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Abstract

Alzheimer’s disease (AD) is a chronic neurodegenerative disease characterized by progres-
sive and irreversible damage to the brain. One of the hallmarks of the disease is the presence
of both soluble and insoluble aggregates of the amyloid beta (Aβ) peptide in the brain. In
this work we investigate how photoactivation of three Ru(II) polypyridyl complexes [Ru
(6,6’-dimethyl-2,2’-dipyridyl)2 (2-thiophen-2-yl-1H-imidazo (4,5-f) (1,10) phenanthroline)]
(Ru1), [Ru (6,6’-dimethyl-2,2’-dipyridyl)2 (2-phenyl-1H-imidazo (4,5-f) (1,10) phenanthro-
line)] (Ru2), and [Ru (6,6’-dimethyl-2,2’-dipyridyl)2 (2,2’-bipyridine)] (Ru3), alters the
aggregation profile of the Aβ peptide. Both Ru1 and Ru2 contain an extended planar
(4,5-f) (1,10) phenanthroline ligand, as compared to a 2,2’-bipyridine ligand for Ru3, and
we show that the presence of the phenanthroline ligand leads to a greater effect on peptide
aggregation. The ability of photoactivated Ru1-3 to bind to the Aβ peptide was evaluated
by Nuclear Magnetic Resonance (NMR) which indicated the loss of the 6,6’-dimethyl-2,2’-
bipyridyl (6,6’-dmb) ligand for all three complexes and the formation of a covalent bond
with the Aβ peptide via His residue shifts for Ru1 and Ru2. By comparison, no shift
in His residues was observed for Ru3, or for the unactivated Ru1-3 samples. The influ-
ence of Ru1-3 on peptide aggregation was investigated using gel electrophoresis/Western
blot, Transmission electron microscopy (TEM) and a Bicinchoninic acid assay (BCA assay).
Upon photoactivation, the Aβ aggregation was greatly enhanced in the presence of Ru1
and Ru2 relative to Ru3, in agreement with initial binding studies by 1H NMR. However,
the three complexes resulted in a similar aggregate size distribution at 24 h, forming mostly
insoluble amorphous aggregates. Excitingly, the complexes also changed Aβ1-42 fibrils to
amorphous aggregates upon photoactivation. The unactivated Ru1 and Ru2 complexes
exhibited a much stronger binding affinity for Aβ (via Tyr10 fluorescence) in comparison
to Ru3, further indicating the important role of hydrophobic interactions between the Ru
complexes and the insoluble fibrillar peptide aggregates. Overall, our results show that upon
photoactivation the extended planar ligand of Ru1 and Ru2 promotes immediate covalent
binding and formation of soluble high molecular weight Aβ aggregates in comparison to
Ru3, however similar aggregate size and morphology is observed after 24 h for all three Ru
complexes.
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Chapter 1

Introduction

Adapted from: Gomes, L. M. F.; Bataglioli, J. C.; Storr, T. Coord. Chem. Rev., 2020,
412, 213255. J. C. Bataglioli wrote the Ru(II) polypyridyl section and assisted with the
literature review and figure preparation. L. M. F. Gomes wrote the V, Mn, Fe, Ru(III), Co,
Rh, Ir, and Pt sections.

1.1 Alzheimer’s Disease

Alzheimer’s Disease (AD) is the most common progressive neurodegenerative disease
(ND),1 accounting for 60-80% of all cases of dementia, and is the fifth leading cause of
death among those aged over 65 years.2,3 Dementia is a clinical syndrome characterized by
memory and cognitive decline, which prevents an individual from living a fully functional
life.3 Age is the most important risk factor for ND, with the highest incidence in people over
the age of 65. In 2018 it was estimated that ND affected 50 million people worldwide, and
due to an increase in global life expectancy, this number is expected to increase significantly
over the next decade.4,5 Currently more than half a million Canadians suffer from dementia,
with an estimated annual cost of 11 billion dollars to care only for AD patients, which is a
significant burden on the Canadian healthcare system, society, and economy.6–8

Alois Alzheimer was the first to describe AD more than 100 years ago,9,10 and the search
for a safe and effective therapy is still on-going.11,12 The main histopathological features
of AD in the brain are the extracellular accumulation of amyloid beta (Aβ) plaques and
intracellular accumulation of neurofibrillary tangles (NFTs) of tau protein.13–15 Opposed
to other forms of dementia, the final diagnosis of AD requires post-mortem examination of
the brain to determine the presence and severity of AD hallmarks: Aβ-plaques and NFTs,
however ante-mortem diagnosis may soon be possible through the development of molec-
ular neuroimaging agents.16,17 A few positron emission tomography (PET) agents for the
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detection of Aβ deposits are currently available, however, PET agents for the detection of
tau accumulation are still in clinical development.3,14 While there is no cure for AD, current
FDA (Food and Drug Administration) approved treatments include four prescription drugs,
(1) donepezil, (2) rivastigmine, (3) galantamine (Figure 1.1) - acetyl cholinesterase (AChE)
inhibitors, and (4) memantine - a glutamate regulator, in addition to a drug combination
(memantine and donepezil).18–20 These treatments are insufficient since they only amelio-
rate and provide partial relief of the symptoms, and do not stop or reverse the progression
of the disease.21,22

Figure 1.1 Structures of FDA-approved drugs to treat AD.

Drug discovery and development for AD is very difficult, and despite billions of dollars
invested in clinical trials to develop new therapeutics for AD, there have been no new drugs
approved since 2003.23,24 The global impact of AD continues to increase, and the focus of
drug development is now on disease-modifying therapies (DMTs), whose aim is to impact
one or more of the characteristic brain changes caused by AD.25 These treatments could
delay or slow down the progression of the disease, and are of great interest for AD treatment.

1.2 AD Hypotheses

1.2.1 Amyloid Hypothesis

The amyloid hypothesis was first proposed almost 25 years ago, and still remains an im-
portant hypothesis in AD.26–28 The Aβ hypothesis postulates that the progressive formation
of oligomers and aggregates of the Aβ peptide is caused either by increased production or
decreased clearance of Aβ, triggering a neurotoxic cascade in the brain.8,27–29 Aβ is a low
molecular-weight peptide (~4.5 kDa) derived from the proteolytic cleavage of the amyloid
precursor protein (APP). APP contains 751 to 770 amino acids, and it is a single-pass
transmembrane protein with a large extracellular domain containing the N-terminus and a
small cytoplasmic domain containing the C-terminus. The physiological role of APP still
remains unclear, but evidence suggests that APP plays an important role in cell growth,
mobility, and cell survival.27,30
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Figure 1.2 Diagram of the transmembrane protein APP and the amyloidogenic path-
way showing the action of β- and γ-secretases producing Aβ1-40 and Aβ1-42.
The amyloidogenic process also generates the soluble ectodomain sAPPβ and
the intracellular -terminal fragment AICD. The full amino acid sequence for
Aβ1-42 is also shown.

Under physiological conditions, APP can be cleaved by three membrane-bound secre-
tases, α-, β- and γ-secretase, through the amyloidogenic or non-amyloidogenic pathway. In
the non-amyloidogenic pathway, APP is cleaved first by α-secretase and then by the γ-
secretase, producing products that are hypothesized to have a role in brain development
and in adult brain processes, such as synaptic plasticity and neurodegeneration protec-
tion.31 The amyloidogenic pathway produces the Aβ peptide, however, it is not specific
and results in different Aβ species, ranging from 38 to 43 amino acids, with the fragment
ending at position 40 (Aβ1-40) being the most abundant (~90%) followed by 42 (Aβ1-42,
~9%) (Figure 1.2).32–34 In this pathway, β-secretase first cleaves APP, releasing the large
fragment sAPPβ.30 A fragment containing 99 amino acids remains bound to the membrane,
and when cleaved by γ-secretase, releases the Aβ peptide (Figure 1.2). While Aβ1-40 is the
most common form of the peptide found in the brain, Aβ1-42 is more prone to aggregation
due to the two additional hydrophobic amino acid residues (isoleucine and alanine) (Fig-
ure 1.2), and is more toxic.35–37 The APP gene is located on chromosome 21, and genetic
mutations on this gene have been associated with increased aggregation of Aβ through one
of two mechanisms: increased overall production of all Aβ species or production of more
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aggregation-prone Aβ1-42.38–40 A decrease in Aβ1-42 in cerebrospinal fluid (CSF) was found
to precede an increase in concentration of tau and hyperphosphorylated tau (P-tau), which
suggests that Aβ plays a role in other brain processes that lead to AD.14

Figure 1.3 (A) Aggregation pathway of Aβ peptide including metal-ion interaction. (B)
Protein data bank 5KK3 (PDB 5KK3) structure of a pair of peptides inter-
acting, highlighting 15-42 core structure (blue) including the self-recognition
portion (Leu17-Ala21) (red), and the unstructured N-terminus (residues 1-14)
(green) (Left). PDB 5KK3 structure of Aβ1-42 fibrils (Right).

Monomeric Aβ primarily exists as a random coil structure, however, when the monomer
is converted from a random coil to a partially folded structure (α-helix and β-strand), its
propensity to interact with other folded monomers via hydrophobic interactions is increased,
leading to the formation of aggregates, such as oligomers and fibrils. Hydrophobic interac-
tions are known to be a major driving force for Aβ aggregation, and typically occur at the
hydrophobic C-terminus and/or at the self-recognition site (from Leu17 to Ala21)41–46 (Fig-
ure 1.3).The Aβ peptide has been found in the brain in three general forms: (1) membrane
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associated, (2) aggregated, and (3) soluble.47,48 Soluble Aβ oligomers are hypothesized to
induce toxicity via multiple mechanisms, and are reportedly more toxic as compared to
other forms of Aβ, and are better correlated with memory impairment and AD progres-
sion.42,44,45,49–51 In addition, metal ions such as Fe, Zn, and Cu have been shown to interact
with Aβ, modifying the aggregation pathway of the peptide and increasing its toxicity (Fig-
ure 1.3).52

Three main strategies have been used to target Aβ-specific pathways to reduce aggregate
formation: (1) decrease Aβ production via inhibition of β- or γ-secretases using secretase
inhibitors or encourage other secretases to cut APP into fragments that will not produce
the Aβ fragment; (2) expedite Aβ clearance by mobilizing the immune system to produce
anti-bodies to target Aβ, (3) inhibit the formation of toxic Aβ aggregates by using small
molecules designed to limit Aβ aggregation.53–55

Clinical trials of promising drugs targeting the amyloid pathway have so far failed, either
due to off-target effects or a lack of efficacy.56,57 There is considerable debate as to when
drug treatments should be initiated in AD, and drug trials targeting the amyloid pathway
and focused on healthy people at risk of AD are on-going.25,58

1.2.2 Metal Ions and Aβ

The brain contains essential d-block transition metals ions, such as Fe(II/III), Cu(I/II),
and Zn(II), that are involved in the critical processes of a healthy brain.59,60 Protein-bound
cations are key elements in the maintenance of cell structures, gene expression, and cell
signaling, and an imbalance in their homeostasis can affect brain function.61 It is known
that AD patients show altered metal ion homeostasis and that the insoluble Aβ plaques
present in the brains of people affected by AD contain high levels of Cu, Fe, and Zn (3-5
times when compared to age-matched controls).62–68 Monomeric Aβ is known to bind metal
ions with dissociation constants (Kd) of ~10-10 M for Cu(II) and ~10-5 M for Zn(II).69 70–76

The amino acid residues with high propensity for metal binding in the N-terminus segment
include Asp1, His6, Tyr10, Glu11 , His13, and His14 (Figure 1.4)77–80.

The binding of metal ions to Aβ is known to modulate the aggregation pattern of
the peptide, for example, by reducing the electrostatic repulsion between two peptides.
The presence of many Aβ peptides in the aggregate form increases the capacity for metal
coordination, as several Aβ N-termini are oriented in close proximity for metal ion bind-
ing (Figure 1.3B).60,81,82 Metal ion binding may potentiate the neurotoxicity of Aβ via
redox-cycling and the production of reactive oxygen species (ROS) when in the presence of
dioxygen, which plays an important role in oxidative stress.83–85
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Figure 1.4 Solution structure of monomeric Aβ1-40 (PDB 1BA4) highlighting the amino
acid residues potentially involved in metal binding. (Left) Three highlighted
histidine residues (His6, His13, and His14) involved in metal binding. (Right)
Negatively charged amino acids and Tyr10 that can also be involved in metal
ion coordination, and peptide oxidation site (Met35). (Bottom) Amino acid
sequence of Aβ1-42 highlighting the amino acids with propensity for metal
binding.

The metal ion dyshomeostasis observed in AD and the involvement of these metal ions
in Aβ aggregation are hypothesized to be important components in the development of
AD.83 One approach to limit metal binding to Aβ is the use of chelating agents. These
ligands usually present moderate affinity for metal ions, and have shown promising results
in the restoration of normal homeostasis and prevention of Aβ aggregation due to metal
binding.86 Desferrioxamine (DFO) (Figure 1.5) was shown to slow AD progression as one
of the first examples of the use of a chelating agent to treat AD.87 Unfortunately it failed
a 24 month clinical trial, when probable AD patients presented no significant differences
in memory recovery when compared to the control group.88 Another example is Clioquinol
(HCQ) (Figure 1.5), an 8-hydroxyquinoline derivative that demonstrated remarkable effi-
cacy in animal models.89 This ligand binds to Cu(II) and Zn(II), interacts with the Aβ
peptide, crosses the blood-brain barrier (BBB), and reduces the deposition of Aβ in the
brain. Importantly, clioquinol reduces the level of Cu(II) in the cortex of rats and does
not alter the concentration of Cu(II) in blood, however, its purification on a large scale
presented challenges.90 In order to overcome this obstacle, an improved 8-hydroxyquinoline
derivative, PBT2, was synthesized (Figure 1.5). PBT2 treatment reduced Aβ aggregation,
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limited Aβ oligomer toxicity and redistributed Cu(II) and Zn(II) in mice brain tissue.91

However, a recent phase II clinical trial failed when treatment with PBT2 did not show
significant difference compared to placebo.92,93

Figure 1.5 Metal-binding therapeutics tested as AD treatments.

