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Abstract

Alzheimer's disease (AD) is one of the single greatest healthcare challenges facing our
society today with no treatments available that cure, prevent or slow the disease.
Neurodegeneration in AD is observed alongside pathology featuring amyloid-B (AB) deposits in
the brain. AB monomers themselves have minimal toxicity but misfold into B-sheets and
aggregate to form neurotoxic soluble oligomers, than aggregate further into less toxic insoluble
fibrils and plaques. To treat or prevent AD one potential strategy has been suggested which
involves the use of rationally designed pseudopeptides that bind AB with high affinity, inhibit
aggregation into toxic AB oligomers and allow for natural clearance. A class of pseudopeptide
AB inhibitors, designated “SG”, have been proposed with the use of computer aided drug
design (CADD) by medicinal chemists at the University of Calgary led by Dr. Arvi Rauk. It is the
aim of this thesis to verify, experimentally, that SG inhibitors behave as expected, moving these
potential AD drug candidates further along the drug development pipeline.

In this thesis a brief overview of A pathology and therapeutics directed against AB are
discussed followed by a review of the literature relevant to SG inhibitor design. The results from
two separate experiments evaluating SG inhibitor target engagement and neuroprotection
against AP are then discussed. In the first experiment, a nanoscale biophysics approach was
used to assess the ability of SG inhibitors to bind AB and prevent dimerization — the first step in
toxic oligomer formation. This single-molecule biophysics assay built on an atomic force
microscopy (AFM) platform demonstrated that all the inhibitors engage the target and prevent
AP dimerization. In the second set of experiments, a series of in vitro cell viability studies with
HT-22 murine derived hippocampal cells was performed to assess SG inhibitor toxicity and the
ability of SG inhibitor to mitigate AP toxicity. Most SG inhibitors exhibited no apparent toxicity
to HT-22 cells however myristic acid modification for delivery of inhibitors to the brain caused
dose dependent toxicity. Importantly, two of the five inhibitors demonstrated a small but
promising effect on preventing AR oligomer neurotoxicity as demonstrated by one third
increase of HT-22 cell viability in MTT assays. The inhibitor SGA1 may cause a slight increase in
the toxicity of AB prepared under fibril forming conditions. Overall the work described here

presents experimental evidence that indicates SG inhibitors as a potential therapeutic for AB
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toxicity and informs recommendations for SG inhibitor design to improve safety and efficacy for

future lead candidates.
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Chapter 1: Introduction
1.1 Alzheimer's disease

Alzheimer’s disease (AD) is the leading cause of dementia worldwide, with an estimated
36 million cases as of 2010 with that number expected to double every 20 years, for a projected
120 million cases by 2050 ! In 1906, Dr. Alois Alzheimer first characterized a neurodegenerative
disease in a 50 year old patient with symptoms of dementia, rapid cognitive decline and
progressive memory loss, eventually resulting in death. Post-mortem autopsy of the brain
tissue from this patient revealed severe cortical and hippocampal atrophy and the deposition of
what is now known to be amyloid-B (AB) plaques and accumulation of intracellular
neurofibrillary tangles (NFT) comprised of hyperphosphorylated tau. These pathological
hallmarks led to formulation of two corresponding hypotheses regarding the aetiology of AD. In
addition to a third hypothesis involving faulty cholinergic signalling these hypotheses have
formed the basis of drug development in AD research for the past three decades,
unfortunately, with no major clinical successes.

A common feature of neurodegenerative diseases is the accumulation of endogenous
misfolded protein as in Huntington’s disease, prion diseases and AD. In AD the amyloid cascade
hypothesis suggests that increased AB accumulation in the brain results in misfolding and the
formation of toxic AB aggregates 2. The cause of AB accumulation in late onset AD is not
precisely known but many factors have been implicated, including but not limited to: injury,
inflammation and faulty lipid metabolism®™. AB is a short endogenous (39 to 43 residue)
protein produced from the cleavage of amyloid precursor protein (APP) to form the
amyloidogenic species. The normal physiological function of APP/AB is not known for certain
and the research in this area is highly speculative with most well established research on the
associated pathology. Regardless, AB is neurotoxic and prone to causing the formation of
reactive oxygen species (ROS) resulting in direct and indirect downstream dysfunction, such as:
impaired calcium regulation, oxidative stress and hyperphosphorylation of the microtubule
associated protein, tau. These combined neurotoxic insults interfere with neuronal processes,

recruit and activate local immune cells triggering neuroinflammatory environment which
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results in neuronal stress and eventually cell death. The neurotoxicity of AB is expected to
largely depend on the concentration of free soluble oligomers which are the most toxic species.

Current treatment options for AD in the clinic are limited to brief symptomatic relief in
cognitive decline for up to a year with five pharmacological interventions approved by the FDA
and with lifestyle and social interventions that can provide benefits to the quality of life of AD
patients ® There are four acetylcholinesterase inhibitors which act by increasing the amount of
acetylcholine in the brain, a neurotransmitter important for learning and memory that is
depleted in AD patients7. The fifth approved AD drug, memantine, blocks NMDA receptors and
the associated glutamatergic excitotoxicity observed in AD®°. Both types have been shown to
provide an improvement in the symptoms of memory loss and cognitive function, albeit for
only a short periods of 6 to 12 months and with no effect on the trajectory of the disease
781011 gome evidence indicates that certain natural antioxidant supplements like vitamin E and
melatonin have some benefit but the clinical evidence is not strong, nor is the benefit drastic,

1213 Non-steroidal anti-inflammatories are

extended clinical trials are necessary in this area
another class of drug that has some potential benefit in delaying the age of onset of AD as
demonstrated by epidemiological studies but clinical trials remain inconclusive **. Clinical trials
of advanced biological therapeutics designed to target underlying pathologies have not yielded
any candidates in over 25 years of study and no treatments are available that modify disease
trajectory > The lack in mechanistic understanding of AD has made drug development slow
and rationally designed next generation drug candidates that address the short-comings of the
predecessor therapeutics are required in the drug development pipeline.

