing the 15-42 core structure and unstructured N-
terminus (residues 1-14).

Metal-ions such as Fe(lI/111), Zn(I1), Cu(l/11), Mn(11), Mg(ll) and Ca(ll) are essential for
the functioning of critical processes in a healthy brain.[37] These biologically relevant metal-ions
are tightly regulated in a healthy individual, however, an imbalance in their homeostasis can affect
brain function. Metal dyshomeostasis can occur by disruption in the transport/utilization and/or
the absence of specific metal binding proteins, and is observed in a number of ND.[38, 39]

Amyloid plaques have been described as ‘metallic sinks’ on account of the remarkably high
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concentrations (3-5 times when compared to aged-matched controls) of Cu (0.4 mM), Fe (0.9
mM), and Zn (1.0 mM) found within these deposits in AD brains.[36, 40-45] A nuclear magnetic
resonance (NMR) solution structure of the APi.40 peptide (Figure 5) shows the metal-binding
amino acid (aa) side-chains in the N-terminus, the central hydrophobic region (aa 17-21), and
easily oxidized Met® that are important to metal-ion binding, aggregation and biomolecule
oxidation. The three AB His residues (His®, His'® and His!#) are involved in the coordination of
metal-ions, with dissociation constants (Kg) of ~10"° M for Cu(ll) and ~10° M for Zn(11).[46-51]
Furthermore, residues Asp!, Tyr'® and Glu*! also play a role in the binding of AB to Cu(ll) and
Zn(11).[52-55] Fe is typically found in the brain as naturally occurring iron porphyrins (heme, 95%
of all Fe) or bound to biomolecules, such as ferritin.[56] Interestingly, depletion of complex IV
(cell enzyme containing heme-a) occurs due to the binding of heme-a to A in the brain of AD
patients.[57] The binding of Cu(ll) to AB depends on the pH of the solution, and at a pH lower
than 7.8 the majority Cu(lI1) is bound to two His and Asp* (component ), while higher pH leads to

the loss of one His and binding of a deprotonated amide (Ala?) (component 1) (Figure 5).[58]
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Figure 5. (Top) Solution structure of monomeric AP1-40 (PDB 1BA4) showing the hydrophobic
region and amino acid side-chains involved in metal-ion binding and peptide oxidation. (Bottom)
Representation of Component | (la, Ib, Ic) and Component 11, the two major pH-dependent ApB-
Cu(Il) binding modes (modified from Borghesani et al, 2018).[58]

Metal-ion coordination to A modulates its aggregation pattern, and potentiates the
neurotoxicity of AB via redox-cycling and the production of ROS in the presence of dioxygen,
playing an important role in oxidative stress.[47, 48, 59-68] The AB-Cu(ll) complex generates

ROS, such as O2°*", H,0O2 and *OH by reducing Oz in the presence of cholesterol and vitamin C.[69-
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75] Due to the metal-ion dyshomeostasis observed in AD and the involvement of these metal-ions
in protein aggregation, it is hypothesized that metal-ion dysregulation plays a significant role in
AD development.[39] Two approaches for the prevention of metal-ion binding to AP are (1) to use
ligands that can bind to Cu, Fe, and Zn,[76-78] and (2) discrete metal complexes that target Ap
peptide metal-binding residues and/or peptide aggregation. The latter approach will be discussed

in this review.

This review will focus on the interaction of metal complexes with the AB peptide, and how
these interactions can modify the peptide aggregation pathway, oxidative stress, and overall
toxicity of the AP peptide. The use of metal complexes in medicine has many potential advantages
in comparison to organic-based agents, and the development of the anticancer agent cis-platin (cis-
[Pt(NHz3)2Cl2]) brought this field into the mainstream.[79] There are currently many metal-
containing compounds with therapeutic potential, and metal complexes can interact with proteins
and nucleic acids in unique ways in comparison to organic compounds, restoring function that was
lost due to misfolding or introducing a new function not found naturally.[80-82] The general
subject of metal complexes in the context of AD has been reviewed by other research groups, and
we have chosen to only briefly discuss metal-based diagnostic agents as this area has been recently
reviewed.[14, 28, 83-87] The aim of this article is to provide an up-to-date account of the field,

with a focus on the interaction of discrete metal complexes with the Ap peptide.