1.2.3 Oxidative Stress

The brain requires high oxygen concentrations in order to function, in fact, approxi-
mately 20% of the oxygen supplied by the respiratory system is consumed by the brain.94

As a result, the brain is the most vulnerable organ to the action of ROS,85 in addition
to the relatively low antioxidant capacity.95 An increase in the levels of oxidative stress is
associated with aging, with many NDs known to be linked to oxidative stress, such as in
the case of AD.84 ROS are involved in the maintenance of normal brain function, as they
act as secondary messengers in the intracellular signaling cascade, and are by-products of
normal cellular metabolism. Enzymes such as superoxide dismutase (SOD), glutathione per-
oxidase (GPX), and catalase regulate the scavenging of these ROS, however, an imbalance
or dysfunction of this system can lead to cellular damage and apoptosis.85

Dysregulated redox-active metal ions, such as Cu and Fe, in the AD brain can interact
with superoxide anion (O –

2 ) and hydrogen peroxide (H2O2), leading to the formation of
hydroxyl radical (OH ) via Fenton chemistry, which is harmful to living cells.60,71,85 There
is evidence linking the excessive levels of ROS to AD, as well as the abnormal levels of Aβ
and oxidative stress.96,97
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1.2.4 Tau Hypothesis

Another hallmark of AD was discovered in 1986 by Selkoe et al., and consists of NFTs
mainly formed by aggregation of paired helical filaments (PHFs) of phosphorylated tau
protein (Figure 1.6).38,98 Tau is one of the microtubule-associated proteins (MAP) that
directly binds microtubules, regulating their assembly and stability. Phosphorylated tau
dissociates from microtubules, however hyperphosphorylation of tau leads to aggregation,
generating NFTs and causing neurodegeneration via synaptic dysfunction and neuronal
loss.99,100 Tau is found predominantly in the axons, but it is also present at lower levels
in dendrites, the plasma membrane, and Golgi complex.101 The gene that encodes the tau
protein in humans is localized on chromosome 17, and six tau isoforms are expressed in the
adult human brain as a result of mRNA alternative splicing, with or without exons 2, 3,
and 10, with exon 10 containing the microtubule-binding region (Figure 1.6).38 102

Hyperphosphorylation occurs as a result of mutations in chromosome 17, leading to the
expression of a protein that is more prone to phosphorylation, and also due to dysregulation
of kinases and phosphatases, which trigger the neurotoxicity of tau.103 The binding of metal
ions, such as Zn(II), Cu(II), and Fe(II) to the microtubule binding domain (MTBD) of tau
protein has also been shown to play a role in aggregation and hyperphosphorylation. The
binding of these metal ions to the MTBD region of tau leads to the generation of ROS.104,105

Figure 1.6 (A) Formation process of NFTs. (B) Schematic illustration of functional sites
of tau showing the microtubule binding site (exon 10) and R3 and R4 – the
core of tau fibrils.
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Many anti-tau therapies have failed in clinical trials. Glycogen synthase kinase 3 beta
(GSK-3β) is a protein kinase that facilitates tau phosphorylation and is therefore, an attrac-
tive target for anti-tau therapy. However, the GSK-3β inhibitor Tideglusib (Figure 1.7) did
not show significant clinical benefit in a phase II clinical trial.106,107 Anti-aggregation agents
have also been developed, such as methylene blue dye derivatives Trx0014 and LMTM (Fig-
ure 1.7). These dye derivatives appeared to slow cognitive decline in phase III clinical trials,
but the claims and the methodology of these studies remain controversial.108,109

Figure 1.7 Examples of anti-tau compounds.

1.3 Medicinal Inorganic Chemistry

Metal ions play an important role in biological processes, providing charge balance,
catalyzing enzymatic reactions, and facilitating electron transport.110 These natural systems
provide inspiration for the development of active agents that target and/or mimic these same
natural mechanisms. Medicinal inorganic chemistry is therefore a very attractive field and
can be divided into two main categories: (1) drugs that target metal ions and (2) metal-
based drugs in which the central metal ion plays an important role for the desired clinical
application. Although medicinal inorganic chemistry is still considered a young field, it has
been present in our society for over 5000 years, with evidence of its use tracing back to the
ancient civilizations of Mesopotamia, Egypt, India, and China. There is evidence of the use
of silver to treat wounds and ulcers by the Greek physician Hippocrates, and the use of gold
in a number of different treatments in Asia almost 3500 years ago.111,112

In the modern era, the first studied metallodrug was salvarsan (Figure 1.8), an arsenic
based antimicrobial agent develop by Paul Ehrlich,113,114 however, the most successful
metallodrug is cisplatin (Figure 1.8), an anticancer agent discovered by Barnett Rosen-
berg and Loretta VanCamp in 1965,115 which also led to the development of many other
cisplatin derivatives, such as carboplatin and oxaliplatin (Figure 1.8). Platinum metallo-
drugs targeting cancer are not the only example of metal complexes being used in modern
medicine.116,117 One arsenic drug that is currently used to treat trypanosomiasis is melar-
soprol, a second stage treatment for the human African sleeping sickness (Figure 1.8).118

Other metallodrugs include auranofin, an Au(I) compound that received FDA approval in
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1985 to treat arthritis, BEOV, a vanadium (IV) complex that is being tested as an an-
tidiabetic drug, and pepto-bismol (BSS), a bismuth complex used to treat gastrointestinal
disorders (Figure 1.8).119–121 The idea of using metal-based drugs to modulate the progres-
sion of AD has also been explored in the last few decades, and the results will be discussed
in more detail in the following sections.

Figure 1.8 Selected examples of medicinally relevant metal-based drugs and their appli-
cations.

1.4 Ru Complexes as Cancer Therapeutics

According to the World Health Organization (WHO) cancer is the leading cause of
death worldwide, with cancer-related deaths projected to rise above 13 million by 2030.122

In Canada, cancer presents a large and growing impact on our population and health care
system. Nearly half of Canadians are expected to be diagnosed with cancer in their lifetime,
and although the treatments are now more advanced compared to a few decades ago, cancer
remains the leading cause of death in Canada.123 Most of the FDA approved anticancer
drugs are organic molecules, but since the discovery of cisplatin, a new era in the application
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of transition metal complexes has emerged.124 Although cisplatin and its derivatives are
considered by the WHO as essential drugs, they have their drawbacks, such as fast resistance
build up in tumors, and side-effects caused by their cytotoxicity and lack of specificity,
which leads to undesirable interactions with other biomolecules.125,126 These limitations
have triggered a search for metal-based compounds that exhibit lower toxicity compared
to cisplatin and its derivatives and higher selectivity.127 Ruthenium complexes have shown
promising antitumor activity, and they present certain desired advantages over platinum
drugs, and are expected to become a new generation of antitumor drugs.128 The study of
Ru-based complexes started in 1980, when chloro-ammine Ru(III) compounds (Figure 1.9)
were reported to have anticancer activity in rats, however, their action was limited due to
low solubility.129 Four years later a DMSO-Ru(II) complex (Figure 1.9) (DMSO = dimethyl
sulfoxide) was shown to be active in both primary and metastatic cancers, although it was
less effective than cisplatin, but exhibited fewer side effects.120

Figure 1.9 Top: structure of first ruthenium complexes with anticancer activity. Bottom:
structure of four Ru(II/III) complexes that have entered into clinical trials.

To date there are four Ru(II/III) complexes that have entered clinical trials.130 The
first Ru(III) complex in clinical trials was NAMI-A (Figure 1.9). This complex showed low
potency in terms of direct cytotoxicity towards cancer cells in vitro, however, it had signif-
icant efficacy in inhibiting tumor metastasis in vivo.124,131 Studies suggest that NAMI-A is
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capable of binding to DNA and RNA, and also to histidine residues of serum albumin (hu-
man - HSA or bovine - BSA) under physiological conditions,132,133 however its mechanism
of action still remains unclear.124 The low therapeutic efficiency and its partial response in
phase I/II clinical trials limited further clinical use of NAMI-A.128 Another Ru(III) complex
that underwent clinical trials is KP1019 (Figure 1.9), however trials were discontinued due
to poor aqueous solubility and severe side effects.128,134,135 In order to improve the water
solubility of KP1019, a more soluble sodium complex was synthetized, KP1339 (Figure 1.9)
and it is currently being tested in clinical trials, and has showed the ability to stabilize tu-
mor size while presenting mild side-effects.136 The only Ru(II) complex currently in clinical
trials is TDL1443 (Figure 1.9). This octahedral Ru(II) is chelated by polypyridyl ligands,
and exhibits potent photophysical properties that are being explored in photodynamic ther-
apy (PDT). TDL1443 has shown significant therapeutic efficacy in bladder cancer and is
currently in phase II clinical trials.128,137 Based on the results indicating the interaction of
Ru complexes and DNA, RNA, and His residues present in proteins, these Ru complexes
have also been studied for their ability to interact with the Aβ peptide.

1.4.1 Ru(II) Complexes and their Photophysical Properties

Ru(II) polypyridyl complexes have been extensively studied because of their interest-
ing electrochemical and photophysical properties (Figure 1.10).138,139 These complexes find
broad application in several research areas, such as conversion of solar energy, fabrication of
molecular devices, DNA intercalation, and protein binding.140 In terms of the application
of these complexes in the medicinal field, photoactivation is of considerable interest as it
allows the controlled conversion of a non-toxic drug into an active cytotoxic species. Pho-
toactivation provides a mechanism to discriminate between the targeted area and surround-
ing healthy tissue, which reduces the dose-limiting side effects and increases specificity.141

Ru(II) polypyridyl complexes absorb visible light and their photochemical properties can
vary depending on the nature and the number of the polypyridyl ligands around the metal
centers.139

A metal-to-ligand charge-transfer (MLCT) transition (450-480 nm)142 is of interest for
the photophysical properties.143 An electron is promoted from a dπ orbital (t2g orbital in
the case of Ru(II) complexes) to a π* orbital on the polypyridyl ligand, (dπ6) → (dπ5π*)
transition , followed by relaxation to a 3MLCT state (Figure 1.10). The 3MLCT state can be
quenched by molecular oxygen (3O2), generating singlet oxygen (1O2) (Figure 1.10) that can
quickly react with biomolecules in close proximity. The incorporation of substituents on the
polypyridyl ligands can influence the excited states of the complex. The energy of the triplet
metal center (3MC) state can be lowered below the 3MLCT state if simple methyl- or phenyl-
substituents are added at the 6,6’ positions of the polypyridyl ligand.144,145 The addition of
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these substituents causes steric crowding at the metal center, resulting in distortion of the
octahedral geometry of the complex, and a lowering of the 3MC state relative to the 1MLCT
state. In this case, a ligand dissociative pathway is the major pathway for relaxation to the
ground state (GS) (Figure 1.10).141,144,146–148

Figure 1.10 (A) Figure of a general Ru(II) polypyridyl complex, wherein the half-circle
connecting the two N donors signifies bipyridyl ligands or analogues; (B)
Simplified Jablonski diagram showing the excited state decay process of
Ru(II) polypyridyl complexes via either emission or formation of 1O2 (left),
and the ligand dissociative pathway (right) that occurs with steric crowding
of the metal center. ISC – intersystem crossing.

1.4.2 Ru(II) Polypyridyl Complexes Targeting Cancer

DNA damage can lead to an interruption in DNA transcription and replication, which is
essential for cell proliferation.149 One of the hallmarks of cancer is the increased cell division,
and therefore targeting the DNA transcription and replication of damaged cells could lead
to a method to control the development of some cancers.150 The structure and chemical
composition of DNA provides many opportunities for interaction with metal complexes
via reversible or irreversible interactions.151 Molecules can form covalent bonds (defined as
irreversible binding) to DNA bases and sugar residues.152 The induction of DNA damage
caused by these covalent interactions is the basis of classical chemotherapy with cisplatin
(Figure 1.8).153,154
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Ru(II) polypyridyl complexes interact reversibly with DNA, via electrostatic binding, in-
tercalation, and groove binding. Negatively charged DNA attracts cationic molecules, and as
the majority of Ru polypyridyl complexes are cationic, electrostatic interactions contribute
to the binding affinity between the complexes and DNA, however, the most important
modes of interaction are intercalation or groove binding. One example of a metal complex
that interacts with DNA predominantly through electrostatic effects is [Ru(bpy)3]2+ (where
bpy = 2,2’-bipyridine)151,155 (Figure 1.11).

Figure 1.11 Ru(II) polypyridyl complexes that target cancer.