One strategy to prevent AP toxicity in AD is to delay the formation of toxic oligomers
thus giving the body more time to process and remove AB. For this purpose, a class of
pseudopeptide inhibitors has been proposed by Dr. Arvi Rauk’s group at the University of
Calgary. These “SG” inhibitors have been screened using molecular dynamics (MD) simulations
wherein lead candidates are selected for maximal binding between the SG inhibitor and the

16718 ' This thesis aims to evaluate select lead candidates for

target AB self-recognition sequence
experimental verification of their potential to target AP and protect neurons from AP toxicity

providing important feedback for SG inhibitor design and informing future studies..
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The remainder of the introduction will be focused on discussions surrounding the
underlying AP pathology and a brief review of strategies that target this pathology. In chapter 2
a more detailed look at design strategies for peptide inhibitors will be discussed including a look
at challenges associated with central nervous system (CNS) delivery across the blood-brain
barrier (BBB) and some literature surrounding SG inhibitor development. Chapters 3 and 4 will
report the findings of the original research of this thesis project, first a nanoscale biophysics
study of the effects that SG inhibitors have on AB-AP interactions using a single-molecule force
spectroscopy biosensor, and then second, in vitro cell viability studies that assess SG inhibitor
toxicity and the effects of SG inhibitors on AP toxicity using HT-22 cells. Chapter 5 and 6 will

discuss future directions and conclusions in turn.

1.2 Amyloid-8 pathology

The identification of AB as the key constituent of senile plaques in AD patients and of its
genetic origin, via the APP gene, led to the development of the amyloid cascade hypothesis®. It
was hypothesized that clearance/production imbalance of AB results in the accumulation of
toxic aggregates, as AP has strong self-assembly characteristics and has demonstrated
neurotoxic activity >*°. Although the exact mechanism of AB neurotoxicity is not precisely

known, many pathways have been implicated, both apoptotic 20,21

, and to a lesser extent
necrotic cell death has also been observed®. It is therefore the likely case that AB neurotoxicity
results from several parallel and compounding pathways, this becomes especially apparent
when you consider the long list of effects that AR has been associated with, including:

excitotoxicity’, synaptotoxicity”>, calcium dysregulation***®>, mitochondrial stress*>?°,

2022 and hyperphosphorylated tau®’. There is a lack of clarity

inflammation and oxidative stress
in the AP pathology of AD, such as: the mechanisms which contribute to neuronal sensitivity
and resistance to AB, the extent to which receptor and non-specific membrane interactions
contribute to toxicity, and the events upstream of AB production which result in its deposition.
The pathology of AB begins with its production (shown in Figure 1 below) which involves
the processing of amyloid precursor protein (APP), a transmembrane protein with little known
physiological functionality 8 APP is cleaved sequentially by B- and y-secretases predominantly

29-31
h S

inside the cell to form AP monomers ranging from 39 to 42 amino acids in lengt n
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additional there is an off amyloidogenic pathway that occurs primarily at the outer cell
membrane wherein a-secretase cleaves within the AB sequence®’. Once cleaved from APP, the
AB monomer is expected to take on an ensemble of structures, random coil, alpha helix or

hairpin B-sheet, with B-sheet secondary structure increasing during the aggregation process

33-36

(shown in figure 2 below) AB oligomerization is initially driven by hydrophobic

interactions®>, with strong sequence specific interactions between the central regions playing a

37,38

major role in B-sheet formation™"~". For this reason AB4, aggregation rates are higher than the

shorter AB peptides as it contains additional strongly hydrophobic residues and higher

35,39

aggregation rates are associated with greater toxicity . The most toxic AB species appear to

35,39

be low weight disorganized oligomers that have low B-sheet structure . As oligomers grow,

transitioning from disordered oligomers into B-sheet oligomers, the AR monomers misfold into

hairpin structures with anti-parallel intramolecular B-sheet secondary structure 3240

Intermolecular interactions between adjacent AB monomers are dependent on the central

recognition region (ABi623) with side chain interactions stabilizing B-sheets which continue to

34,37,41

grow, eventually forming fibrils then plaques . Many studies indicate that AB fibrils and

plaques are less toxic than oligomers, with the smallest oligomers being most toxic>>**™**,

although fibrils and plagues may be a source of free soluble oligomers 45,46

. The process of AB
aggregation is a complex equilibrium process that is sensitive to the environmental conditions
such as pH, ionic strength, the presence of impurities and even traces of metal contaminants,

47730 There are more layers of complexity due to multiple

especially iron and copper ions
polymorphisms of oligomers and fibrils which have unique antibody binding characteristics and

. . . 1
a correspondingly diverse immune response>".
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OUTER MEMBRANE

Monomers Oligomers

AB misfolding
B- and y-gamma secretase & AB membrane
cleavage of APP aggregation binding & damage

INNER MEMBRANE

Figure 1: Amyloid-B production and toxicity. Transmembrane protein APP is predominantly found in cholesterol/sphingolipid
rich membrane microdomains where it is cleaved by B- and y- secretase in a sequential fashion to produce AB fragment that is
free to aggregate into toxic oligomers and fibrils, which bind to and damage the neuronal membrane.