2. The Interaction of Metal Complexes with the Ap Peptide

The design of metal complexes that interact with specific proteins related to ND has
primarily focused on the AB peptide in AD.[83-86] A number of research groups have explored

the interaction of discrete metal complexes with A, including complexes of V, Mn, Re, Fe, Ru,
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Co, Rh, Ir, Pt, and Cu. These complexes have been shown to interact with either monomeric or

aggregated forms of the AP peptide, and modify peptide aggregation and toxicity in cells and

animal models. Table 1 details common characterization methods used to investigate the

interaction of metal complexes with the AP peptide. The following sections will detail reported

metal complexes, in the order of Group 5 to Group 11 transition metal ions.

Table 1. Example experimental and theoretical techniques used to study the interaction of metal

complexes with the AP peptide.

Technique Readout

Nuclear Magnetic | Shift or broadening of specific peptide residue resonances due to

Resonance (NMR) binding. Shift in metal resonances (e.g. ®°Pt) with peptide
interaction.

Electron Paramagnetic | Changes in g-values/hyperfine with AB - metal complex

Resonance (EPR) interaction, shift in g-values/hyperfine for Cu-AB with metal

complex interaction.

Mass Spectrometry

Metal complex — peptide adduct formation, MS-MS to determine
specific binding residues.

Fluorescence

Peptide interaction in solution — interaction of metal complexes
with AP aggregates in tissue samples etc.

Light Scattering

Changes in AP aggregate size in solution in the presence of metal
complexes, changes in aggregation profile.

Thioflavin T fluorescence

A fibrillization in the presence of metal complexes. Note many
metal complexes interfere with this assay and thus alternate
readouts are recommended.

Atomic Force Microscopy
(AFM)

and Transmission Electron
Microscopy (TEM)

Changes in AP aggregate size and morphology in the presence
of metal complexes.
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Circular Dichroism (CD) Changes in AB secondary structure and aggregation process in
the presence of metal complexes.

X-ray Absorption | Binding of metal complexes to the AB peptide, identification of
Spectroscopy (XAS) ligands bound to metal center.
Theoretical Calculations Metal complex binding/interactions with the AP peptide,

changes in folding in the presence of metal complexes via
molecular dynamics.

2.1 Vanadium complexes: There are limited reports of the interaction of vanadium complexes
with the AP peptide, with one recent publication detailing the use of a V(V) peroxo complex
[VO(O2)2(bipy)] (bipy = bipyridine, Figure 6) to reduce AB peptide fibril formation via Met-35
oxidation.[88] The atomic resolution structure of amyloid fibrils (Figure 4),[29, 30] highlights the
importance of the Met-35 residue in fibril formation, and therefore targeted oxidation of this
residue likely provides a selective method to limit fibril formation. The same group has also
reported a similar strategy for modifying the aggregation of the prion protein,[89] and human islet

amyloid polypeptide.[90]

Figure 6: Structure of the [VO(O2)2(bipy)] complex.
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2.2 Manganese Complexes: Manganese is an essential trace element used as a cofactor for many
enzymes and is important in processes that support development, growth and neuron function.[91]
However, overexposure to Mn may induce neurotoxicity and contribute to neurodegeneration. A
recent study by Hureau et al. investigated the use of a Mn superoxide dismutase (SOD) mimic
(Figure 7) to target the Cu-induced formation of ROS and modulate AP aggregation.[92] The Mn
complex was shown to remove Cu(ll) from A, reduce ROS, and prevent Cu-dependent peptide
aggregation. The aforementioned activity of the Mn complex is due to metal exchange with Cu(ll),
thus sequestering the Cu(Il) while releasing the Mn(I1) from the complex. The Mn(ll) complex
was shown to be less toxic in comparison to the free ligand, and in addition the Mn complex
exhibits SOD activity. This pro-drug strategy may be applicable to the use of Zn complexes to
improve compound bioavailability which then undergo a similar transmetallation with Cu(ll) in

the brain.
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Figure 7: Mn(Il) SOD complex the undergoes transmetallation with Cu(ll) to limit Cu-induced
ROS and Cu-Ap interactions.

2.3 Re Complexes: A large number of Re complexes targeting A-aggregates have been reported,
and these studies have provided key information on the peptide aggregation process via
luminescence, and for the development of ®™Tc analogues for diagnostic imaging of AD.[12-14,

83, 93, 94] ®MTc is the most widely used radioisotope in nuclear medicine as it is readily obtained,
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decays by emission of a y-ray of suitable energy for imaging, and the 6 hour % life is compatible
with biological localization. The development of an Ap plague imaging agent based on the ®™Tc

isotope would be of great benefit, providing the medical community with an easily accessible

radiodiagnostic for AD.