Intercalation occurs when an aromatic compound is inserted between adjacent base pairs
in the DNA double helix, which involves the π-π interactions between the DNA bases and
the complex, and is the most explored binding mode.124 In 1990, the Barton and Sauvage
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research groups reported the use of [Ru(bpy)2(dppz)]2+ and [Ru(phen)2(dppz)]2+ (where
phen = 1,10-phenanthroline and dppz = dipyridophenazine) (Figure 1.11) as DNA interca-
lators.156 These complexes show intense MLCT-based luminescence upon addition of DNA,
however, the luminescence is quenched in the absence of DNA. This phenomenon is known
as the DNA “light switch” effect and is commonly used to study the interaction of metal
polypyridyl complexes with DNA.151,157 Many transition metal complexes can also interact
with DNA by binding to DNA grooves. Groove binding is dependent on a combination
of hydrogen bonding, van der Waals, hydrophobic, and electrostatic interactions. Usually
groove binders are positively charged and incorporate planar aromatic ligands that can in-
teract with DNA. The first confirmed Ru(II) polypyridyl groove binder was [Ru(phen)3]2+

(Figure 1.11), although this complex exhibited low DNA binding affinity, a fact that limits
its applications.158

Light activation of Ru(II) polypyridyl complexes can cause DNA damage via the pro-
duction of 1O2 (Figure 1.10), preventing transcription and replication, which leads to cell
death.144 For example, Gasser et al. investigated Ru(II) polypyridyl complexes (Figure 1.11)
and their ability to generate 1O2 upon exposure to visible light, leading to DNA damage,
including double strand breaks and guanine oxidation, ultimately resulting in cell apopto-
sis.140 These results show the promise of Ru(II) polypyridyl complexes as photodynamic
therapeutic compounds for cancer treatment.140

In addition, covalent binding of Ru(II) complexes to DNA is an irreversible mecha-
nism124 that usually occurs via binding of the Ru(II) center to the N7 atom of guanosine.
The covalent adduct results in distortion of the DNA backbone, which impairs DNA replica-
tion and transcription. For example, Glazer et al. synthesized a group of Ru(II) polypyridyl
complexes (Figure 1.11) that undergo ligand photoejection upon irradiation with visible
light.141 They describe the rapid and selective ejection of one of the ligands due to steric
crowding at the metal center, and the advantages of using the complexes, such as high
aqueous solubility and a high light/dark therapeutic index. Interestingly, the compounds
demonstrated higher potency in comparison to cisplatin when light activated. The interest-
ing photophysical properties of Ru(II) polypyridyl complexes as well as the interaction of
these complexes with DNA raised attention to the possibility of using these same complexes
to interact with Aβ.

1.5 Metal Complexes Targeting AD

Aβ aggregation is an important factor in AD pathogenesis, and the design of metal
complexes that target this peptide and modify its aggregation process is an active area of
research.159–161 Several metal complexes have been shown to interact with Aβ at different
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aggregation stages, modifying the overall aggregation pathway and toxicity in cells and
animal models.44,162–165

A series of Pt(II) phenanthroline complexes, Pt(phen)Cl2 and Pt(φ-phen)Cl2 (Fig-
ure 1.12), showed the ability to bind to Aβ and modify its aggregation process and neuro-
toxicity.159 The phenanthroline ligands are able to facilitate π-π stacking interaction with
residues present in the peptide sequence (Phe4, Tyr10, and Phe19), which also facilitates
the formation of covalent bonds between the metal complex and the peptide due to the
proximity of the Pt(II) complex to His residues.166 The influence of these complexes on
the Aβ aggregation process was associated with almost complete rescuing of cell viability
in primary cortical neuron cells. In this same study, cisplatin was used as a control com-
plex. In contrast to the phenanthroline complexes, cisplatin targeted the Met35 residue, and
did not show any activity when exposed to the neuron cells, which indicates that the π-π
stacking interaction between the peptide and the phenanthroline ligands is essential for the
formation of the adduct that modifies the aggregation process of Aβ. In fact, NMR, X-ray
absorption spectroscopy (XAS), MS, and molecular modeling investigations confirmed that
the planar hydrophobic ligands stabilized His-protein adducts. The study also suggests that
when these Pt(II) complexes bind covalently to the His residues present in Aβ, the com-
plexes are able to inhibit the binding of metal ions such as Cu(II) to the peptide, which
may lead to a decrease in the concentration of ROS generated.159 Pt(IV) complexes have
also been studied for their ability to modulate aggregation and reduce the toxicity of Aβ.
Pt1 (Figure 1.12) showed increased brain uptake when compared to the Pt(II) analogue
Pt2 (Figure 1.12) and the Pt1 complex significantly reduced levels of Aβ1-42 plaques in an
AD mouse model.163
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Figure 1.12 Platinum complexes that target Aβ and promote modulation of the Aβ ag-
gregation pathway.

Complexes containing metals from group 9 (Co, Rh, and Ir) can be also used as Aβ
aggregation modulators.164 The first application of Rh(III) complexes as inhibitors of Aβ
aggregation was reported by Ma et al. in 2011.167 The Rh(III) complex (Figure 1.13) incor-
porates phenylpyridine (ppy) ligands and labile water molecules to facilitate non-covalent
interactions with the N-terminal region of the peptide and covalent binding to His residues
of Aβ, respectively. Electrospray ionization – mass spectrometry (ESI-MS) confirmed 1:1
Aβ:Rh(III) adduct formation, and Transmission electron microscopy (TEM) confirmed that
the metal complex almost completely inhibited Aβ1-40 aggregation.164,167 As for Ir com-
plexes, Lu et al. prepared an Ir(III) complex with three bidentate ligands that interacts
with Aβ1-40 in a non-covalent manner (Figure 1.13). Even without covalent binding, the
non-covalent interaction was strong enough to completely inhibit the aggregation of Aβ1-40
and reduce peptide toxicity in human neuroblastoma SH-SY5Y cells and mouse primary
cortical cells.168 More recently, Lim et al. reported a series of cyclometallated Ir(III) com-
plexes with two exchangeable cis-aqua ligands (Figure 1.13) that coordinate to the Aβ
peptide and promote the photo-induced peptide oxidation in the presence of O2.169 A num-
ber of Co(III) complexes have also been investigated for their ability to interact with Aβ
and modify the peptide aggregation pathway.74,170,171 A Co(III) Schiff base complex (Fig-
ure 1.13) was designed to covalently bind to the Aβ peptide via His residues. It was reported
that the complex binds to one or two His residues present in the peptide, with a preference
for His6 and one of His13/14, through dissociative ligand exchange at the axial positions.74

As a result of the binding, the Co(III) complex can induce the formation of large soluble

17



oligomeric species and reduce the levels of small Aβ oligomers. Additionally, the complex
also reduced the binding of Aβ1-42 to differentiated hippocampal neurons.74

Figure 1.13 Structure of complexes containing group 9 metals that are Aβ aggregation
modulators.

Martí et al. reported the use of a Re complex as a light switch model to detect Aβ
fibrils.172 When Aβ fibrils are in solution, the photoluminescence of [Re(CO)3(dppz)(Py)]+

(Py = pyridine) (Figure 1.14) is increased by ~18-fold in comparison to complex in the
absence of fibrils. In addition to this first light switch effect, it was observed that consecutive
photoluminescence measurements resulted in increased emission intensity over time. The
increased photoluminescence of [Re(CO)3(dppz)(Py)]+ in the presence of fibrillar Aβ after
repeated irradiation was up to 2 orders of magnitude higher than in buffer. Molecular
dynamics (MD) simulations predict that the increased photoluminescence is due to the
binding of [Re(CO)3(dppz)(Py)]+ to Aβ fibrils via the hydrophobic cleft formed by Val18 and
Phe20. The close proximity of the hydrophobic cleft and the Met35 residue was hypothesized
to promote Met35 oxidation by the complex.173
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Figure 1.14 Structure of a rhenium complex that act as light switch model to detect Aβ
fibrils.

The focus of iron complexes and their influence on AD is mostly centered on naturally
occuring iron phorphirins.174,175 An increase in the production of porphyrin complexes,
heme-a and heme-b (Figure 1.15), has been observed in the brains of AD patients, while
there is a depletion of complex V, a cell enzyme containing heme-a, resulting from the
interaction of heme and Aβ,176–178 and several studies have shown that heme binds to Aβ
peptide.179–181 Dey et al. showed that a His residue is essential for heme binding to Aβ,
and the study also suggested that the binding likely occurs at either His13 or His14.178 In a
different study, Yuan and Gao suggested that residues Phe19 and Phe20 are also important
for the interaction between Aβ and heme.175 Additionally, Thioflavin T (ThT) fluorescence
has shown that heme can change the aggregation pattern of Aβ, leading to the formation of
smaller fibrils as confirmed by TEM.175,176 Heme and Cu are known to be co-localized in Aβ
plaques, and under physiological conditions both Cu(II) and heme could be bound to Aβ,
presenting biologically-accessible redox responses that could generate ROS and associated
oxidative stress.182 Most recently, a Fe corrole complex (Figure 1.15) was determined to have
moderate affinity for Aβ, binding to the peptide via a His residue to form a 5-coordinate
complex, and limiting the aggregation of Aβ in solution.183 Previously to this study, Gross
et al. had reported the exceptional catalase and superoxide dismutase activity of the corrole
even when bound to an axial His (and albumin).184,185 Interestingly, the Fe corrole maintains
its exceptional antioxidant activity when bound to the Aβ peptide, limiting the generation
of ROS from Cu-Aβ.183

19



Figure 1.15 Structure of iron complexes that interact with Aβ fibrils.

1.5.1 Ru Complexes Targeting AD

Ru(II/III) complexes have been reported to interact with the Aβ peptide, and due to
their general lower toxicity in comparison to Pt(II) compounds,186–189 Ru(II/III) complexes
have been studied as potential candidates for AD treatment.129 The concept of Ru(III)
complexes as AD therapeutics was first introduced by Valensin et al. with the report of the
fac [Ru(CO)3Cl2(N1 thz)] (Figure 1.16) complex binding to His residues present in the
Aβ peptide.190 This study shows that the complex loses both Cl– and the N1 thz ligand,
allowing the fac Ru(CO) 2+3 unit to bind to Aβ His residues.

The well-studied anticancer candidates PMru20191 (Figure 1.16) and KP1019192 (Fig-
ure 1.9) were also investigated for their ability to interact with Aβ and modify the aggrega-
tion process. PMru20 (Figure 1.16) protected rat cortical neurons from toxicity caused by
Aβ using both full length peptide and the fragment Aβ25-35 (without His), likely due to the
inhibition of peptide aggregation. KP1019 (Figure 1.9) showed a concentration-dependent
effect on the aggregation of full-length peptide via covalent interaction with His residues,
which modulated the aggregation process of monomeric and pre-formed aggregates by in-
ducing the formation of soluble high molecular weight aggregates. The complex also limited
Aβ toxicity in SH-SY5Y neuroblastoma cells. A series of NAMI-A analogues (Figure 1.13)
were reported by Walsby et al. to bind covalently to HSA via a His residue.193 The axial
DMSO ligand was rapidly replaced by a water molecule at physiological pH, and Cl– ligand
loss was also observed. The ligand exchange processes are reported to facilitate the covalent
interaction of these complexes and HSA.193 Based on these results, our group investigated
a series of NAMI-A analogues for their potential to interact with Aβ.194 1H NMR and ESI-
MS showed that the complexes are able to bind to the peptide, likely via a His residue, and
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they are able to modulate the aggregation process by stabilizing insoluble fibrils at 24 h
time point.

Figure 1.16 Examples of Ru complexes that interact with the Aβ peptide, modulating
aggregation and limiting toxicity.

Most recently, Webb et al. reported the study of a series of NAMI-A- and PMru20-type
complexes (Figure 1.16) in order to establish a structure-activity relationship (SAR) for
these Ru(III) complexes.195 Different functional groups were installed at the 2’ position
on the thiazole ring, and the interaction of these complexes with Aβ was investigated. All
complexes were shown to bind to the peptide via a His residue and demonstrated peptide
aggregation inhibition, as confirmed by TEM and ThT fluorescence.
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1.5.2 Ru(II) Polypyridyl Complexes Targeting AD

As mentioned previously in this chapter, Ru(II) polypyridyl complexes have been ex-
tensively investigated due to their electrochemical and photophysical properties.138 This
class of Ru(II) complexes is stable under physiological conditions, and thus is being in-
vestigated for DNA and protein targeting.196 The hydrophobic nature of the bpy/phen
ligands facilitates the interaction of the complexes with proteins and peptides, such as Aβ.
For example, photoactivation of [Ru(bpy)3]2+ (Figure 1.11) in the presence of Aβ leads to
amino acid oxidation and destabilization of peptide secondary structure.197 After exposure
to light, [Ru(bpy)3]2+ demonstrated the ability to disassemble highly stable Aβ aggregates,
generating small Aβ fragments, suggesting that Ru(II) complexes can be used as anti-Aβ
agents.

Figure 1.17 Structures of Ru(II) polypyridyl complexes that target the Aβ peptide.

Ru(II) polypyridyl complexes can also be used as sensitive fluorescent probes for Aβ
aggregates. The interaction of [Ru(bpy)2(dppz)]2+ (Figure 1.11) with Aβ fibrils results in
an enhancement of luminescence, likely due to the limited ability of water to quench the ex-
cited state of the complex once bound to the peptide aggregates.198 A similar process occurs
with [Ru(bpy)2(dpqp)]2+, however, this complex can be used to monitor oligomer formation
(Figure 1.17).199,200 Another Ru(II) complex containing an extended polypyridyl ligand,
([Ru(bxbg)]2+ (Figure 1.17), inhibited acetylcholinesterase (AChE), showing inhibitory val-
ues similar to that of the FDA approved drug tacrine.201 This complex can also inhibit
Aβ aggregation completely, as demonstrated by ThT fluorescence and TEM. Another series
of Ru(II) complexes, [Ru(Apy)]2+ (Figure 1.17), were shown to protect against ROS and
had an inhibitory effect against AChE.202 Interestingly, the luminescence of [Ru(Apy)]2+

increases in the presence of Aβ aggregates, allowing for the visualization of these species
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within 3 hours of aggregation, making this a promising compound for the visualization of
Aβ aggregates in the early stages of fibrillization.