Disordered
Monomer Disordered
Oligomer
a-helix . .,
- -
lﬁ Protofibril
N A

—_ —_—
o = -

Hairpin B-sheet

B-sheet Oligomer

Figure 2: AB aggregation schematic. Once released from APP, AB takes on an ensemble of structures depending on
environmental conditions; AR monomers alone are largely non-toxic. The a-helix is stabilized by the lipid membrane, the
disordered monomer is favourable in bulk solution and the hairpin turn is most favourable as aggregation proceeds. Low
molecule weight oligomers are the most toxic species that transition into higher B-sheet secondary structure acting as seeds for
fibril growth, eventually forming less toxic insoluble fibrils.

ApB toxicity is not only defined by its structure but is also related to the cell membrane
with which it interacts strongly. AB oligomers bind to the lipid membrane triggering disruption

of neuronal function through many mechanisms, eventually resulting in cell death. Lipid

52-55

membrane composition and the resulting lipid raft and membrane microdomain structure

56-58

has been implicated in AB toxicity . This strong dependence on the cell membrane is likely a
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result of AB aggregation occurring at the cell surface since it provides a hydrophobic interface
for interaction *°. AB interactions with the lipid bilayer results in direct damage induced by
permeabilization, perforation and depolarization of the cell membrane also interfering with
receptor trafficking, ultimately affecting a broad spectrum of signalling pathways in neurons

#3801 The hydrophobicity and electrostatic surface potential of

and glial cells within the brain
AB with both positive and negative moieties make it capable of interacting with nanoscale
electrostatic and topographical features of the cell membrane, which can act as nucleation sites

h %€, AB induced depolarization of the cell membrane causes calcium

for amyloid growt
dysregulation which results in a plethora of intracellular signalling changes, as well as
mitochondrial stress via the Ca®" mediated opening of mitochondrial permeability transition;
this dramatically impairs cellular metabolism and energy utilization *>*°. AP is primarily
produced from intracellular APP, as such membrane bound organelles in the cytosol are also

2682 AB has also been

highly susceptible to disruption, especially the mitochondrial membrane
shown to induce excess ROS production that damages proteins and especially unsaturated lipid
causing oxidative stress which again has dramatic consequences on cellular function in general.
These excess ROS cause increase saturated lipid content and is expected to trigger
hyperphosphylation of a structural microtubule protein, tau, which has been shown to occur

%384 There is an interesting and long discussion that

upstream of — and to be mediated by — AB
could be had surrounding the role of the cell membrane in AB toxicity and how neurons may be
sensitized to AP toxicity due to age-related changes to lipid metabolism and resulting changes
in membrane composition and structure®, unfortunately that will be forgone for the time being
for the sake of brevity.

Curiously, certain brain regions in AD are more susceptible to neurodegeneration than
others, for instance the hippocampus and frontal cortex as compared to the cerebellum ®. Even
more curious AB pathology has been observed in elderly individuals without the appearance of
any AD symptoms %, Along with AB pathology, neuroinflammation, oxidative stress,
hyperphosphylated tau, and cholinergic dysfunction are also observed in AD patients® .

These inconsistencies, the diversity of molecular pathologies across AD populations and the

continuing failure of AB specific therapeutics has led some suggest that AB accumulation is a
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secondary event and not central to AD ’*. Regardless of whether or not it is the primary cause
or a secondary downstream event, it is undoubtedly toxic and thus may be a necessary target

for the effective treatment and/or prevention of AD.

1.3 A8 physiology and aetiology of AD

The body of this thesis is dedicated to a class of potential therapeutics which are
designed to directly target the AP aggregation pathway however there seems to be an
opportunity to digress briefly and discuss the bigger picture and speculate as to the aetiology of
AD, which remains elusive. Several key basic features of human physiology keep emerging in
different areas of AD research in connection to AB pathology, specifically: autophagy, immune
function, and lipid trafficking and metabolism. The connections between immunity and lipids in
AB production and regulation that have been observed in basic pathology, genetic and

epidemiological studies may hint at a potential physiological role for APP/AB *7>7>. A

ny
description of AD aetiology must explain the AB production/clearance imbalance as it is the
definitive molecular feature of AD. The exact mechanisms behind this imbalance are very
complex and not well understood although some contributing factors have been identified "*°.