Due to the fact that there are no stable isotopes of technetium, stable isotopes of the third
row congener rhenium are used to characterize metal complex stability and in vitro binding. While
this review does not focus on diagnostic imaging agents, it is important to highlight the
development of Re complexes as this provides important insight on the design features for optimal
binding to AP aggregates, and also blood brain barrier (BBB) access. Example metal synthons
include both the [ReVO]*" and [Re'(CO)s]" cores as these are easily amendable to ®°™Tc radiotracer
chemistry. For the [ReYOJ** core, N2S; donor ligands such as bis(aminoethanethiol) (BAT) and
monoamine-monoamide dithiol (MAMA) have been used extensively as these provide a stable
and overall neutral metal chelate. Examples are shown in Figure 8, in which both chelates can be
attached to amyloid-targeting moieties such as substituted benzothiazole or benzofuran. In one
example with the BAT chelate, the targeting moiety with R = NMe;z (Figure 8) showed significant

brain uptake, and AB-plaque binding in a Tg2576 mouse model.[95]
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Figure 8: Example Re complexes that bind to Ap-aggregates and act as cold surrogates for
diagnostic imaging with **™Tc and/or luminescent probes.

While the bulk of the Re chemistry has focused on the [ReVO]** core, the low-valent
[Re!(CO)s]* is an attractive alternative due to the stabilization afforded by the fac-CO ligands, and

the development of a one-pot *™Tc radiolabelling protocol using sodium boranocarbonate as a
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reducing agent and in situ source of carbon monoxide to form [*™Tc!(CO)s(H20)s]* from the
pertechnetate ([**™TcV!'04]") starting material.[96, 97] Complex stability is generally maximized
by using a tridentate ligand bound to the [Re'(CO)s]* core, and one recent example by Barnard and
Donnelly et al. utilizes a bifunctional bis-N-heterocyclic carbene amine ligand with an attached
stilbene moiety.[98] The resulting Re complex (Figure 8) was shown to bind to AB-plaque in
human AD brain tissue via co-localization with the anti-amyloid-f3 antibody IE8. An alternative
strategy is to employ a substituted cyclopentadienyl (Cp) capping ligand to form stable complexes
of the [Re'(CO)s]* core.[99] One recent example by Pelecanou et al. connects a
phenylbenzothiazole moiety to the Cp ligand via amide coupling, and the resulting Re complex
(Figure 8) was shown to selectively stain AB-plaques in AD brain tissue sections.[100] Overall,
the development of an FDA-approved *™Tc-derived AB-plaque imaging agent would be of

significant benefit for the early detection of AD, and the staging of the disease for treatment.

The use of Re complexes as luminescent probes for Ap aggregates has been reported by a
number of research groups, both in the development of ®™Tc imaging agents, and as stand-alone
complexes for the identification of aggregates and light-induced peptide oxidation. As an example,
Pigge et al. developed a Re tricarbonyl complex with pendant thiophene moieties (Figure 8) that
displayed a 34-fold enhancement in luminescence, and a red-shift in emission wavelength, upon
binding to AP aggregates.[101] Marti and co-workers developed a Re tricarbonyl complex with a
dipyridophenazine (dppz) ligand that shows a large increase in photoluminescence upon binding
to AP aggregates, and significant peptide oxidation.[102] Further work with this complex has

elucidated the peptide binding location that is in close proximity to the place of oxidation.[103]

15


https://doi.org/10.1016/j.ccr.2020.213255

Final version published in: Coordination Chemistry Reviews 412, 213255, 2020.
https://doi.org/10.1016/j.ccr.2020.213255.

2.4 Fe Complexes:

2.4.1 Fe porphyrins: Most of the focus on iron complexes and their influence on the process of
AD has centred on naturally occurring iron porphyrin complexes.[104, 105] Increased production
of heme-a and heme-b (Figure 9) has been observed in the brain of AD patients, while there is
depletion of complex IV (cell enzyme containing heme-a) due to the interaction of free heme with
AB.[57] Several studies have shown that heme binds to Af leading to a red-shift in the heme Soret
band.[57, 106, 107] In one of these studies, different mutants as well as different fragments of the
AP peptide were incubated with heme in order to determine which residues are involved in the
binding among His®, His'¥* or Tyr'%.[107] The single Tyr'°Gly mutant of ABi-16 (Figure 10)
showed a red-shifted Soret band indicating binding, while the spectrum of fragments or mutants
of AP without His residues were the same as heme alone, suggesting that His is essential for
binding of heme to ApB. For the double mutants that contained only one His, either 13 or 14, a
similar change in the spectra was observed when compared to wild type A, however the mutant
that only contained His® showed no significant change in the spectrum, suggesting that binding in
the heme-Ap complex is likely to occur at either His® or His'*. In a different study, residues Phe®
and Phe?® were shown to be important for the interaction between the peptide and heme.[108]
These studies also showed that the heme-ApB complex acts as a peroxidase, with higher activity in
comparison to heme alone. Interestingly the AB10-20 fragment (Figure 10), even though it shows
similar binding in comparison to AB1-16and AP1-40, €xhibited the same peroxidase activity as heme
alone, suggesting that a residue in the 1-9 region must be involved in the peroxidase activity of the
complex.[69] Acidic Arg residues have been shown to be present in the active site of the