1.6 Thesis Overview

In this thesis three Ru(II) polypyridyl complexes (Figure 1.18) were studied for their
ability to interact with the Aβ peptide and modulate its aggregation process. The influence
of a covalent bond formed between the complexes and the peptide upon photoactivation
and comparison to unactivated complexes are described in Chapter 2. As expected, the
6,6’-methyl- substituents on the bpy ligands promoted ligand loss upon photoactivation,
providing exchangeable coordination sites for the complexes to interact covalently with the
peptide, while unactivated samples did not show any evidence of changes to Aβ aggregation
relative to peptide alone. All three complexes modulated the aggregation of monomeric Aβ
by stabilizing high molecular weight species, preventing peptide fibrillization, and promoting
the formation of insoluble amorphous aggregates after photoactivation. It was demonstrated
in this study that Ru1-3 were also able to interact with mature Aβ fibrils, leading to the
same structures obtained in the presence of monomeric Aβ. It is interesting to note thatRu1
and Ru2 were able to induce these changes in both monomeric and fibrillar Aβ immediately
after photoactivation, while Ru3 demonstrated a more moderate modulation of the peptide
after activation, taking more time to promote the same changes observed for Ru1-2. We
hypothesize that the differences are related to the extended phenanthroline ligand of Ru1-
2, in comparison to Ru3, that facilitates the interaction between complexes and peptide.
Finally, future research directions based on these studies will be discussed in Chapter 3.

Figure 1.18 The structure of Ru(II) polypyridyl complexes studied in Chapter 2.
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Chapter 2

Impact of photoactivation on the
interaction between Ru(II)
Polypyridyl Complexes and the
Amyloid-beta Peptide

J. C. Bataglioli performed the 1H NMR, gel electrophoresis/Western blotting, TEM
imaging, BCA assay, the binding constant experiments, and the synthesis of Ru(bpy)2CO3.
C. Maunoir assisted with experiments involving Ru3, Dr. J. R. Smith assisted with ESI-
MS and completed docking experiments, and Professor Sherri McFarland’s research team
synthesized Ru1-3.

2.1 Introduction

Globally, an increase in life expectancy has led to a higher number of dementia cases.203

Alzheimer’s disease (AD) is the most common cause of irreversible dementia, accounting for
60-80% of diagnosed dementia cases,204 resulting in a significant disruption of normal brain
structure and function. At a cellular level, AD is characterized by the progressive loss of
neurons, affecting memory and cognition, and eventually leading to mood fluctuation and
death.203,205,206 The two hallmarks of AD are the aggregation of tau protein leading to the
generation of neurofibrillary tangles (NFTs) in neurons, and the aggregation of the amyloid
beta (Aβ) peptide in the extracellular environment of the brain.207,208

The amyloid hypothesis stems from the cleavage of the membrane-bound amyloid precur-
sor protein (APP), which is cleaved by a series of secretases, affording the 38- to 43- amino
acid residue Aβ peptide.209 The Aβ peptide exists predominantly in Aβ1-40 form (~90%)
and Aβ1-42 (~9%), with the latter more prone to aggregation and presenting a higher toxic-
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ity.30,42,50,192,210,211 After APP cleavage, Aβ monomers are formed, which rapidly aggregate
in solution to form oligomers, leading to diffuse, compact plaques. The fibrils are the final
stage of the aggregation pathway of Aβ, although recent studies have suggested that soluble
oligomers are the most toxic form of the peptide, due to their ability to interact with cel-
lular membranes, initiating events that can lead to cell dysfunction and death.37,71,212 The
amyloid hypothesis also suggests that Aβ can induce hyperphosphorylation and aggrega-
tion of tau protein, leading to the formation of NFTs, causing neuronal damage.38,213–215 In
addition, oxidative stress has been linked with the amyloid hypothesis, through the binding
of His residues present in Aβ to metal ions such as iron, and copper, producing reactive
oxygen species (ROS).71,216–220

There are many strategies that have been investigated to inhibit Aβ aggregation, such as
the breakdown of pre-formed plaques. However, this approach could lead to the formation of
toxic Aβ oligomers. Thus, the development of a strategy that can regulate the aggregation
pattern of Aβ is of current interest. Transition metal complexes incorporating Pt,159,163

V,221 Mn,222 Re,223–226 Fe,183,227 Co,71,74,170 Rh,167 and Ir168,169 metal ions have been
shown to interact with different forms of Aβ and modify the aggregation pattern and toxicity
of the peptide, emerging as therapeutic candidates against AD.164,228,229

Ru(II) polypyridyl complexes are an interesting class of transition metal complexes
that have been the focus of many different research groups due to their electrochemical,
photophysical, and biological properties.138,139 These complexes find wide application in
several research areas, such as conversion of solar energy,230,231 fabrication of molecular
devices,232 DNA intercalation,233–235 and protein binding.236–238 Stable Ru(II) 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 (1O2).140 A number of Ru(II) polypyridyl complexes have been investigated for
their ability to interact with the Aβ peptide.197,198,200–202 For example, the photoactivation
of [Ru(bpy)3]2+ (Figure 2.1) leads to the formation of 1O2 (quantum yield = 0.22)239,240,
and in the presence of the Aβ peptide, the complex is able to disassemble Aβ aggregates,
generating smaller oxidized fragments.197 Another example of a Ru(II) polypyridyl complex
that can interact with Aβ is [Ru(bpy)2(dppz)]2+ (Figure 2.1). This complex interacts with
a hydrophobic cleft on the surface of the peptide, and provides evidence of the importance
of molecules with extended aromatic ligands for the interaction between Aβ and metal
complex.198 Here we investigate the interaction of photoactivated Ru1, Ru2, and Ru3
(Figure 2.1) with Aβ to determine if the complexes are able to bind covalently to the peptide
upon photoactivation, leading to modulation of the aggregation pattern of the peptide.Ru1-
2 have been previously reported to dissociate one 6,6’-dimethyl-2,2’-dipyridyl (6,6’-dmb)
ligand upon photoactivation,143,241 while the photochemical ligand dissociation process for
Ru3 has not yet been reported. Ru1-2 present limited overall toxicity in the dark (EC50
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= 37 µM in HL 60 cells for Ru1 and 101 µM in SKMEL 28 cells for Ru2),143,241 and these
two complexes incorporate planar aromatic ligands that we hypothesized would exhibit
hydrophobic interactions with the Aβ peptide, thereby enhancing the metal complex-Aβ
interaction.228,242

Figure 2.1 Structures of example Ru(II) polypyridyl complexes investigated for their
ability to interact with the Aβ peptide and modulate aggregation (top), and
the structure of the complexes investigated in this study (bottom).

2.2 Results and Discussion

2.2.1 Photoejection

The stability of unactivated Ru1-3 in solution was investigated by 1H Nuclear Magnetic
Resonance (NMR) and Electrospray ionization – mass spectrometry (ESI-MS). As expected,
Ru1 and Ru2 were stable in solution over 24 h, and did not exhibit ligand dissociation
when not exposed to light (Figure 2.2 and 2.3 A, B). Surprisingly, a different result was
obtained for Ru3, where a small quantity (~6% based on 1H NMR integration) of free
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6,6’-dmb ligand was observed for the unactivated sample at 24 h (Figure 2.2 and Figure 2.3
C), indicating that Ru3 is not as stable as Ru1 and Ru2 in buffer solution.

Figure 2.2 1H NMR spectra showing the absence of 6,6’-dmb free ligand after 24 h of in-
cubation of unactivated Ru1 (red) and Ru2 (green) (200 µM) and an indica-
tion of free 6,6’-dmb ligand for unactivatedRu3 (blue) (200 µM) in phosphate
buffered solution (PBS) (0.01 M, pH 7.4). * 6,6’-dmb ligand.

Figure 2.3 ESI-MS of unactivated Ru1 (A), Ru2 (B), and Ru3 (C) in NH4CO3 buffer
(20 mM, pH 9.0) showing the stability of Ru1-2 when kept in the dark and
ligand exchange for Ru3. Zoomed in regions show the isotope pattern for
Ru complexes, red shows the theoretical isotope pattern expected for the
complexes.
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The Ru(II) complexes (Ru1-3) undergo photochemical ligand dissociation upon expo-
sure to visible light.143,241 The activation time for Ru1-3 was determined by monitoring
the changes in the UV-Vis absorbance spectrum as described in the literature.143,149,243

The data analysis showed that the photochemical reaction for Ru1, Ru2, and Ru3 was
complete at 10 min., 12 min., and 25 min, respectively (Figure 2.4), after initial exposure
to a cold white light (5500 – 6000 K), which affords maximum intensity in the energy range
450 – 560 nm.244

Figure 2.4 Photochemical ligand dissociation of Ru1 (A), Ru2 (B), and Ru3 (C) (10
µM) in PBS buffer (0.01 M, pH 7.4) monitored by UV-Vis absorption spec-
troscopy. Data were collected first for unactivated samples (black spectra).
Photoactivation was followed at 1 minute intervals up to 15 min., and then
every 5 min. (grey spectra) until completion of experiment at 60 min. (red
spectra). Insets show the change in absorption at 486 nm (Ru1), 483 nm
(Ru2), and 477 nm (Ru3), with complete release of the ligand in 10 min., 12
min., and 25 min. for Ru1, Ru2, and Ru3 respectively.
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The photoejection was shown to be selective for the dissociation of the 6,6’-dmb ligand
for Ru1-3, as demonstrated by 1H NMR (Figure 2.5). The same was observed via ESI-MS
(Figure 2.6), with mass peaks associated with different ligands (H2O, DMSO, Cl–), (where
DMSO = dimethyl sulfoxide) occupying the vacant coordination sites. The greater degree
of distortion induced by the 2,2’-bipyridine (bpy) ligands containing methyl substituents
pointing towards the metal centre is an important factor for photoejection.143,245 1H NMR
results for the photoactivated samples exhibit a decrease in Ru(II) complex signals, and we
hypothesize that this occurs due to the different products formed upon photoactivation,
and in addition, precipitation. We observed the precipitation of photoactivated Ru1-3 in
the NMR tubes over time, which indicates the decreased solubility of photoactivated prod-
ucts, leading to a decrease in 1H NMR signals. The PBS buffer concentration used in the
assays has a chloride concentration that is meant to mimic those found in the cerebrospinal
fluid (CSF) and serum, and the neutral dichloro complex that can be formed upon the
6,6’-dmb dissociation exhibits low water solubility compared to other Ru(II) polypyridyl
complexes.246,247 At lower concentrations (50-60 µM), no precipitate was observed, even
after 24 h of incubation, however, at these lower concentrations the 1H NMR signals were
not discernible from the baseline noise.

Figure 2.5 1H NMR spectra showing the presence of free 6,6’-dmb ligand immediately
after activation of Ru1 (red), Ru2 (green), and Ru3 (blue) (200 µM) in PBS
buffer (0.01 M, pH 7.4). * 6,6’-dmb ligand.

Photoactivation of Ru1-3 leads to ligand dissociation, however, Ru3 exhibited an ac-
tivation time ca. two times longer than that of Ru1 and Ru2 and we hypothesize that the
difference in the kinetics of the ligand dissociation could be related to the enhanced ability
of Ru3 to decay via generation of 1O2 as opposed to ligand dissociation. The quantum yield
for 1O2 is 0.03 for Ru1143 and 0.01 for Ru2,241 which are low compared to the quantum
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yield of [Ru(bpy)3]2+ (0.22),239,240 a complex that upon photoactivation leads to the forma-
tion of 1O2 as a main relaxation pathway. The low values for quantum yield for 1O2 indicate
that the release of the 6,6’-dmb ligand is a major relaxation pathway upon light exposure
for Ru1-2. The 1O2 yield for Ru3 still needs to be measured. Interestingly, the McFarland
group observed no correlation between the size of the extended aromatic ligand and the
time for ligand photoejection of similar Ru(II) polypyridyl complexes, which reinforces the
hypothesis that the aryl group does not play a role in the photolysis, indicating that a
competition among the decay pathways (Figure 1.10 B) is likely the main reason for the
different ligand photoejection times.241,248 The results for the photoactivated samples show
the availability of exchangeable coordination sites on Ru1-3 for interaction with the Aβ
peptide upon photoejection of the 6,6-dmb ligand. The nature of the interaction between
Aβ and Ru1-3 will be further discussed in the following sections.

Figure 2.6 ESI-MS of activated Ru1 (A), Ru2 (B), and Ru3 (C) in NH4CO3 buffer
(20 mM, pH 9.0) showing the release of the 6,6’-dmb ligand and new ligands
occupying the vacant sites of the complexes. Zoomed in regions show the
isotope pattern for Ru complexes, red shows the theoretical isotope pattern
expected for the complexes.
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2.2.2 Binding of Aβ to Ru1-3

We evaluated the nature of the interactions between Ru1-3 and the Aβ peptide by 1H
NMR and ESI-MS. The N-terminal region of the Aβ peptide is hydrophilic (1-16 fragment)
and includes most of the amino acids associated with metal binding, while the C-terminus
is hydrophobic (17-42 fragment) and responsible for peptide aggregation. To investigate the
interaction of Ru1-3 with the Aβ peptide, the non-aggregating Aβ1-16 fragment, containing
the three His residues (in positions 6, 13 and 14) involved in metal binding, was employed.
The His13/14 residues are located near the hydrophobic core of the peptide (17-21) respon-
sible for the aggregation of Aβ, and thus binding of a metal complex in this region could
cause an alteration in the aggregation pattern of the full-length peptide.70

As expected, the unactivated samples of Aβ and Ru1 exhibited all NMR features for
Ru1 and Aβ, with no change in the peptide signals when Ru1 was present in solution
(Figure 2.7 A). Upon addition of 1.0 eq. of Ru1 to Aβ1-16 and photoactivation for 10
min., we observed the presence of free 6,6’-dmb signals in the 1H NMR, indicating the
release of this ligand, a shift for some peptide residues, and the loss of signals of the Ru(II)
complex (Figure 2.7 B) likely due to multiple species bound to the peptide that are formed
upon photoactivation, and precipitation of the activated complexes. Interestingly, while the
majority of the peptide residues do not shift upon photoactivation, the His residues shift
upfield immediately after light exposure. The His resonances at 7.78 ppm, 6.94 ppm, and
6.89 ppm shift to 7.71 ppm, 6.93 ppm, and 6.85 ppm respectively (Figure 2.7 B). The His
signal at 7.78 ppm shifts upfield and was determined to be at the same shift value as a
peptide signal at 7.71 ppm, based on the increase in integration. Exposure of Aβ1-16 alone
to the photolysis conditions did not shift any 1H NMR signals in comparison to Aβ1-16 in
the absence of photolysis.