There is an important distinction between the pathology associated with aggressive
familial forms of AD and late onset (or sporadic) AD, originally called senile dementia. These
two diseases have similar symptoms and pathologies; although familial AD and sporadic AD are
different in terms of disease onset and progression they are nonetheless considered two forms
of the same disease, sharing common underlying disease pathology. Familial AD accounts for
approximately 5% of AD patients and has a clear heritable cause from mutations in the genes
that encode APP and the subunits of y-secretase, presenilin-1 (PSEN1) and presenilin 2 (PSEN2).
The identification of APP provided the early genetic evidence for the critical role of AB in AD
pathology ®. In contrast sporadic age-related late onset AD has been associated with over two
dozen different genes with a variety of expected roles in immune function, lipid
metabolism/trafficking, autophagy and endosome formation, including: APOE, CLU, PICALM to

1_
name but a few "#37%

. In addition to these genetic risk factors and aside from age — the
number one risk factor for AD — epidemiological studies point to lifestyle factors such as poor

diet, lack of exercise, high stress and insulin resistance as contributing factors in AD progression
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and age of onset *7°

. Owing to the multifaceted and broad impact of these genetic and lifestyle
factors on overall health, and brain health in particular, it should not be surprising that the
precise mechanisms have eluded researchers so far and that much controversy remains in
terms of AD aetiology **.

Despite no clear mechanism of late onset AD pathology, genome wide association
studies and epidemiological data seem to correlate, broadly speaking, with genetic and lifestyle
factors that strongly influence immune function and lipid homeostasis ’*. This should not be too
surprising as lipid homeostasis plays in important role in immune system and inflammatory
regulation, both through lipid mediators — like prostaglandins — but also from changes in the

lipid membrane — which directs trafficking of immune receptors 485,86

. Epidemiological studies
indicate that injury is a strong predictor of increased AB pathology and thus AD, for instance
traumatic brain injury, systemic infection and chronic inflammatory conditions such as type |l
diabetes >®"#_ After injury, during the proinflammatory response, significant amounts of lipids
are required for tissue remodelling thus their metabolism and trafficking are incredibly
important. Cholesterol in the brain is synthesized almost entirely de novo and only very small
amounts of circulating cholesterol is transported across the BBB; this means slight
perturbations in cholesterol homeostasis within the brain may have dramatic consequences,
especially over chronic timescales®. Long thought to be immune privileged the brain in fact is
highly impacted by the immune system and reciprocates to aid in regulating the peripheral
immune system, largely through the limbic and neuroendocrine systems, in particular by
producing stress hormones which are typically built from sterols, a form of lipid 9091

Lipids are largely insoluble as such they must form complexes with other lipids and
proteins for trafficking; APP/AB may be such a protein. APP is constantly trafficked between
membrane bound organelles and the cell membrane spending little time at the outer
membrane, being rapidly internalized or excreted °2. Studies in neuroblastoma cells
overexpressing APP indicate that in the steady state only 10% of APP is found at the cell
membrane, with 30% being excreted and the rest distributed within the Golgi-endosomal

92,93
k

networ . APP that is located within cholesterol and sphingomyelin enriched microdomains

of intracellular organelles undergoes proteolytic processing by B- and y- secretases to form AR,
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whereas APP in the cell membrane is predominantly processed by a-secretase — off the

92-95

amyloidogenic pathway . It has been shown that reductions in cholesterol cause a

reduction in AP production, which may suggest reduced trafficking of APP to the cholesterol
enriched microdomains °®. In addition, membrane cholesterol appears to play a key role in p-

and y- secretase activity, again possibly through trafficking of these complexes to membrane

31,97

microdomains containing APP In a separate study it was observed that ABs and AR,

decreased cholesterol and sphingomyelin levels, respectively, by modulating their metabolism

%9 This suggests a negative feedback mechanism between cholesterol and sphingomyelin

with APP/AB production. There is evidence for the role of APP, not only in lipid metabolism
through AR intermediate but, in lipid and cholesterol trafficking as APP has been observed to

997101 hterestingly APP has a strong

mediate cholesterol uptake at the intestinal epithelium
effect on the migration of neurons to the cortical plate during brain development in utero 2 1t
should not be surprising to find regulators of lipid homeostasis expressed to a large extent
within the brain where synaptic plasticity and pruning constantly requires a high level of
neuron, and thus neuronal lipid membrane, reorganization .

In addition to the role that APP and AP play in regulating cholesterol and sphingomyelin,
it has also been suggested that AB may serve a physiological function as an anti-microbial
peptide (AMPs) *®7%_ AB contains many of the hallmark features of AMPs, including: high
hydrophobicity, net positive charge, native a-helical secondary structure, and the propensity to

106

aggregate on — and perforate — cell membranes ~ . This is supported by a recent report that

showed transgenic mice over-expressing APP were more resilient to bacterial infection then

105

there wild-type litter mates ~. The antimicrobial activity was visualized quite nicely using SEM

imaging wherein bacteria were observed trapped by amyloid fibres, limiting their motilityms.
Another recent study looked at the effect of gut bacteria on AD transgenic mice and found that

germ-free AD mice produced less AR pathology, further highlighting the link between anti-

104

microbial activity and AP . Further evidence for the role of AB as a tool of the innate immune

system comes from epidemiological studies which indicate a strong correlation between

87,107

systemic infection and the risk of developing AD later in life . AMPs represent one of the
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oldest conserved evolutionarily adapted host defense systems; as such it is possible that AB is a
remnant of an ancient innate immune system.
There are many pathways for the degradation and clearance of AB. First and foremost

108,109

autophagy within neurons should degrade overproduced AR , Which explains the link

between impaired autophagy and AD. Soluble extracellular AR oligomers and fibrils uniquely

119 AB can also be

activate microglial cells, but ultimately trigger phagocytic endocytosis of AB
cleared from the brain across the blood-brain barrier (BBB) and the blood-cerebral spinal fluid
(CSF) barrier . All of these pathways have been shown to be impeded by AB itself which could
make AP production snowball in a positive feedback loop. The importance of PSEN1 for efficient