peroxidase enzyme and to play a crucial role in the activity.[109, 110] In fact, rodent AB (that
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differs from human AB in the amino acids Arg®Gly, TyrtPhe and His'®Arg (Figure 10) has been
shown to bind less effectively to heme than human A, with little to no change in the peroxidase
activity when compared to heme alone.[111] However, it is important to note that even though the
catalytic activity of heme-Ap (0.042 s?) is higher than that of heme alone (0.01 s), it is still very
low when compared to that of HRP (45.5 s1).[112] The heme-Ap complex was also shown to have
increased pronitrative activity in NO2-H202 dependent enolase nitrotyrosination, which could lead

to impairment of protein function.[112, 113]

O~ ™0oH o7 OH

Heme b

Figure 9. The structures of heme a and heme b.
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Figure 10. Full sequence of human and rat Ap (hAB and rAB) highlighting the aa that differ, and
the single and double mutants of AB1-1s.

Heme was also shown to change the aggregation pattern of Ap with a decrease in
Thioflavin T (ThT) fluorescence, and formation of smaller fibrils as shown by transmission
electron microscopy (TEM).[106, 108] Both heme and Cu are known to bind to A, and are found
co-localized in AP plaques. Thus the concurrent binding of both Cu and heme to the peptide was
investigated.[69] The absorption features of AB bound to both heme and Cu(ll) were identical to
AP bound to heme only, while EPR demonstrated that both the Cu and the heme were bound to
the peptide with no observable interaction between the two metal centers. Interestingly, the
electrochemical properties of the heme-AB-Cu species matched the individual Cu and heme AR
complexes, and the peroxidase activity of the heme-Ap-Cu species was similar to that of the heme-
ApB. Dey et al. concluded that under physiological conditions both heme and Cu(ll) could be bound

to AP, and both species have biologically-accessible redox responses that could generate ROS and
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associated oxidative stress. Interestingly, the same group has recently reported that heme-bound
ApB-peptide forms compound I (Fe(IV)-oxo porphyrin radical), and that this potent oxidant is likely

responsible or the oxidative degradation of neurotransmitters.[114]

2.4.2 Fe Complexes as Therapeutics: A series of chiral metallosupramolecular iron complexes
(Figure 11), have been investigated for their ability to bind and limit aggregation of AB.[115] The
compounds were found to bind to the peptide, with the S enantiomer for Fel and R enantiomer for
Fe2 showing increased interaction with the peptide. An NMR study of the complex Fe2, showed
a significant shift in the signal for residues Phe!® and Phe® (present in the hydrophobic self-
recognition region responsible for peptide-peptide interactions),[28] suggesting =-7 interactions
between the complex and the peptide. Interestingly the NMR shifts differed among the
enantiomers, suggesting shape-specific interactions. Atomic force microscopy (AFM), a ThT
assay and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) showed that
complexes Fel and Fe2 led to a decrease in peptide aggregation. In addition, the complexes acted
as SOD mimics and ROS scavengers. The complexes were shown to limit the toxicity of Ap in
PC12 cells in a concentration-dependent manner, with an enhanced effect observed for derivatives
exhibiting a stronger interaction with the peptide. Finally, in an in vivo study, the complexes were

shown to cross the BBB, exhibiting potential as therapeutics for AD.
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Figure 11. (a) The structure of chiral metallosupramolecular iron complexes (Fel and Fe2; note
not all Py groups drawn for clarity), and (b) a Fe corrole catalytic antioxidant.