For samples containing 1.0 eq. of Ru2 and Aβ1-16 we observed similar results as described
forRu1-Aβ1-16. The unactivated samples did not exhibit any changes in peptide signals even
after 24 h of incubation (Figure 2.8 A), while photoactivated samples exhibited His shifts
immediately after photoactivation (Figure 2.8 B). However, the upfield shift for the His
residues of Ru2-Aβ1-16 are not as large as those observed for Ru1-Aβ1-16. We observed
shifts from 7.86 ppm, 7.01 ppm, and 6.96 ppm to 7.83 ppm, 7.00 ppm, and 6.93 ppm,
respectively (Figure 2.8 B). Overall, the activated Ru1-2 samples exhibited an upfield shift
for the His residues of the Aβ1-16 peptide, similar to what was observed by our group in a
previous study involving Ru(III) complexes,194 and by Guo et al.249 and Hureau et al.161

for Pt (II) complexes, indicating that these residues are involved in the interaction of Ru1-2
with Aβ.
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Figure 2.7 (A) 1H NMR spectra of Aβ1-16 (200 µM) in the presence of 1.0 eq. unactivated
Ru1 showing no changes of peptide residue signals after 24 h of incubation.
(B) 1H NMR spectra of photoactivated Ru1-Aβ1-16 (200 µM) showing His
shifts immediately after photoactivation (10 min.). Samples were prepared in
PBS buffer (0.01 M, pH 7.4) at 37 ℃. * His6, His13 and His14. † Tyr10.
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Figure 2.8 (A) 1H NMR spectra of Aβ1-16 (200 µM) in the presence of 1.0 eq. unactivated
Ru2 showing no changes of peptide residues after 24 h of incubation. (B)
1H NMR spectra of photoactivated Ru2-Aβ1-16 (200 µM) showing His shifts
immediately after photoactivation time (12 min.). Samples were prepared in
PBS buffer (0.01 M, pH 7.4) at 37 ℃. * His6, His13 and His14. † Tyr10.

Unactivated samples containing 1.0 eq. of Ru3 and Aβ1-16 did not exhibit any changes
in peptide residue shifts (Figure 2.9 A). Interestingly, photoactivated Ru3-Aβ1-16 samples
exhibited free 6,6’-dmb ligand, however, no shifts of any peptide residues were observed
(Figure 2.9 B), even after 24 h of incubation (Appendix A, Figure A.1). Overall, these
results suggest that the release of the 6,6’-dmb ligand by photoactivation is necessary for
binding of the Ru(II) complexes to Aβ to occur, however, differences in binding are observed
for the three complexes.

33



The signals for the His residues were shifted upfield in the presence of Ru1 and Ru2,
suggesting the involvement of these residues in metal binding (Figures 2.7 B and 2.8
B).161,194,249,250 For other residues, no shifts were observed even after 24 h of incubation
(Appendix A, Figure A.1). Interestingly, despite the loss of the 6,6’-dmb ligand for Ru3, no
shifts were observed (Figure 2.9 B), even after 24 h of incubation (Appendix A, Figure A.1)
or upon addition of 2.0 eq. of Ru3 to the peptide solution (Appendix A, Figure A.2). These
results suggest that while His binding to Aβ is occurring for complexes Ru1 and Ru2, Ru3
does not interact with the peptide in the same manner.

Figure 2.9 (A) 1H NMR spectra of Aβ1-16 (200 µM) in the presence of 1.0 eq. unactivated
Ru3 showing no changes of peptide residues after 24 h of incubation. (B)
1H NMR spectra of photoactivated Ru3-Aβ1-16 (200 µM) showing His shifts
immediately after photoactivation time (25 min.). Samples were prepared in
PBS buffer (0.01 M, pH 7.4) at 37 ℃. * His6, His13 and His14. † Tyr10.
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To further investigate the interaction between the complexes and Aβ, ESI-MS was per-
formed on solutions of Aβ1-16 incubated with either Ru1, Ru2, or Ru3 with and without
photoactivation. The mass spectrum of Ru1 and Aβ1-16 in the absence of photoactivation
shows peaks for the intact Ru complex ([Ru1]+ and [Ru1]2+), and for the Aβ peptide
([Aβ1-16]2+ and [Aβ1-16]3+), and no evidence of adduct formation (Figure 2.10 A). However,
upon photoactivation, the ESI-MS data indicates the formation of the adducts [Ru1-DMSO-
Aβ1-16)]4+ (m/z = 653.6) and [Ru1-Aβ1-16]3+ (m/z = 849.3) for Ru1 (Figure 2.10 B). The
isotopic distribution confirms the presence of Ru in the adduct peaks (Figure 2.10 B). The
DMSO in the 653.6 m/z adduct is likely derived from the DMSO used to solubilize the
Ru(II) complexes (2.5% in the final solution), and the masses of the adducts are consistent
with loss of the 6-6’-dmb ligand and coordination to the peptide.

Figure 2.10 (A) ESI-MS of unactivated Ru1 + Aβ1-16 showing no evidence of adduct
formation. (B) ESI-MS of photoactivated Ru1 + Aβ1-16 showing evidence of
adduct formation. Zoomed regions exhibit the isotopic pattern of the adducts
detected, and in red the theoretical isotopic pattern for the corresponding
adduct. Samples were prepared in NH4CO3 buffer (20 mM, pH 9.0) and data
was collected after 10 min. of activativation.

The data for Ru2 in the absence of photoactivation is similar to that for Ru1, with
peaks for [Ru2]+ and [Ru2]2+, and [Aβ1-16]2+ (Figure 2.11 A). Photoactivation shows
adduct peaks [Ru2-Aβ1-16]3+ (m/z = 845.1), [Ru2-H2O-Aβ1-16]3+ (m/z = 851.1), [Ru2-
CO3-Aβ1-16]3+ (m/z = 858.6), and [Ru2-DMSO-Aβ1-16]3+ (m/z = 871.1) for Ru2, with
isotopic distributions confirming the presence of Ru (Figure 2.11 B). Interestingly, Ru3
exhibits peaks consistent with 6-6’-dmb ligand loss and Aβ peptide binding ([Ru3-Aβ1-16]2+

(m/z = 1197.7), even in the absence of photoactivation (Figure 2.12 A). This result is
consistent with ca. 6% 6-6’-dmb ligand loss in the 1H NMR experiment (Figure 2.2). Upon
photoactivation of Ru3 in the presence of Aβ1-16, adduct peaks [Ru3-Aβ1-16]3+ (m/z =
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798.5), [Ru3-Cl-Aβ1-16]3+ (m/z = 812.4), and [Ru3-Aβ1-16]2+ (m/z = 1197.7) are observed
(Figure 2.12 B).

Figure 2.11 (A) ESI-MS of unactivated Ru2 + Aβ1-16 showing no evidence of adduct
formation. (B) ESI-MS of photoactivated Ru2 + Aβ1-16 showing evidence of
adduct formation. Zoomed regions exhibit the isotopic pattern of the adducts
detected, and in red the theoretical isotopic pattern for the corresponding
adduct. Samples were prepared in NH4CO3 buffer (20 mM, pH 9.0) and data
was collected after 12 min. of activation.

Overall, the ESI-MS results show a lack of interaction between either Ru1 or Ru2
and the Aβ1-16 peptide in the absence of photoactivation, however the ca. 6% 6-6’-dmb
ligand loss for Ru3 leads to the presence of peptide adduct peaks even in the dark. Upon
photoactivation, all three Ru complexes exhibit adduct peaks in the ESI-MS consistent
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with 6-6’-dmb ligand loss and peptide binding. MS/MS fragmentation experiments were
not successful in indicating the residue(s) responsible for peptide binding.

Figure 2.12 (A) ESI-MS of unactivatedRu3 + Aβ1-16 showing evidence of adduct forma-
tion. (B) ESI-MS of photoactivated Ru3 + Aβ1-16 also showing evidence of
adduct formation.Zoomed regions exhibit the isotopic pattern of the adducts
detected, and in red the theoretical isotopic pattern for the corresponding
adduct. Samples were prepared in NH4CO3 buffer (20 mM, pH 9.0) and data
was collected after 25 min. of activativation.

It is interesting to note that while Ru3 exhibits adduct formation in the ESI-MS spec-
trum, no significant His residue shifts (or any other peptide residue) were observed in the 1H
NMR experiment. Based on the 1H NMR and ESI-MS experiments we speculate that while
a significant amount of adduct forms in the photoactivation experiment for Ru1 and Ru2,
comparatively less adduct forms for Ru3. We suggest a potential pre-organizing effect of
the extended planar aromatic ligands for Ru1 and Ru2, which facilitates covalent binding
upon photoactivation. The enhanced interaction of the Aβ peptide with Ru(II) polypyridyl
complexes incorporating extended planar aromatic ligands has been reported,198,200 and in
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addition, planar aromatic ligands enhance covalent adduct formation for Pt(II) complexes
with both the Aβ peptide159,165,251,252 and DNA.253 We also performed ESI-MS experi-
ments with the longer length aggregation-prone Aβ1-40 peptide. The ESI-MS studies with
the Aβ1-40 peptide afforded similar results to those described with Aβ1-16 above, showing
that covalent adduct formation upon photoactivation occurs for the longer length peptide
(Appendix A, Figure A.3).

2.2.3 Influence of Ru1-3 on the aggregation of Aβ

Metal complexes have been shown to modulate the aggregation pattern of the Aβ peptide
through covalent and non-covalent interactions.183,192,194 We were interested to investigate
the impact of photoactivation of Ru1-3 on Aβ aggregation, as previous reports have shown
that Ru(II) polypyridyl complexes can influence Aβ aggregation via non-covalent interac-
tions,198,200 and 1O2 generation upon photoactivation.197 To investigate if the intact Ru1-3
complexes and their photoactivated forms alter the size distribution and morphology of Aβ
species, gel electrophoresis/Western blotting, TEM, and a Bicinchoninic acid assay (BCA
assay) were employed. Due to the higher propensity for aggregation and toxicity, the Aβ1-42
peptide was used in these studies.206,254

Figure 2.13 Gel electrophoresis/Western blot of Aβ1-42 (25 µM) and different concentra-
tions of unactivated Ru1 (A), Ru2 (B), and Ru3 (C) in PBS buffer (0.01
M, pH 7.4) after 24 h of incubation at 37 ℃. Lane 1: Aβ1-42; lane 2: Aβ1-42
+ 1.0 eq. Ru(II) complex; lane 3: Aβ1-42 + 2.0 eq. Ru(II) complex.

We initially investigated incubation of the Aβ1-42 peptide (25 µM) with and without
different concentrations (1.0 eq. and 2.0 eq.) of unactivated Ru1-3. Gel electrophoresis/
Western blotting after 24 h incubation showed that the intact complexes do not alter the
aggregation pattern relative to peptide alone (Figure 2.13). Even though a number of Ru(II)
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polypyridyl complexes have been reported to interact in a non-covalent manner with the
Aβ peptide,198,200 and in some cases alter the aggregation process,201 unactivated Ru1-3
did not exhibit an effect on the Aβ1-42 peptide aggregation profile based on the gel elec-
trophoresis experiment. We next investigated the incubation of the Aβ1-42 peptide (25 µM)
with and without different concentrations of photoactivated Ru1-3 (0.1 to 2.0 eq.) over 24
h. At 1.0 eq. of Ru1 and Ru2, peptide aggregation is significantly affected, resulting in the
formation of higher molecular weight (MW) aggregates (Figure 2.14 A, B), while Ru3 only
shows a similar effect at 2.0 eq. (Figure 2.14 C).

Figure 2.14 Gel Electrophoresis/Western blot of 25 µM Aβ1-42 and different concentra-
tions of Ru1 (A), Ru2 (B), and Ru3 (C) in PBS buffer (0.01 M, pH 7.4) at
24 h incubation with agitation at 37 ℃, using anti-Aβ antibody 6E10. Lane
1: Aβ1-42; lane 2: Aβ1-42 + 0.10 eq. Ru complex; lane 3 Aβ1-42 + 0.25 eq. Ru
complex; lane 4: Aβ1-42 + 0.50 eq. Ru complex; lane 5: Aβ1-42 + 1.0 eq. Ru
complex; lane 6: Aβ1-42 + 1.5 eq. Ru complex; lane 7: Aβ1-42 + 2.0 eq. Ru
complex.