112,113

autophagy may explain why mutations in these genes result in familial AD , while genome-

wide screening has indicated that other autophagy regulating genes are differentially regulated

in normal and AD cell models and that AB directly interferes with autophagy 109

. Microglial
clearance of AP oligomers and fibrils may be accomplished through binding of AP to cell surface
receptors where it signals endosome mediated proteolytic degradation; this also causes
microglial activation and subsequently triggers neuroinflammation M This
neuroinflammatory response uniquely depends on the aggregation state of AR >“'°. AB
production is strongly associated with microglial activation and inflammation, since increased
levels of LPS and pro-inflammatory cytokines are associated with greater AR deposition, in part

by interfering with Toll-like receptor mediated phagocytosis of AR 67,117,118

. Clearance of AB
across the BBB is regulated efflux transporters and receptors expressed at the endothelium
such as P-glycoprotein (P-gp), multidrug resistance protein (MRP), receptor for advanced
glycation end products (RAGE) and especially low-density lipoprotein receptor protein 1 (LRP1)
11119121 “Neurovascular clearance mechanisms have also been shown to be impaired in AD,
where LRP1 and P-gp have been shown to be down-regulated in the cerebral vasculature near

120121 "1 AB cannot be cleared the formation of large AR plaques may be

amyloid deposits
neuroprotective as they appear to be largely inert.

It is therefore possible that APP/AB serve a basic physiological role in brain lipid
homeostasis and neuroimmunity, not only for host defense— but also for microglial activation

and trafficking of lipids for tissue remodelling. This brief overview of APP/APB regulation is but a

10
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small sample of the literature in this area and many complex overlapping feedback loops
appear to be involved. Unintended consequences represent a large limitation to drug
effectiveness. Without a consensus on the physiological function of AB, the unintended

consequences of therapeutics directed at AB pathology will be harder to predict and mitigate.

1.4 Therapeutics targeting A8

Several different strategies that target the AB production/clearance pathway are being
explored in preclinical and clinical trials. General strategies to prevent the accumulation of AB
and its associated pathology have be developed which directly target AB preventing toxicity
and/or promoting clearance from the brain, or indirectly by preventing production of toxic AR
2930122 Active & passive immunotherapies in the form of vaccines and monoclonal antibodies
(mAbs), respectively, promote immunogenic clearance of AB. Small molecules and peptides
have been explored as options for preventing aggregation and thus its associated toxicity. In
addition, strategies which target upstream processing of APP into AP by secretases using mAbs,
as well as small molecule inhibitors and modulators have been explored ***°. Aside from
compounds which affect AB pathology many other strategies are being explored which target
tau pathology, cholinergic signalling or a combination of pathological features found in AD.

Synthetic and naturally occurring small molecules have been explored for the potential
treatment of AD, including: small molecule aggregation inhibitors, anti-inflammatory drugs,
anti-oxidants and drugs which affect signalling pathways important for learning and memory
301237127 Thioflavin T (ThT) and curcumin are small hydrophobic molecules which have been
shown bind AB and help to maintain protein folding homeostasis in worm models of AD, greatly

125 |

expanding lifespan and reducing the paralytic effect of AR on the nematode models n

addition curcumin has an abundance of other properties which may make it useful for the
treatment or prevention not only AD, but a variety of other diseases as it induces neurogenesis,
and has anti-inflammatory, anti-oxidant, anti-microbial and anti-tumorigenic properties 128,129
Melatonin is a pineal hormone which has demonstrated protective effects against AB toxicity

130

through receptor independent mechanisms . Melatonin’s protective effects are likely multi-

facetted as they have been shown to reduce AB aggregation, prevent oxidative stress, restore

11
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mitochondrial function and directly protect the cell membrane from AB by modifying its

21,126,131-133

biophysical properties . Multifunctional synthetic small molecules that operate on

several aspects of AD pathology (AR aggregation and cholinergic signalling) are currently in
development and represent an interesting direction in therapeutic interventions >*3°
Tramiprosate is a synthetic small molecule shown to bind AB and inhibit neurotoxic aggregation
which previously showed promise in vitro and in vivo but ultimately failed to meet primary

123137 " Ultimately, small molecules directed

endpoints in phase lll clinical trials for mild AD
toward AR pathology are limited by their small size, and consequent lack of specificity, while
their low molecular weight does not guarantee target engage or the ability to circumvent the
delivery challenges imposed by the BBB, which will be discussed in more detail in the next
chapter.