Recently, we reported the AB-peptide binding and catalytic antioxidant activity of an Fe
corrole complex (Figure 11).[116] This complex has been previously reported by Gross et al. to
exhibit exceptional catalase and superoxide dismutase activity,[117, 118] and this activity is
maintained when bound to an axial His (and aloumin). The Fe corrole complex also binds to and

protects cholesterol-carrying lipoproteins from oxidative stress; and oral administration of this
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compound to a mouse model of atherosclerosis leads to a decrease in atherosclerotic lesions.[119]
The Fe corrole complex was determined to have moderate affinity for the AB peptide (Kp~ 107),
binding via a His residue to form a 5-coordinate complex, and limit aggregation of the peptide in
solution. The higher stability of the 5-coordinate mono-axial ligated Fe(lI11)-corrole, in comparison
to the 6-coordinate bis-axial coordinated species, is opposite to that for Fe(lll) porphyrins.[120-
122] Upon bis-axial ligation Fe(111) porphyrins gain more crystal field stabilization energy (CFSE)
as they transform from high-spin to low-spin, while Fe(lll) corroles only transform from
intermediate-spin to low-spin.[121, 122] Additional EPR and ESI-MS experiments showed that
the Fe corrole complex did not compete with Cu (Kp ~ 1029) for binding, and both Cu and the Fe
corrole could bind to the AB peptide simultaneously. This result is similar to that reported by Dey
et al. for Fe porphyrins.[69] Interestingly, the Fe corrole maintains its exceptional antioxidant
activity when bound to the AP peptide, limiting the generation of peroxide and the hydroxyl radical
from Cu-ApB. Further work is on-going with this complex to determine therapeutic potential in cell

models.

2.5 Ru Complexes: The interaction of Ru complexes with the Ap peptide have highlighted the
key role of ligand design in peptide binding and associated toxicity. In general, Ru compounds are
considered to be less toxic in comparison to Pt compounds, and were thus attractive candidates for
further development in AD.[123] Valensin et al. first reported a fac-[Ru(CO)sCla(N*-thz)]
complex (Figure 12) that selectively targeted His residues on AP.[124] Peptide adducts were
confirmed using ESI-MS, with selective His ligation determined from NMR experiments. Further

testing of the anticancer candidates PMru20, NAMI-A and KP1019 (Figure 12) showed that the
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axial ligands had a significant effect on the biological properties.[125] PMru20 was determined to
limit AP aggregation to the greatest extent, and in addition protected rat cortical neurons from both
AP1-42 and the truncated AB2s-3s (without His) toxicity. Further investigation of KP1019 showed a
concentration-dependent effect of this Ru(lll) complex on APi.42 aggregation, and formation of
His-adducts via EPR spectroscopy.[126] For KP1019, and likely other Ru(lll) complexes,
significant interference in the standard ThT aggregation assay can occur, and thus alternate
aggregation assays are advised such as dynamic light scattering and/or gel electrophoresis/Western
blotting. Interestingly, KP1019 was found to promote the formation of amorphous high molecular
weight aggregates of the AP peptide. Finally, KP1019 was determined to have a concentration-
dependent rescuing effect on human neuroblastoma (SH-SY5Y) cells in the presence of the Ap1-
42 peptide. Of note, in the case of both PMru20 and KP1019, pre-incubation of the complex with
the AP peptide was necessary to show a protective effect in cells, highlighting the need for new
Ru compounds that selectively target the AB peptide. Our group has recently reported on a series
of NAMI-A analogues, in which the size of the apical N-heterocycle is increased, and how
changing the size the apical ligand effects Ap peptide binding and aggregation (Figure 12).[127]
The complexes were shown to bind to the peptide, likely via a His residue, by *H NMR and ESI-
MS measurements. In addition, the Ru complexes promoted the formation of insoluble fibrils at
the 24 hour timepoint, in comparison to peptide alone which formed large amorphous aggregates.
These results point to an interesting difference between the Fe corrole analogue (discussed above)
that promotes formation of low molecular weight aggregates, while the Ru(111) complexes stabilize
large peptide aggregates. One hypothesis is that additional ligand exchange reactions occur with

the Ru(l11) complexes providing multiple peptide binding sites for aggregate formation. Indeed,

22


https://doi.org/10.1016/j.ccr.2020.213255

Final version published in: Coordination Chemistry Reviews 412, 213255, 2020.
https://doi.org/10.1016/j.ccr.2020.213255.

X-ray crystallography studies of Ru(lll) complexes such as NAMI-A with a number of target

proteins show complete loss of the original ligands in the structures.[123]
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Figure 12: Ru complexes that bind to the AB peptide, altering aggregation patterns, and lowering
toxicity in cell models.