39



We were interested to explore the differences between Ru1-3 in terms of peptide ag-
gregation, and based on the initial results that showed a significant change in aggregation
pattern at 24 h in the presence of 1.0 eq. of Ru1 and Ru2, in comparison to the limited
change observed for Ru3 under the same conditions (Figure 2.14), we further investigated
the aggregation of Aβ1-42 in the presence of 1.0 eq. of Ru1-3 over time. Figure 2.15 shows
the aggregation results after photoactivation at 0 h, and after 24 h of incubation. At 0 h,
peptide in the absence of activated Ru complex is primarily present in solution in monomeric
and dimeric forms (low MW species), and after 24 h of incubation, higher MW species are
predominant as previously reported.183,255–257 Photoactivation of Ru1 and Ru2 induced
the formation of large MW aggregates immediately after photoactivation (t = 0 h) (Fig-
ure 2.15 A, B), however, Ru3 did not exhibit induction of high MW species on the gel
at the initial timepoint (Figure 2.15 C). The immediate formation of high MW aggregates
for photoactivated Ru1-2, as opposed to Ru3, suggests that the greater degree of covalent
binding observed by 1H NMR results in increased peptide aggregation. Interestingly, this
immediate change from monomer/dimer to high MW aggregates for Ru1-2 limits the for-
mation of oligomers in the ca. 15-30 kDa range, which are reported to exhibit significant
toxicity.258–263

Figure 2.15 Influence of photoactivated Ru1 (A), Ru2 (B), and Ru3 (C) on the aggre-
gation profile of Aβ1-42. Gel electrophoresis/Western blot of 25 µM Aβ1-42
and 1.0 eq. of Ru1-3 in PBS buffer (0.01 M, pH 7.4) at incubation time
points 0 h and 24 h, with agitation at 37 ℃, using anti-Aβ antibody 6E10.
Lane 1: Aβ1-42; lane 2: Aβ1-42 + 1.0 eq. Ru(II) complex.
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After 24 h of incubation, photoactivated Ru1-2 afforded only high MW species (MW
higher than 250 kDa) as observed on the gel (Figure 2.15 A, B). However, the aggregation
pattern for Ru3 at 24 h appears qualitatively similar to peptide alone (Figure 2.15 C),
again showing a significant difference in comparison to the results for Ru1-2. Overall, these
results indicate that photoactivation, and covalent binding of Ru1-2 to the Aβ1-42 peptide,
are necessary to observe substantial changes in the aggregation pattern, thus highlighting
the role of the extended planar aromatic ligands of Ru1-2 in modulating Aβ1-42 peptide
aggregation. To confirm that the integrity of the peptide was not compromised by the
presence of the photoactivated Ru complexes (via oxidation and/or cleavage), a dot blot
experiment was performed on the bulk sample (Figure 2.16). The peptide is recognized by
the specific antibody 6E10 at the 24 h timepoint in all cases, showing that the high MW
species formed in the presence of activated Ru1-2 samples do not penetrate the gel.

Figure 2.16 Dot blot of 25 µM Aβ1-42 alone, and 25 µM Aβ1-42 in the presence of 1.0 eq.
of photoactivated Ru1-3 at 0 h and 24 h of incubation showing that even
after interaction with Ru complexes, the peptide is recognized by the 6E10
antibody.

While gel electrophoresis combined with Western blotting revealed the presence of higher
MW Aβ1-42 species and their size distribution, TEM analysis allowed us to characterize
larger, insoluble Aβ1-42 aggregates that cannot be analyzed by gel electrophoresis. Thus,
the combination of these two methods provides a more complete picture of the Aβ1-42
aggregation pathway under different conditions. As expected, the TEM images did not show
large insoluble aggregates for the Aβ1-42 sample at 0 h (Figure 2.17), however, immediately
after light activation, samples containing Ru1 and Ru2 showed large insoluble amorphous
aggregates, while the sample containing Ru3 showed the presence of smaller amorphous
aggregates (Figure 2.17). Incubation of Aβ1-42 alone at 37 ℃ for 24 h led to the formation
of both insoluble amorphous aggregates and fibrillar species (Figure 2.17), which agrees
with previous reports.170,264 Incubation of Aβ1-42 for 24 h in the presence of activated
Ru1-3 affords similar sized amorphous aggregates (Figure 2.17), indicating that the Ru(II)
complexes inhibit peptide fibrillization at 24 h.
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Figure 2.17 TEM images to monitor the influence of 1.0 eq. of Ru1-3 on the morphology
of Aβ1-42 (25 µM) at 0 h (photoactivated samples) and 24 h (for unactivated
and photoactivated samples) (scale bar = 200 nm).

Our results suggest that upon photoactivation, Ru1 and Ru2 immediately promote
changes in peptide aggregation via the formation of soluble high MW species and large
insoluble amorphous aggregates. In contrast to photoactivated Ru1-2, photoactivated Ru3
does not promote the formation of large insoluble amorphous aggregates immediately, how-
ever, similar sized aggregates are observed by TEM after 24 h (Figure 2.17). Aβ1-42 in the
presence of unactivated Ru1-3 showed similar aggregation morphology by TEM as Aβ1-42
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alone (Figure 2.17). The TEM images are consistent with the gel electrophoresis results,
suggesting that photoactivation is essential for modulation of peptide aggregation.

To further analyze the change in peptide aggregation in the presence of the Ru(II) com-
plexes, a BCA assay was used to determine the total concentration of protein in solution.265

Before measurement, the samples were centrifuged to remove insoluble aggregates using an
established protocol.266,267 As expected, the results show a ca. 50% reduction in soluble
peptide after 24 h for peptide alone, which is similar to the change in peptide concentration
in the presence of unactivated Ru1-3 after 24 h (Figure 2.18). It is interesting to note that
even the peptide samples in the presence of the unactivated Ru1-3 complexes exhibited a
small but statistically-relevant reduction in peptide solubility, however, as we demonstrated
previously, this interaction is not strong enough to change the overall size distribution or
the morphology of Aβ.

Figure 2.18 BCA assay of 60 µM Aβ1-42 in the presence of 1.0 eq. of Ru1-3 in PBS
buffer (0.01 M, pH 7.4) at 0 h and 24 h with and without photoactivation.
Samples were centrifuged at 14,000 g for 5 min. prior to absorbance mea-
surement. Statistically significant difference between: *Aβ1-42 0 h and all
three complexes at 0 h in the dark (Ru1, p = 0.02; Ru2, p < 0.0001; Ru3,
p = 0.0002); ** photoactivated Ru1-2 0 h compared to photoactivated Ru3
0 h (Ru3, p = 0.0003) (no statistical difference between photoactivatedRu1
and Ru2 at 0 h); and *** Aβ1-42 (24 h) and photoactivated Ru1-3 (24 h)
(p < 0.0001). Calculated using 2-way ANOVA.

Immediately after photoactivation, the concentration of soluble peptide is less than
peptide alone for samples containing all three complexes, however, Ru1 and Ru2 display a
slightly larger reduction in Aβ solubility in comparison to Ru3, which is consistent with the
results obtained for gel electrophoresis and TEM studies (see above). Strikingly, in the pres-
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ence of all three activated Ru(II) complexes, the peptide is almost completely precipitated
at 24 h (Figure 2.18), which is consistent with the large insoluble amorphous aggregates
observed in the TEM studies for Ru1-3 (Figure 2.17), and gel electrophoresis of Ru1-2,
where we observe that the species formed after 24 h of incubation are not able to penetrate
the gel (Figure 2.15). Interestingly, the BCA results show that after 24 h, photoactivated
Ru3 also significantly decreases the solubility of the peptide, even though gel electrophore-
sis still displays soluble high MW species. The morphology of the aggregates formed for
Ru1-3 were similar as indicated by TEM, however we hypothesize that Ru3 leads to the
formation of less stable insoluble amorphous aggregates when compared to Ru1-2. It is
known that sodium dodecyl sulfate (SDS) can promote the dissociation of protein aggre-
gates,268,269 and we hypothesize that the electrophoresis running buffer (containing 0.1%
SDS) could promote the disassembly of the less stable amorphous aggregates of Ru3.

The BCA results show that unactivated Ru1-3 induce only a small decrease in the
solubility of Aβ1-42, which is consistent with the lack of changes in peptide morphology or
overall size distribution by TEM and gel electrophoresis. Immediately after photoactiva-
tion, Ru1-2 lead to a significant change in the aggregation pattern of Aβ1-42, as shown by
the TEM and gel electrophoresis data. These results highlight the importance of photoac-
tivation for modulation of the peptide aggregation pathway. It interesting to note that for
Ru3, upon photoactivation, there was very little change in the aggregation pattern at 0 h
compared to Ru1-2, however, at 24 h the change in aggregation for Ru3 was similar to
that observed for the other two complexes, resulting in large amorphous aggregates and
significant precipitation of the peptide from solution.

2.2.4 Binding Constants and Docking Studies

Based on previous work showing the interaction of octahedral Ru(II) polypyridyl com-
plexes with amyloid fibrils,270–272 we investigated the binding of unactivated Ru1-3 with
Aβ1-42 fibrils. Aβ1-42 contains a Tyr10 residue, an intrinsic fluorophore that allows the deter-
mination of the slightest changes in the fluorophore surroundings due to the interaction of
its phenol ring and micro-environment.251,273–275 In addition, the use of Tyr10 fluorescence
to measure small molecule binding interactions removes the potential for interference when
using extrinsic probes that may compete for fibril binding sites.276,277 To form Aβ1-42 fibrils,
the monomeric peptide was incubated, and TEM was used to monitor aggregate morphol-
ogy over time (Figure 2.19). By 96 h, only fibrils were evident by TEM analysis, and thus
samples at 96 h incubation were used for binding studies with unactivated Ru1-3.
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Figure 2.19 Change in morphology of Aβ1-42 over time leading to the formation of mature
fibrils after 96 h of incubation (scale bar = 200nm).

Binding of the Ru complexes was measured using tyrosine fluorescence, in comparison
to ThT as a positive control (Figure 2.20 and Appendix A, Figure A.4 for titration data),
a common fluorescent dye used to detect fibrillar Aβ structures.278,279 The binding con-
stant (Kd) of ThT to the synthesized Aβ1-42 fibrils under our conditions was determined to
be 9.5 ± 1.1 µM, which is in agreement to published values ranging from 5 µM280 to 11
µM.281 Using the same protocol, the binding constants for Ru1 (1.8 ± 1.1 µM), Ru2 (6.1
± 0.5 µM), and Ru3 (640 ± 22 µM) were obtained for unactivated complexes (Figure 2.20
and Appendix A, Figure A.4 for spectra). The values for Ru1 and Ru2 compare well to
the Kd of [Ru(bpy)2(dppz)]2+ (~2.1 µM)198 (Figure 1.12), while Ru3 displays consider-
ably weaker binding to Aβ1-42 fibrils. This data provides further support that the extended
planar aromatic ligands 2-(thiophen-2-yl)-1H-imidazo[4,5-f][1,10]phenanthroline) for Ru1,
and 2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline) for Ru2 are required for enhanced in-
teraction with Aβ1-42 fibrils, likely via hydrophobic interactions. While the fibril structure is
obviously different in comparison to monomeric peptide in solution, the increased potential
for hydrophobic interactions between Ru1-2 and the Aβ1-42 peptide may also pre-organize
the complexes so that covalent binding occurs more readily upon photoactivation (see NMR
section).
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Figure 2.20 Binding constants of Ru1 (A), Ru2 (B) and Ru3 (C), and ThT (D) with
Aβ1-42 fibrils (10 µM in PBS 0.01 M, pH 7.4) measured from the change in
Tyrosine fluorescence (λex/λem = 275/310 nm).

We subsequently used molecular docking to visualize potential interactions between
Ru1-3 and Aβ1-42 fibrils. There are a number of reported experimental structures of Aβ
fibrils,45,282,283 and we have chosen to perform docking using the protein data bank (PDB)
2MXU structure.283 This structure contains 12 β-strand filaments, which is significantly
more than many other structures found in the PDB at the time of investigation and pro-
vides sufficient surface area for modelling the interactions with our Ru complexes. Further,
it contains a well-defined hydrophobic cleft for positioning of the ligand during docking, as
docking results are most reliable when they are not mediated by significant bulk solvent
interactions that can add further confounding degrees of freedom to the docking simula-
tion.284–286 As such, these docking results will best describe the binding of these ligands to
single-symmetry Aβ1-42 fibrils.
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Figure 2.21 View down the hydrophobic cleft present in PDB 2MXU. Atoms are shown
as space filling models (Grey: carbon, red: oxygen, blue: nitrogen, yellow:
sulfur. Hydrogens are omitted) inside of a water-accessible Van der Waals
surface shaded to show lipophilic (green) and hydrophilic (pink) regions.

The 2MXU structure contains a hydrophobic cleft composed of Val12, His14, Leu17,
Ile32, Gly33, and Leu34, with Gly and His polar surface areas providing the only potential
for electrostatic interactions (Figure 2.21). Also present is a twist in the His14/Val12 side of
the cleft, meaning that the width of the channel decreases as it travels further away from
the viewer’s perspective. We would expect the hydrophobicity of this cleft to be a large
driving factor for binding these compounds prior to photoactivation.

The docking results showed that the highest scored binding poses are placed further
towards the narrower end of the channel, likely driven by a desire to exclude as much of
the bulk solvent from the pose as possible (Figure 2.22). Further, the larger Ru1 and Ru2
complexes bear a striking resemblance to a ship’s anchor, with pyridinyl rings wedging
between the grooves created by the Val sidechains, while the His ring and Gly backbone
atoms provide electrostatic interactions with aromatic rings of the ligands. The docking
results provide further insight into the importance of the extended hydrophobic ligands of
unactivated Ru1-2 over Ru3 in the interaction with the peptide, which can facilitate the
formation of the covalent bond once the complexes are photoactivated.
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Figure 2.22 Docking results for Ru1 (A), Ru2 (B), and Ru3 (C) showing the highest
scored pose, indicating the interaction of side chains and ligands. For all
three complexes, the Λ isomers were used.
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2.2.5 Influence of Ru1-3 on the morphology of pre-formed Aβ1-42 Fibrils

In order to investigate if the Ru(II) complexes could change the morphology of insoluble
Aβ1-42 fibrils, we incubated the unactivated and activated complexes with pre-formed fibrils
and monitored for a change in morphology via TEM. Our binding studies show that the
intact Ru1-2 complexes have a much stronger affinity for Aβ1-42 fibrils in comparison to
Ru3 (see above), and thus we hypothesized that photoactivation of the Ru1-2 complexes
(and possibly even Ru3) may lead to alteration of aggregate morphology.