Immunotherapies that make use of the host immune system to stimulate removal of AB
have demonstrated potential in AD animal models, in particular high specificity mAbs that bind
various species of AB have been shown to reduce aggregation and promote immunogenic

1387140 Three non-mutually exclusive pathways

clearance of various AB species from the brain
for the immunogenic clearance mechanisms have been suggested however all may act in
parallel %1 First, mAbs are expected to directly trigger an immune response against AP deposits
in the brain, increasing microglial uptake **2. Second, mAbs can also prevent aggregation of and
disaggregate fibrils and plaques through dynamic competitive equilibrium processes as was

142 Finally, mAbs do not cross the BBB efficiently and have

supported by an early AFM study
been suggested to improve cognition by removing amyloid burden through a proposed “sink”
mechanism where the reduction of free soluble AB in the periphery causes a shift in amyloid

4314 In AD, BBB integrity is compromised with

equilibrium to favour efflux from the brain
significantly high amounts of neuroinflammation and microglial activation which should be
considering in developing potential therapeutics*®. It should not be surprising that dangerous
risks have been associated with AB immunotherapies, including: cerebral amyloid angiopathy

1457147 Attempts to engineer

and cerebral micro-haemorrhage from both vaccines and mAbs
safer vaccines and mAbs with reduced effector response and improved BBB permeation are

. 138,148,1. . . .
currently being explored *3'*° passive immunotherapy has been largely successful in many

12
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preclinical AD mouse models at reducing AB burden and improving behavioural deficits

13,150.151 " nfortunately in humans it has been unsuccessful at meeting the primary outcomes in

many AD clinical trials 1527154

Solanezumab is the humanized IgG1 mAb, m266.2, which recognizes the central AB13.s

142,155

region and binds soluble AP species preferentially compared to plaques . Solanezumab

was shown to have no significant effect on the primary outcome measures of patients in two

152

phase Il clinical trials, though no adverse events were associated with it =°. A more detailed

subgroup analysis yielded mildly encouraging results for a population of prodromal (pre-

16157 ultimately the effect was not efficacious enough to

dementia) and mild AD patients
justify continuation of the trial. Bapineuzumab is another mAb which binds the N-terminal of
AB, preferentially associating with fibrils and plaques where the central region is inaccessible.
Bapineuzumab was shown to have no significant effect on improving cognition of patients in
two phase 3 clinical trials and safety concerns raised by MRI imaging showed abnormalities

associated with vasogenic edema in some patients 153

. These setbacks have led experts to a
shift in expectations for AB intervention therapies and suggest that immunotherapy may not be
effective after the onset of symptoms due to the significant amount neuron loss already

154,158

present in the AD brain . Recently, clinical trials have shifted to preventative studies, with

14
8 Crenezumab

the newcomer Crenezumab beginning a five-year preventative trial in 2012
was engineered with an 1Gg4 backbone which elicits a less potent immune response yet still
binds with high affinity to AB monomers, oligomers and fibrils demonstrating a neuroprotective

150 Gantenerumab is

benefit and increased uptake of AB by microglial cells in AD mouse models
yet another mAb which binds both the N-terminus and mid-region of AR but predominantly
fibril species and is still being tested in phase lll trials with prodromal and mild AD patients 159,
Aducanumab is also being tested in phase | clinical trial indicating AP target engagement and
reduction of AR plaques *®°. The results of these and other preventive trials are long awaited in

AD drug development research, with further engineered mAbs and other peptide inhibitors of

amyloidosis in the pipeline that may also delay progression and age of onset.

13
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Figure 3: Alzheimer’s disease pathology progression. A representative plot shows the progression of AD pathology and
symptoms with clinical disease stage. AR accumulation occurs 10-20 years before the onset of symptoms and before
hyperphosphorylated tau and gross structural changes to the brain®®!

The recent and continuing failure of several AB directed therapeutics in clinical trials of

patients with mild to moderate AD has left much to be sceptical of regarding the current

71,154,162

paradigms in AD drug development . AB insult may occur as early as 20 years prior to

161,163

the onset of clinical symptoms (see figure 3 above) , thus the reversal of AD may not be

possible by targeting AB for removal from the brain in moderate and late stage AD. That being
said it may be possible to modify disease trajectory if AB treatments are applied sufficiently
early in the amyloid cascade, preventing or delaying disease onset™®. Some speculate that AB is
not the primary cause of neural degradation and AD progression but is instead a necessary
mediator of brain homeostasis'®* or a secondary downstream event 184 with others suggesting
that prevention of amyloidosis earlier on in the disease progression may be necessary 158
Indeed, a single molecular mechanism has not emerged a as clear candidate for the initiation of
AD and there are many factors involved in AD pathology which may need to be addressed when

trying to delay disease onset, including: AB production and clearance mechanisms '’

inflammation87’88’165, oxidative stresseg, abnormal metabolism and mitochondrial

9

26,164,166 , and tau pathophysiology .

121,1
167 Further

dysfunction , nheurovascular mechanisms
testing of AP targeted therapeutics in the pre-dementia population is needed to verify the

amyloid cascade hypothesis, unfortunately this is limited by a lack of early clinical diagnostic
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tools. Despite decades of progress much more work is needed on understanding and treating

AB pathology in AD.
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Chapter 2: Rational design of A3 aggregation inhibitors

The rationale for using aggregation inhibitors to prevent the formation of toxic AR
oligomers, the most toxic species of amyloid identified in AD, and drive aggregation equilibrium
in favour of the least toxic monomeric form of AB. A representative toxicity curve showing the
time/aggregation dependence of AR in solution, and the corresponding representative time
dependent distribution of amyloid species, is shown in figure 4 below. To reduce AB toxicity
associated with low MW oligomers can be accomplished by either driving AR equilibrium
toward the monomer state or accelerating aggregation into fibrils. Since monomeric AB is
considerably less toxic than fibrils it may be preferred to stabilize the monomer and prevent
toxic oligomerization to begin with. Biological candidates for potential inhibitors include: small
molecules, peptides, and even mAbs have been shown to inhibit fibrillization. In this chapter a
review of several seminal and more recent peptide AP aggregation inhibitor design strategies
will be discussed, including a brief discussion on challenges of delivery imposed by the blood-

brain barrier (BBB), and finally a description of the design process for the SG inhibitors.