2.5.1 Ru(ll) Polypyridyl Complexes: Ru(ll) polypyridyl complexes have been extensively
investigated in the last few decades due to their interesting electrochemical, photophysical, and
biological properties.[128, 129] These complexes find wide application in several research areas,
such as conversion of solar energy, fabrication of molecular devices, DNA intercalation, and
protein binding. Stable Ru(Il) polypyridyl complexes can be activated with light leading to ligand
dissociation to afford a metal complex capable of binding to biological targets, and/or generation

of ROS such as singlet oxygen (*02).[130]
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A series of Ru(ll) polypyridyl complexes (Figure 13) have been investigated for their
ability to interact with AP peptide,[131-133] and due to the hydrophobic nature of the bpy/phen
ligands, these complexes can form m-w interactions with the peptide.[131, 132] For example,
photoactivation of [Ru(bpy)s]?* (Figure 13) in the presence of the A peptide leads to amino acid
oxidation and destabilization of peptide secondary structure.[131] After exposure to light,
[Ru(bpy)s]?* demonstrated the ability to disassemble highly stable Ap aggregates, generating small
and less toxic Ap fragments, showing the possibility of using Ru(Il) complexes as anti-Ap agents.
Ru(ll) polypyridyl complexes can also be used as sensitive fluorescent probes for Ap aggregates.
For example, the interaction of [Ru(bpy)2(dppz)]** (Figure 13) with Ap fibrils results in an
enhancement of luminescence likely due to the limited ability of water to quench the excited state
of the complex once bound to the peptide aggregates.[134] A similar process occurs with
[Ru(bpy)2(dpap)]?*, however this complex can be used to monitor oligomer formation (Figure
13).[135, 136] The Ru(ll) complex containing an extended polypyridyl ligand ([Ru(bxbg)]?*
(Figure 13) inhibited acetylcholinesterase (AChE), with inhibitory values similar to that of the
FDA approved drug tacrine.[132] This complex completely inhibits AB aggregation as well,
demonstrated by ThT fluorescence and TEM. Another series of Ru(ll) complexes, ([Ru(Apy)]?*
(Figure 13), were shown to protect against ROS and had an inhibitory effect against AChE.[133]
Interestingly, their luminescence increases in the presence of AP aggregates, allowing for the
visualization of these species within 3 hours of aggregation, while a ThT signal only increases
after 24 hours, making this a promising compound for the visualization of A aggregates in the

early stages of fibrilization.
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Figure 13: Ru(ll) polypyridyl complexes that interact with the Ap peptide.

2.6 Co Complexes: A number of Co complexes have been investigated for their interaction with
the AP peptide, and in addition, promote peptide cleavage reactions. The Co(lll) Schiff base
complex (Co(lll)-acacen, Figure 14) was shown to bind to one or two His of ABi.16, with a
preference for His® and one of His¥4, according to NMR studies and density functional theory

(DFT) calculations.[48] AP1-42 aggregated differently in the presence of Co(lll)-acacen, with a
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concentration-dependent stabilization of high MW oligomeric species (30 to 160 kDa). The
presence of the complex also led to a reduction of the binding of the AB1.42 peptide to differentiated
hippocampal neurons. Recent work with a structural analogue by both experimental and
computational methods shows that covalent binding to peptide His residues results in decreased
formation of [B-sheet structures, destabilization of pre-formed B-sheets, and suppression of
aggregation.[137] In a different approach, researchers have shown that Co complexes can induce
AP peptide cleavage.[138, 139] Firstly, a series of Co(lll)-cyclen complexes (Figure 14) were
shown to induce cleavage of monomers and oligomers of AB1-20 and ABi1-42, while the formation
of fibrils limited the percentage of cleavage fragments observed by matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry.[138] In a more recent report by Lim
et al., a Co(ll) complex of a tetra-N-methylated cyclam (Co(Il)-TMC, Figure 14) was shown to
decrease the APi-40 peptide monomer concentration by 60% through amide bond hydrolytic
cleavage.[139] The control complex Co(Il)-EDTA did not induce cleavage, while the simple salt
Co(I1)(NOs). induced cleavage of APi-4o at different sites than those produced by the Co(ll)
complex (Figure 14). Co(Il)-TMC can bind covalently to Ap and alter the aggregation of both
AP1.40 and AB1-42. Interestingly, the complex was shown to protect cells from the toxicity induced
by Ap and was demonstrated to cross the BBB. A number of Co(lll) complexes have been
investigated as redox-activated anticancer agents, whereby reduction to Co(ll) in a hypoxic tumour
environment leads to ligand exchange and release of a toxic payload.[140, 141] By tuning the
Co(I)/Co(111) redox potential it may be possible to enhance binding of a kinetically inert Co(lll)

complex to the AP peptide in the pro-oxidant environment of the AD brain.[142]
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Figure 14: The structures of Co(lll)-acacen, Co(II)TMC and Co(lll)-cyclen.