As expected, incubation of Aβ1-42 for 96 h exclusively produced mature fibrillar struc-
tures (Figure 2.23). Remarkably, we observed that after the addition of the Ru(II) complexes
and photoactivation, an immediate morphology change from fibrillar to amorphous species
is observed for Ru1 and Ru2, yet a more gradual change is observed for Ru3 (Figure 2.23).
No further changes were observed over an additional 24 h incubation for Ru1-2, while for
Ru3 the mixture of amorphous and fibrillar aggregates observed by TEM immediately after
photoactivation changes to amorphous at 24 h (Figure 2.23). Photoactivation is necessary
for morphology changes, as there was no difference between pre-incubated Aβ1-42 alone and
Aβ1-42 incubated for additional 24 h in the presence of unactivated Ru1-3 (Figure 2.23).
Even though the intact complexes display a high affinity for Aβ1-42 fibrils, especially for
Ru1-2 (Figure 2.20), the non-covalent interaction does not in itself lead to a change in ag-
gregate morphology. Upon photoactivation, immediate changes to peptide aggregate mor-
phology are observed, with Ru1-2 exhibiting the most significant change in comparison
to Ru3, in line with the measured binding affinities. However, all three photoactivated
complexes exclusively afford amorphous aggregates at the 24 h timepoint.
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Figure 2.23 Influence of 1.0 eq. of Ru1-3 on the morphology of fibrillar Aβ1-42 (25 µM) at
0 h (photoactivated samples) and 24 h (for unactivated and photoactivated
samples) (scale bar = 200 nm).

2.3 Effect of the Extended Aromatic Ligand

In order to further investigate the importance of photoactivation and the extended pla-
nar aromatic ligand, Ru(bpy)2CO3 (Figure 2.24) was synthetized following a published pro-
cedure,287 and the complex was tested as a control. Metal complexes with labile ligands have
been successfully used for the labeling of cytochrome c,288 copper protein mutants,289 and
glucose oxidase,290 in many cases by ligand-exchange reactions and binding to His residues.
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Ru(bpy)2CO3 is an example of a complex that undergoes facile ligand-exchange of the biden-
tate carbonato ligand ,291 and studies have demonstrated the ability of Ru(bpy)2CO3 to
bind to imidazole (Im), a model compound of His,292,293 and also to His-containing pep-
tide.294 Ru(bpy)2CO3 first exchanges the carbonato ligand for two H2O molecules, similar to
cisplatin hydrolysis, and when in the presence of Im (or His), the bis-aqua complex readily
replaces one H2O molecule for one Im (or His).

Figure 2.24 Structure of [Ru(bpy)2CO3] complex.

We chose to use Ru(bpy)2CO3 as a control complex to further evaluate the role of pho-
toactivation and the extended planar aromatic ligands in mediating the interaction between
the Ru(II) polypyridyl complexes and Aβ. Facile ligand exchange of the carbonato ligand
provides a Ru(II) complex with two cis-exchangeable coordination sites, similarly to pho-
toactivated Ru1-3. Thus, we expected photoactivated Ru3 and Ru(bpy)2CO3 to perform
similarly in the peptide aggregation experiments. 1H NMR of Ru(bpy)2CO3 in the presence
of Aβ1-16 did not show a His residue shift (or any other shift) (Appendix A, Figure A.5),
and precipitation was observed over time, which could be related to the broadening of NMR
signals. Even though 1H NMR did not show any shifts for Aβ residues, ESI-MS data showed
the formation of a peptide adduct indicating that the complex is able to interact covalently
with Aβ1-16 similarly to Ru3 (Appendix A, Figure A.6). The gel electrophoresis/Western
blot experiment exhibited no difference in peptide aggregation pathway for samples contain-
ing different concentrations of the Ru(bpy)2CO3 complex (Appendix A, Figure A.7), which
is similar to the results observed for Ru3. Overall, the results for Ru(bpy)2CO3 are similar
to that for photoactivated Ru3, which provide further support for the importance of the ex-
tended hydrophobic ligands in Ru1-2 in providing a better environment for Ru(II)-peptide
binding.
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2.4 Summary

This study underlines the ability of photoactivated Ru1-3 to target and modulate the
aggregation pathway of Aβ1-42, one of the hallmarks of AD. Ru1-3 were demonstrated
to bind covalently to the peptide upon photoactivation and loss of the 6,6’-dmb ligand. 1H
NMR showed release of the 6,6’-dmb ligand and His residue shifts forRu1 andRu2, indicat-
ing that these residues are involved in the binding process. ESI-MS confirmed the release of
the 6,6’-dmb ligand upon photoactivation, and also showed the presence of complex-peptide
adducts for Ru1-3.

Ru1-2, and to a lesser extent Ru3, significantly alter the Aβ1-42 aggregation process,
with Ru1-2 promoting the formation of soluble high MW weight aggregates immediately
after photoactivation. TEM analysis also shows the formation of large amorphous aggre-
gates for Ru1-2, while the aggregates observed for Ru3 are considerably smaller. This
immediate change for Ru1-2 upon photoactivation, bypasses the formation of low MW
peptide oligomers, suggesting that these complexes could prevent the formation of toxic
oligomeric species.258–263 However, we have not investigated cellular toxicity at this time.
After 24 h incubation, photoactivated Ru1-2 afford very little soluble Aβ1-42 as observed in
the gel electrophoresis and BCA experiments, and TEM shows formation of large insoluble
amorphous aggregates, in comparison to the presence of both fibrils and amorphous aggre-
gates for peptide alone. Photoactivated Ru3 displays soluble aggregates in the 30-250 kDa
size range at 24 h, however the majority of the peptide has precipitated as indicated by the
BCA assay, and large amorphous aggregates are observed by TEM, similarly for Ru1-2.

Binding constant analysis of fibrillar Aβ1-42 in the presence of non-activated Ru1 (Kd

= 1.8 ± 1.1 µM) and Ru2 (Kd = 6.1 ± 0.5 µM) showed similar binding constants to ThT
(Kd = 9.5 ± 1.1 µM), which indicates that these complexes will be in close proximity to
the peptide once the 6,6’-dmb ligand has been photoejected, likely favoring the formation
of a covalent bond between the complexes and peptide. The docking experiments indicate
that the extended hydrophobic ligands of Ru1 and Ru2 fit into a cleft in the Aβ1-42 fibril
structure and provides an indication as to why Ru3 displays a significantly weaker binding
constant (Kd = 640 ± 22 µM). Extrapolating from the data obtained from Ru1-3 with
fibrillar Aβ1-42 and the differences in structures of the complexes, we expect an enhanced
interaction of Ru1-2 with the monomeric peptide in comparison to Ru3. Indeed, a number
of similar Ru(II) complexes have been shown to interact with oligomeric species and not
just fibrils.200,202 TEM images also demonstrated that the complexes are able to modify the
morphology of mature fibrils after photoactivation, generating insoluble amorphous aggre-
gates, even though Ru1-2 are able to induce this change much more quickly in comparison
to Ru3.
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Overall, this study shows that photoactivation of Ru1-3 is a critical process that allows
the interaction of the Ru(II) complexes with the Aβ peptide. Photoactivated Ru1-3 are
able to modulate size distribution and peptide morphology. The formation of amorphous
aggregates in the presence of the photoactivated Ru(II) complexes is a common endpoint
herein, either starting with monomeric peptide or fibrils. Our results also show that the
extended hydrophobic ligands present in Ru1 and Ru2 enhance the peptide interaction,
especially at early time points, facilitating the formation of a covalent adduct between the
Ru(II) complexes and Aβ when samples are photoactivated.

2.5 Experimental

All common reagents were purchased from commercial suppliers and used without fur-
ther purification. All Ru(II) complexes, Ru1, Ru2, and, Ru3 were synthesized by the
McFarland group,143,241 and Ru(bpy)2CO3 were synthesized following a standard proce-
dure.287 The Aβ1-16 peptide was purchased from Genscript (Piscataway, NJ, USA), and
Aβ1-42 and Aβ1-40 from 21st Century Biochemicals (Malborough, MA, USA) and they were
all monomerized before use according to a reported procedure.295,296 Aβ1-16 was dissolved
in double distilled water (ddH2O), while Aβ1-40/1-42 was dissolved in DMSO and ddH2O
in a 1:1 mixture, unless stated otherwise. The stock peptide solution concentration was
determined by absorbance with the use of a Thermo Nicolet UV nanodrop of Tyr10 consid-
ered as free tyrosine (extinction coefficient of 1410 M-1 cm-1 at 280 nm).297 UV-Vis spectra
were obtained on a Cary 5000 spectrophotometer. 1H NMR spectra were recorded on a
Bruker AV-600 instrument. TEM images were obtained using an OSIRIS FEI scanning
TEM (STEM) operating at 200 kV. ESI-MS experiments were performed on an Agilent
6130 mass spectrometer connected to an Agilent 1260 HPLC system. The determination
of the binding affinities was performed on a Fluorolog-3®fluorimeter. Default parameters
were used for all computational procedures unless stated otherwise. All molecular mechan-
ics methods were performed in the Molecular Operating Environment version 2015 (MOE,
Chemical Computing Group, Montreal, Canada) using the Born solvation model. All DFT
calculations were performed in Gaussian 16 (G16RevC.01) using the polarizable contin-
uum model (PCM, water) for solvation. Images were generated in POV-ray engine v3.7.0
(www.povray.org).

2.5.1 Photoejection of 6,6’-dimethyl-2,2 Bipyridine (6,6’-dmb) Ligand

Ru(II) complexes were dissolved in DMSO and added to a phosphate buffered saline
solution (PBS, 0.01 M Na2HPO4, 0.001 M KH2PO4, 0.14 M NaCl, 0.003 M KCl, pH 7.4).
Photoejection experiments were carried out via UV-Vis using a visible light source with cool
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white colour (5500 – 6000 K) (SOLLA 30W LED), which is past the cutoff radiation of a
black body (4000 K), indicating that the black body emission does not affect the activation of
the complexes. Data were collected from 200-900 nm, and irradiation intervals were as short
as 1 min. at early times and after 15 min., data were collected every 5 min. until 60 min. of
experiment. The photoejection time was determined when no further spectral changes were
observed. Photoejection kinetics were analyzed by plotting the normalized change in ab-
sorption at two wavelengths against irradiation time using a published method.141,149,243,245

The wavelength selected were those within 50 nm of the longest wavelength isosbestic point
and exhibited the greatest change in the course of the experiment.

2.5.2 1H NMR Binding Assay of Aβ1-16 Peptide to Ru(II) Complexes

Deuterated PBS (0.01 M, pH 7.4) buffer was prepared by removal of water by vacuum
drying of PBS buffer and dissolving the powder in D2O. Aβ1-16 and Ru(II) stock solutions
in DMSO (1 mM) were dissolved in deuterated PBS (0.01 M, pH 7.4) buffer, and the
1H NMR spectra of Aβ1-16 alone, Ru(II) complexes (200 µM - kept in the dark or light
activated), and Aβ1-16 plus Ru(II) complexes (1:1 eq. dark or light activated) were collected
after solubilization at 0 h and 24 h.

2.5.3 Mass Spectrometry of Binding of Aβ Peptide to Ru(II) Complexes

Samples were analyzed by direct infusion (1 – 4 µL) of analyte into a mobile phase of
1:1 water:acetonitrile containing 5 mM ammonium acetate (pH unmodified), flowing at 0.3
mL/min and maintained at 30 ℃. All components of the mobile phase were MS grade and
water was ultra-pure grade from MilliQ A-10 system. Nitrogen drying gas was heated to
250 ℃ and run at 5 L/min with a nebulizing pressure of 15 psig. Voltages were: capillary 3
kV, fragmentor 175 V, slimmer 30 V, octupole 250 V. Samples were prepared as ~1 mg/mL
of total protein (Aβ1-16/1-40) in ammonium carbonate (0.02 M, pH 9) buffer with 0 or 1 eq.
of Ru(II) complexes (dark and activated).

2.5.4 Gel Electrophoresis and Western Blotting

Lyophilized Aβ1-42 was dissolved in 1:1 DMSO/ddH2O to obtain a stock solution with a
concentration of approximately 250 µM. The Aβ1-42 stock solution was diluted to 25 µM in
PBS (0.01 M, pH 7.4) then incubated at 37 ℃ with continuous agitation at 200 rpm to form
aggregates in the presence of activated and non-activated Ru(II) complexes. For the first
set of experiments the peptide was incubated for a total of 24 h, in the presence of different
concentrations of Ru(II) complexes (0.10, 0.25, 0.50, 1.0, 1.5, and 2.0 eq.). For the second
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set of experiments, 1.0 eq. of Ru(II) complexes was also incubated for a total of 24 h, but
aliquots were collect at different time points (0 h and 24 h). Electrophoresis separation of
peptide aggregates was completed using 8-16% Mini-PROTEAN®TGX Precast Gels from
Bio-Rad, at 100 V for 100 min in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS).
The gels were then transferred to a nitrocellulose membrane for 1 h at 100 V at 4 ℃,
followed by blocking of the membrane in a 3% BSA solution in Tris-buffered saline (TBS)
(0.02 M Tris, 0.15 M NaCl, 0.003 M KCl) for 1 h. The membrane was incubated in a solution
(1:2000 dilution) with a primary antibody that recognizes Aβ, 6E10, (Biolegends) overnight.
After washing 5 x 5 min with TBS, the membrane was incubated in a solution containing
the secondary antibody (Horseradish peroxidase, Caymen Chemicals) for 3 h. A Thermo
Scientific SuperSignal®West Pico Chemiluminescent Substrate kit was used to visualize the
Aβ species using a Bio-Rad ChemiDoc™MP imaging system.