Low MW oligomers.

Toxicity

Monomers

Time
100% Fibrils
\ Monomers .
\ Oligomers
\ T
Relative \ ~
Concentration , N
AN
/" \\‘ ~
s " _ —
0 >
Time

Figure 4: AB aggregation and toxicity with time. Simplified representative plot shows the time/aggregation dependence on
toxicity and the relative concentration of each species per unit of time.

2.1 Testing AB aggregation inhibitors
Methods to detect AB aggregation typically rely on detecting and quantifying changes in

secondary structure such as nuclear magnetic resonance, circular dichroism and Thioflavin T
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33,168-170

(ThT) fluorescence assays . The size and gross morphological structure of amyloid

aggregates can be assessed using electrophoresis such as SDS-PAGE, and electron and atomic

171172 These assays are limited to providing structural information of

force microscopy (AFM)
thermodynamic ensembles of AB in solution with temporal and spacial limitations which
underscore their physiological relevance. That being said these aggregation assays provide
necessary information pertaining to drug-AB interactions and how drugs modify AR
aggregation, which combined with AB toxicity studies in vitro provide important structure-
toxicity relationships 173,174

Cell viability assays in neuronal cell models and primary neurons are used to measure AR
toxicity of AB prepared with and without aggregation modifying compounds. These in vitro
assays require super-physiological concentrations of AR — 100-fold greater than physiological
conditions — to achieve significant toxicity over short time periods; as such they lack some
physiological relevance but are nonetheless important for proof of principle. Compounds that
demonstrate potential to reduce AB toxicity in vitro are applied to AD animal models where

physiological and behavioural effects can be measured '’

. Many different AD models have
been developed, with the simplest to induce AP toxicity directly by injection into the brain.
More sophisticated animal models require genetically modified transgenic animals that

endogenously overexpress familial AD genes: APP, PSEN1 and PSEN2 '°

. The typical scheme for
preclinical tests of AB aggregation inhibitors first involves characterization of the inhibitory
effect on AB aggregation; these structural changes can then be related to the effects on AB
toxicity in vitro, and finally cognitive behavioural deficits in vivo AD models. Unfortunately, no
clinical trials of peptide based inhibitors have been performed despite significant evidence of

their potential in preclinical trials.

2.2 Peptide inhibitors

In 1996, Tjernberg et al. reported the use of amyloid peptide fragment KLVFF as an
aggregation inhibitor and showed peptide-based ligands built from the sequence of AB itself
can be used to modify aggregation rates . Although aggregation was still seen, a noticeable
decrease in fibrillization suggests that these peptides bind and modify the dynamics of

aggregation of AB *’. This study systematically tested 31 decamer AR fragments using surface
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plasmon resonance (SPR) to measure the binding of the fragments to intact AB. These
experiments allowed for identification of the key self-recognition binding region of AB and how
various portions of the molecule contribute to AB dimerization, including the hydrophobic C
terminus. After they selected the decapeptide with highest AB affinity, it was truncated to
determine the minimum sequence for AB binding, KLVFF (AB16-20) 37 It was later determined
that shuffling the KLVFF amino acid sequence results in comparable inhibition of AB fibril
formation with nearly identical binding characteristics implying that overall hydrophobicity of
the peptide inhibitor is critical 176,

Also in a 1996 report, Ghanta et al. demonstrated that ABis,5 attached to a repeated
oligolysine disrupter element could reduce AP toxicity, in vitro, on neuron differentiated PC12
cells ®. Although this peptide inhibitor did not block B-sheet interactions or fibril formation, it
did cause changes in aggregation kinetics and higher order structural changes in fibrils,
shortening the length of the fibrils and increasing the amount of fibril entanglement 2. In this
case a more densely packed fibril may cause a reduction in the AB dissociation and less few
soluble species, highlighting the importance of how the aggregated structure of AB can affect
cytotoxicity. In subsequence studies published shortly later, Soto et al. modified the recognition
sequence LVFFA by adding or substituting proline residues at various positions, for instance
LPFFD (called iAB-5) *”*’8, Proline is a well-known B-sheet breaker peptide to disrupt B-sheet
interactions preventing aggregation and even causing disassembly of preformed fibrils when
incorporated at certain positions ’°. Further modifications can improve peptide properties such
as the addition of terminal charge to increase solubility and incorporation of D-amino acids for
proteolytic stability; these were then tested in a non-Tg AD rat model demonstrating decreased
AP deposition 178 and later positive behavioural changes 180 Standard L-amino acid peptides are
susceptible to proteolytic degradation and may have low BBB permeation and bioavailability as
a result. These early preliminary studies have paved the way for the design of next generation
peptide inhibitors.