2.7 Rh and Ir Complexes: The covalent interaction of Rh and Ir transition metal complexes with
the AP peptide has also shown considerable promise. A series of cyclometallated Rh(I11) and Ir(I11)
complexes (Figure 15, A and B) were shown to bind covalently to the AP peptide, leading to a
reduction in fibril length for AB1-40.[143] Electrospray ionization-MS (ESI-MS) measurements
indicated 1:1 AB-Rh(I1l) adduct formation. Interestingly, the Rh(l1l) complex, as opposed to the
Ir(111) complex, exhibited a more pronounced effect on aggregation, almost completely inhibiting
the formation of high molecular weight species for AB1-40. The Rh(l11) derivative exhibited an anti-
aggregating effect at a low concentration relative to peptide (1:10 complex to peptide concentration
ratio), indicating the complex blocks fibril elongation. As for the Ir(111) complexes investigated,
complex B (Figure 15) containing the smaller aromatic ligand of the series showed the most

pronounced disruption of the fibrillization process when compared to the complex with the ligand
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phenylquinoline, possibly due to steric effects. These complexes demonstrated enhanced emission
in the presence of fibrils, and the Ir(I11) complexes containing the more bulky ligands were more
suited for cellular labelling applications. This study shows that ligand exchange rates (Rh(lll) vs.
Ir(111)) and steric bulk of co-ligands play a significant role in AB peptide binding, and associated
aggregation and toxicity. More recently, the same group developed derivatives based on complex
B in Figure 15, in which a third bidentate ligand was incorporated, instead of exchangeable H.O
ligands. All twelve complexes prepared by Lu et al. interacted with AB1-40 monomers and fibrils
differently, however complex C in Figure 15 showed the highest affinity for fibrils.[144] Even
though no covalent binding was observed between the Ir(I11) complex C and peptide, the complex
completely inhibited aggregation of APi40. These results show that non-covalent interactions,
when strong enough, can inhibit AB1-40 aggregation. The presence of monomers or fibrils of ABi-
40 led to an increase in complex luminescence, possibly due to hydrophobic interactions with the
peptide, protecting the complex from non-radioactive decay by solvent quenching. Lastly, the
Ir(111) complex C was shown to be neuroprotective against AB1-40 toxicity in human neuroblastoma
SH-SY5Y cells and mouse primary cortical cells. Lim et al. have reported on an Ir complex which
leads to the light-activated oxidation of the AB peptide (complex D in Figure 15).[145] Histidine,
tyrosine, and methionine were identified as sites of peptide oxidation. Very recently, Lim et al.
reported a series of cyclometallated Ir complexes with two exchangeable cis-aqua ligands that
coordinate to the AP peptide and promote the photo-induced oxidation of the peptide in the
presence of O, (based on complex E in Figure 15).[146] Specific amino acid residues are targeted
for oxidation, including His13/His14 and Met35. Overall, these studies show that Rh and Ir
complexes in a variety of different geometries bind to the AP peptide and can limit associated

aggregation and toxicity.
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Figure 15: Structures of cyclometallated Rh(I1l) and Ir(111) derivatives studied in the context of
AP peptide interactions in AD.

2.8 Pt Complexes: Pt(ll) phenanthroline complexes, Pt(phen)Cl., and Pt(¢-phen)Cl. (Figure 16)
were reported to bind to the AP peptide, altering its aggregation pattern and limiting its
neurotoxicity.[147] The Pt(1l) phenanthroline complexes were compared with cisplatin, with the
former binding to His in the N-terminus region and reducing peptide neurotoxicity, while cisplatin
targeted Met® and was shown to be inactive. The free ligands and Pt(I1) salts exhibited a low
affinity for Ap, indicating that the planar hydrophobic phenanthroline ligand was necessary for the
observed activity. NMR, X-ray absorption spectroscopy (XAS), mass spectrometry (MS), and
molecular modelling investigations further confirmed that the planar hydrophobic ligand stabilized
histidine-protein adducts.[148-150] NMR experiments showed that the phenanthroline ligand
interacts with the protein via non-covalent interactions, while the Pt(ll) center binds directly to