2.5.5 Transmission Electron Microscopy (TEM)

TEM grids were prepared from the 1:1 Ru(II)/Aβ samples from the Western blot assay
after 0 h and 24 h incubation for the monomeric form of Aβ1-42 and 0 h and 24 h incubation
at 37 ℃ after 96 hours of peptide incubation for the fibrillar form of Aβ1-42. TEM grids were
prepared following previously reported methods.192,298 In order to increase hydrophilicity
of the Ultrathin Carbon Film 400-mesh grids (Ted Pella), the grids were glow discharged
in a vacuum for 10 seconds. Drops of samples (10 µL) were placed onto a sheet of parafilm
and the TEM grid was placed on the drop for 5 min. The grid was then placed on top
of syringe-filtered 5% uranyl acetate for 1 min. Excess uranyl acetate was removed using
a tissue between drops. The grid was allowed to air-dry for at least 15 min. Bright field
images were obtained on a FEI Tecnai Osiris STEM at 200 kV.

2.5.6 Binding Constant (Kd)

Aβ1-42 film was dissolved in 1:1 DMSO/ddH2O, and the stock solution was diluted to
a final concentration of 10 µM in PBS (0.01 M, pH 7.4) buffered solution and incubated
for a period of 96 h at 200 rpm at 37 ℃. The Aβ solution was titrated with the Ru(II)
complexes (0.10, 0.25, 0.50, 0.75, 1.0, 1.25, 1.5, and 2.0 eq.) and the fluorescence intensity
was measured (λex/λem = 275/310 nm). The plot was obtained using the Sigma Plot software
and dissociation constants were determined using a reported method.251
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2.5.7 BCA Assay

Aβ1-42 (60 µM) was incubated in PBS buffer (0.01 M, pH 7.4) with and without the
Ru(II) complexes (1 eq.) for a period of 24 h for the BCA assay. The samples were centrifuged
at 14,000 g for 5 min., and aliquots were taken at 0 h and kept in the freezer. In a 96 well
plate, 20 µL of solution were added in triplicate for each time point, and 200 µL of working
reagent from the Thermo Fisher BCA Protein Assay® kit was added to each well. The plate
was then incubated for 30 min. at 37 ℃, and the concentration of peptide in the supernatant
was analyzed by measuring the absorbance at 562 nm.

2.5.8 Docking

For the docking analysis, the protein was protonated using the Protonate3D algorithm in
the Born solvation model, using the Lennard-Jones 12-6 potential, and dielectric constants of
78.6 and 4 for bulk solvent and the protein, respectively. The entirety of the cleft was sampled
during docking using MOE’s Site Finder panel. For each ligand, 10,000 initial binding poses
were generated, with grid-based energy minimization (GRIDMIN). The London_dG scoring
function was used to select the best 300 poses for MMFF94x minimization (RMSG=0.001,
9 angstrom cutoff, no tethering, backbone atoms held fixed). Results were ranked based on
the London_dG scoring function. For the docking analysis of all three complexes, the Λ
isomers were used.

2.5.9 Synthesis of Ru(bpy)2CO3

Ru(bpy)2CO3 was prepared flowing a synthetic route described in the literature.287 The
commercially available [Ru(bpy)2Cl2] complex was used as a precursor. [Ru(bpy)2Cl2] (0.5
g) was suspended in 37.5 mL of ultra-pure water at heated at reflux for 15 min under
N2 atmosphere. Sodium carbonate (1.65 g) was added to the solution and heated under
the previous conditions for 2 h. The solution was filtered, yielding purple, needle-shaped
crystals, which were washed 3 times with water and air-dried.
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Chapter 3

Ongoing and Future Directions

3.1 Thesis Summary

Alzheimer’s Disease (AD) is a progressive neurodegenerative disorder that accounts for
approximately two-thirds of dementia cases worldwide.299 Despite the great effort to de-
velop an effective treatment, currently available therapeutics are only capable of minimizing
the effects of the disease.21,22 AD is characterized by the presence of extracellular deposits
of amyloid beta (Aβ) plaques in the brain and targeting the aggregation pathway of Aβ
could lead to new therapeutics for this disease.35 Many research groups have investigated
metal complexes that interact with Aβ and are able to modify its aggregation process.44,228

This thesis outlines the interaction of three Ru(II) polypyridyl complexes (Ru1-3) with
the Aβ peptide, and demonstrates that photoactivation of Ru1-3 with visible light enables
the Ru(II) complexes to covalently bind to Aβ, promoting changes in peptide aggregation.
Unactivated samples did not exhibit any indication of Ru(II) – Aβ adduct formation, or
modification in the size distribution and morphology of peptide aggregates. Interestingly,
1H NMR for the photoactivated samples indicated the involvement of His residues in the
adducts formed for Ru1-2, while no His residue shifts were observed for Ru3, even though
ESI-MS detected adducts for all three photoactivated samples. While Ru1-2 were able
to promote changes in monomeric and fibrillar peptide immediately after photoactivation,
Ru3 needed longer incubation periods to promote similar changes. We hypothesize that the
interaction between photoactivated Ru1-2 and Aβ is enhanced by the extended phenan-
throline ligand, which is not present in Ru3. While performing this study, new ideas and
directions have emerged, and the proposed experiments in this chapter will provide further
insight into the interaction of Ru1-3 with the Aβ peptide.
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3.2 Quantification of Ru(II) polypyridyl complexes by ICP-
MS

The interaction of Ru1-3 with the Aβ peptide were investigated in Chapter 2 and it
was shown that the photoactivated complexes are able to covalently bind to Aβ and lead to
the formation of large amorphous aggregates, either by interacting with monomeric peptide
or mature fibrils. In 1990, Tothill et al. first described the use of inductively coupled plasma
mass spectrometry (ICP-MS) for the analysis of Pt(II) anticancer agents in the blood and
urine of rats.300 Since this publication, ICP-MS has become a popular method for the
analysis of metal-based anticancer drugs, and it has been applied for the analysis of Pt and
Ru complexes, resulting in an increasing number of publications related to the quantitative
analysis of these complexes in the past 20 years.301 ICP-MS is a highly sensitive technique
that can be applied in a wide range of areas, including biological and environmental samples,
allowing for the determination of metal concentration in biological fluids, cells, and DNA-
and protein adducts.302,303

Additional studies with Ru1-3 could include the quantification of the Ru-Aβ adducts
upon photoactivation by ICP-MS. Since photoactivation results in the formation of insoluble
amorphous aggregates, it is possible to isolate the aggregates through centrifugation,266,267

perform acid digestion304 of the samples, and determine the percentage of Ru(II) that is
present in the pellet and supernatant. Comparison of the percentages of Ru in the photoac-
tivated and unactivated samples in the presence of monomeric (0 h and 24 h) and mature
fibrils (0 h and 24 h) will lead to be a better understanding of the interaction of the Ru(II)
complexes and Aβ, and changes upon light exposure. For the photoactivated samples, the
majority of Ru is expected to be present in the pellet, since the photoactivated complexes
promote the formation of large insoluble aggregates immediately after activation forRu1-2,
and over time for Ru3.

3.3 Cytotoxicity and Cell viability

The neurotoxicity of Aβ, especially Aβ1-42, has been reported in several studies,305–307

and the peptide has been linked to disruption of synapses,308,309 oxidative stress,71,310,311

and dysregulation of metal ion homeostasis.312,313 Differentiated SH-SY5Y cells can be
used to determine if Ru1-3 are able to limit the cytotoxicity caused by Aβ1-42. SH-SY5Y
was subcloned three times from the human cell line SK-N-NK and expresses neuron-like
characteristics.314,315 Cell studies could be performed in triplicate in 96-well flat bottom
plates, and differentiated cells would first be treated with varying concentrations of Ru1-3
to determine the half maximal lethal dose (LD50) of the Ru(II) complexes. The samples
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will be submitted to dark and light (photoactivation) treatments, and cell viability will
be determined after 24 h of incubation at 37 ℃. LD50 for the cytotoxicity (dark) and
photocytotoxicity (light) will be calculated from the dose-response curves.143 These results
will provide information on the dark / light metal complex cytotoxicity, and provide the
range of concentrations to be used in the presence of peptide.

It is reported that pre-formed Aβ1-42 oligomers, or those formed in situ, show concen-
tration dependent toxicity to SH-SY5Y cells,316 and that exposure of these cells to Aβ1-42
results in a significant decrease in cell viability.317,318 Unactivated and photoactivated sam-
ples with different concentrations of Ru1-3 and monomeric Aβ1-42 will be added to wells
containing differentiated SH-SY5Y cells. As a control, Aβ1-42 with the same volume of
DMSO used to prepare the stock solution of Ru(II) complexes will also be added to these
samples. Samples will be exposed to dark and light treatments prior to incubation at 37 ℃.
The cell viability results will show if the presence of activated Ru1-3 complexes restores
cell viability in comparison to unactivated complexes or samples containing only Aβ1-42.

3.4 Ru-Peptide interactions via 2-D 1H-15N SOFAST-HMQC
NMR

Interactions of proteins with other molecules is essentially what defines protein func-
tion.319 Such interactions are not only involved in biological processes but are the key
events of external modulation of proteins.320,321 NMR spectroscopy is a very efficient tech-
nique used to obtain information about the interaction of proteins and other molecules
at atomic resolution.322,323 In this scenario, 1H-15N correlation spectra serve as a tool to
elucidate the effects of a molecule on the protein structure. Since this technique provides
one correlation peak per amino acid, it is often used to resolve most of the signals corre-
sponding to individual residues along the peptide chain.324 Therefore, 1H-15N correlation
spectra can be used to follow spectral changes in the peptide chain upon interaction with
other molecules. However, 2-D NMR studies on peptides and proteins is time consuming
and can take hours, which exclude many phenomena in solution that may occur on a short
time-scale.325 In order to overcome this issue, 2-D band-selective optimized flip-angle short
transient heteronuclear multiple quantum correlation (SOFAST-HMQC) NMR spectroscopy
can be used.264,326 A decrease in the time period between each scan is achieved by limiting
the relaxation time of the system, which results in a decrease of inter-scan delays, allowing
for data collection in a matter of minutes.322 I propose that 2-D 1H-15N SOFAST-HMQC
NMR spectroscopy could be used to obtain information about the interaction of Ru1-3
with monomeric Aβ. This technique has been previously used by the Storr group,264 and
others,327 to investigate small molecule-Aβ peptide interactions. Aβ1-40, the peptide length
that is the least prone to aggregation (in comparison to Aβ1-42),328 will be used in order to
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limit aggregation during data collection and ensure that all shifts result from the interac-
tion between peptide and Ru(II) complexes instead of peptide aggregation. The 15N-labeled
Aβ1-40 samples will be treated with Ru1-3 and the samples will be exposed to light and
dark treatments. It is expected that the unactivated samples will show some chemical shift
perturbations (CSPs) compared to the peptide alone, and we hypothesize that these CSPs
will occur in the self-recognition site (Leu17-Ala21) responsible for the initiation of peptide
aggregation. The results are also expected to support the 1-D 1H NMR data that showed
the involvement of His residues in the binding of photoactivated Ru1-2 to Aβ and elucidate
if any other residues are involved in the binding to photoactivated Ru3.
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Figure A.1 Changes in 1H NMR spectra in the presence of Ru(II) complexes. Shown are
spectra obtained at 200 µM of Aβ1-16 and Ru1 (A), Ru2 (B), and Ru3 (C)
prepared in PBS buffer (0.01 M, pH 7.4) at 37 ℃ and 24 h after photoacti-
vation. * His6, His13 and His14. † Tyr10.
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Figure A.2 Shown are spectra obtained at 200 µM of Aβ1-16 and 2.0 eq. of Ru3 prepared
in PBS buffer (0.01 M, pH 7.4) at 37 ℃ and 24 h after photoactivation. *
His6, His13 and His14. † Tyr10.
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Figure A.3 ESI-MS of Ru1 (A),Ru2 (B), andRu3 (C) and Aβ1-40 indicating the adduct
formation in the zoomed in regions. In red the theoretical isotopic pattern.
Samples were prepared in NH4CO3 buffer (20 mM, pH 9.0) and data was
collected after the respective times for activation.
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Figure A.4 Tyrosine fluorescence titration of 10 µM Aβ1-42 upon titration with Ru1
(A), Ru2 (B), Ru3 (C), and ThT (D) in PBS 0.01 M, pH 7.4 (λex/λem =
275/310 nm).

Figure A.5 Changes in 1H NMR spectra in the presence of Ru(bpy)2CO3 complex. Shown
are spectra obtained at 200 µM of Aβ1-16 and 1.0 eq. of Ru(bpy)2CO3 pre-
pared in PBS buffer (0.01 M, pH 7.4) at 37 ℃. * His6, His13 and His14. †
Tyr10. Broadening of signals is likely due to precipitation.
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Figure A.6 ESI-MS of Ru(bpy)2CO3 and Aβ1-16 indicating the adduct formation in the
zoomed in region. In red the theoretical isotopic pattern. Samples were pre-
pared in NH4CO3 buffer (20 mM, pH 9.0) and data was collected after the
respective times for activation.

Figure A.7 Gel Electrophoresis/Western blot of 25 µM Aβ1-42 and different concentra-
tions of Ru(bpy)2CO3 in PBS buffer (0.01 M, pH 7.4) at 0 h and 24 h incu-
bation with agitation at 37 ℃, using anti-Aβ antibody 6E10. Lane 1: Aβ1-42;
lane 2: Aβ1-42 + 0.10 eq. Ru complex; lane 3 Aβ1-42+ 0.25 eq. Ru complex;
lane 4: Aβ1-42+ 0.50 eq. Ru complex; lane 5: Aβ1-42+ 1.0 eq. Ru complex;
lane 6: Aβ1-42+ 1.5 eq. Ru complex; lane 7: Aβ1-42+ 2.0 eq. Ru complex.
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