two His residues, potentially limiting the coordination of Cu(ll) and Zn(I1).[148] Other Pt(Il)
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complexes containing planar hydrophobic ligands have been investigated by Hureau et al., such
as Pt(¢-MePy)(DMSO)CI (Figure 16).[151, 152] This complex bound to the Ap peptide similarly
to the phenanthroline analogues, although the results suggest binding of the Pt complex to just one
His instead of two. Cu(ll) and Zn(Il) typically bind to Ap His residues, and the presence of Pt(l1)
complexes modulated the metal binding properties of AB, although AB-Cu ROS generation was
not inhibited completely.[147, 152, 153] Electron paramagnetic resonance (EPR) analysis shows
a change in the peptide Cu(ll) binding site in the presence of Pt(¢-MePy)(DMSO)CI, with the
initial two His Cu(ll) coordination (component 1) shifting to only one His bound (component II).
The interaction of Zn(11) with AP results in aggregation enhancement, however the presence of the
Pt(o-MePy)(DMSO)CI complex limited Zn-induced AP aggregation.[152] A bifunctional
complex, containing one or two cyclen metal-binding moieties attached to a bipyridine Pt(Il)
binding unit (Figure 16, PC1) was shown to limit Cu/Zn aggregation and associated toxicity

through His binding and metal scavenging ability.[154]
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Figure 16: The structure of representative Pt complexes that interact with the AB peptide, disrupt
metal binding, and show promise in cell and animal models.

It is possible to tune the therapeutic effects of these Pt(11) complexes via alteration of ligand
exchange kinetics and overall charge of the complex.[155] Pt(IV) complexes, such as Satraplatin
(Figure 16), exhibit slow ligand exchange kinetics, making them biologically stable and orally
bioavailable.[156-158] With that in mind, Barnham et al.[159] synthesized an orally bioavailable
Pt(1V) pro-drug with a hydrophobic diamine, and its Pt(ll) analogue (Ptl and Pt2, respectively,
Figure 16) as modulators of AP peptide aggregation and toxicity. The Pt(IVV) complex showed

increased brain uptake in comparison to the Pt(ll) complex, and upon reduction to Pt(ll), was
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shown to limit peptide aggregation and toxicity in cortical neurons. The treatment of an APP/PS1
mouse model of AD (Figure 16, Ptl) showed a statistically significant reduction in CSF AB1-4
levels and reduction in plaque load. Thus, the Pt(IV) pro-drug strategy was shown to be promising

for the development of Pt-complexes that cross the BBB and selectively target Ap.

2.9. Cu Complexes: A number of 84Cu complexes have been reported that incorporate amyloid-
binding moieties into the molecule for AB plaque binding. The longer half-life of the ®*Cu isotope
(ty2 = 12.7 hours) versus the *8F isotope (t12 = 110 min) currently used in approved plaque imaging
agents (see Figure 1), could provide significant benefits including use over a longer period and
shipment to sites remote from cyclotron facilities. Donnelly et al. reported a Cu complex with a
styrylpyridine group (Figure 17) which bound to AB plaques in human brain tissue.[11] The %Cu-
labelled derivative showed significant brain uptake in wild-type mice with fast washout. More
recently, Mirica et al. reported on a %*Cu agent with a pyridine-amine macrocycle attached to a
benzothiazole (Figure 17).[10] This ®Cu complex was shown to bind to AR aggregates in
transgenic AD mouse brain sections, and showed promising uptake in Tg2576 transgenic mice.
Both of the studies highlighted above have demonstrated the feasibility of using ®*Cu agents in

brain imaging applications.
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Figure 17: *Cu complexes used as plague imaging agents in AD.

3. Outlook: This review highlights the binding of discrete metal complexes to the AB peptide of
relevance to Alzheimer’s disease. While in the majority of cases the studied complexes show a
potential therapeutic benefit, complexes such as heme have been shown to promote ROS and
toxicity associated with the disease. Thus one needs to use caution when designing transition metal
complexes as potential therapeutics in this disease, and analyze for changes in reactivity of the
complex once bound to the biological target. Recent results highlighted in this review show that
in addition to metal complex interaction with the AP peptide, and resulting changes to the peptide
aggregation pattern, additional properties of metal complexes such as catalytic antioxidant activity,
photo-induced oxidation, and peptidase activity can be used to provide additional therapeutic
benefit. Protein misfolding and aggregation are common characteristics of other neurodegenerative
diseases such as Parkinson’s disease, Creutzfeldt Jakob disease, and Amyotrophic Lateral
Sclerosis.[76, 77] Specific proteins of interest include a-synuclein (Parkinson’s), tau (AD), and
the prion protein (Creutzfeldt Jakob disease). Indeed, metal complex interactions with the prion
protein,[160] and tau[161] have been recently reported. Thus, the development of metal
compounds that selectively target specific protein aggregates may provide new diagnostic tools,
and selective therapies. Important considerations in this area include blood brain barrier (BBB)
permeability, off-target toxicity, and possible accumulation of metal ions in the brain as a result of
chronic administration. As we continue to learn more about the etiology of neurodegeneration, and
of specific diseases such as AD, new opportunities will be presented for transition metal

complexes.
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