With a foundation of knowledge built from early AB inhibitor studies, and advances
made in protein and peptide therapeutics it may be possible to design effective amyloid

aggregation inhibitors with suitable drug-like properties including: stability, solubility, target
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affinity, immune system evasion, and cell membrane and BBB permeability. Small peptides with
less than nine residues that contain synthetic amino acids (N-methylated, dextrorotary)
improve immune system evasion, proteolytic stability, and AP binding 1817183 More recently, a
peptide inhibitor was designed starting from the KLVFF sequence, modified with a single glycine
spacer between charged amino acid residues at the N and C terminuses, called OR2™*. These
charged residues are expected to improve aqueous solubility and disrupt fibril formation with
the glycine providing peptide flexibility. OR2 was shown to modify early aggregation of AB and

184

protect the SH-SY5Y neuroblastoma cell line from AP cytotoxicity™ . Later, increased proteolytic

stability and reduced immune response was achieved by substitution of various amino acids

185

with their corresponding D-enantiomer ~°. To maintain the AB binding activity of the original

peptide a simple swap is insufficient and reversal of the peptide bond is also required 3%,
This “retro-inverso” (RI) version of the peptide, RI-OR2, was shown to be effective at inhibiting
oligomerization and improving the survival of SH-SY5Y cells against AB toxicity, while also

85 The increase

remaining stable in human blood serum and brain extract for at least 24 hours
in stability afforded by the addition of a few retro inversed D amino acids will also help to
overcome the challenges associated delivery to the brain and bioavailability.

Peptide based inhibitors are an alternative preventative strategy to mAb therapies that
may be intrinsically safer due to a lower immunological profile. Antibody fragments and
engineered mAbs with lower immune signalling profiles are designed to be safer alternatives to
traditional immunotherapies but may not offer significant advantages over peptide based
inhibitors. Peptide inhibitors are also easily modified for superior BBB permeation through the

186-189

addition of targeting ligands and shuttling molecules . It must be mentioned that mAbs

can also be improved by making them bi-specific, able to bind AB and some feature of the BBB

190-192 .
9192 Jmmunogenic clearance of AB has been the focus of most

for improved brain delivery
clinical research; however as paradigms in AD treatment shift to prevention, inhibition of AB
aggregation may be suitable to allow natural clearing of the monomer without detrimental
immune response. The success of peptide inhibitors will rely on delivery to the brain
parenchyma across the BBB and stands as a major obstacle for drug development of any CNS

disease.
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2.3 Delivery challenges due to the blood-brain barrier

The lack of therapeutics for the treatment of Alzheimer’s and other CNS diseases is not
due to the lack of effective drugs, but their inability to cross into the brain across the BBB. The
BBB is a highly selective, regulated and efficient barrier that protects the brain from unwanted
molecules and pathogens. The BBB is the single largest hurdle that needs to be overcome in
order to deliver potential therapeutic and diagnostic agents to the brain, with only 2% of drugs

1931%% Typically, these molecules are small (less than

on the market able to effectively cross it
400 Da), lipophilic, neutral molecules capable of passive diffusion into the cell membrane, like
alcohols and steroidal hormones. This is a concentration dependent route into the brain and by
itself cannot support delivery of larger macromolecule therapeutics such as peptides and mAbs
for targeting AP.

In the human brain there is approximately 100 billion capillaries with a BBB surface area
of 20 m?, as compared to 0.021 m? for the blood-CSF barrier, thus the BBB regulates most of

% The BBB is an interface separated

the traffic between the peripheral system and the brain
by brain endothelial cells on the blood side with pericytes and astrocytes on the brain side
which polarize and communicate with the endothelial cells to regulate protein expression and
cell membrane composition, locally adjusting BBB properties as needed 1951% The endothelial
cells of the BBB are bound together with occludins, claudins and adherin molecules which form
the tight junctions (TJs) between cells and adherent junctions to the basement membrane 195,
The BBB has an extremely high resistivity to ionic flow as measured using transendothelial
electrical resistance (TEER) of between 1500 — 2000 Q/m?, an order of magnitude higher than a

195-197

typical epithelial barriers in the body . This resistance prevents access to most charged

moieties so that only small, neutral and water-soluble molecules can pass through undisrupted
paracellular TJs between endothelial cells **°.

The BBB is essential for regulation of brain homeostasis where influx and efflux of
nutrients and metabolites, as well as humoral signalling molecules, takes place. The extremely
restrictive nature of the TJs between cells forces the transport of molecules across, mostly

specific, transcellular routes into the brain parenchyma. Cells at the BBB not only prevent the

entry of unwanted molecules but actively remove them from the brain. The diverse processes
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governing the influx of necessary molecules for brain homeostasis provide a variety of options
that can be hijacked to improve the delivery of therapeutics and diagnostics into the brain
19319419 The means by which BBB delivery is engineered must be carefully considered for
safety and efficacy, moreover any effects of the disease state on the BBB should also be
consider in this regard % I1n AD, BBB integrity can often be compromised which in principle
may make delivery easier but should discourage further disruption 145,

Several high capacity transporter proteins are expressed that move nutrients and other
small molecules for metabolism and signalling, including: glucose, amino acids, fatty acids, and
cationic-organic small molecules. The latter moves small cationic molecules like currently used

AD drugs (memantine and cholinesterase inhibitors) across the BBB 199,200

. These transporter
proteins are too small to deliver larger macromolecules like mAbs, however carrier-mediated
transport of small (<10 amino acid) polypeptides across the BBB has been observed, for

instance the opioid heptapeptide, deltorphin **%?%

. These high capacity transporter proteins
could potentially be used to transport peptide inhibitors to the brain parenchyma provided
they fit the recognition motif on the extracellular transporter protein.

Alternatively, receptor proteins for endosome assisted transcytosis, or receptor-
mediated transcytosis (RMT) can transport larger proteins, such as insulin and transferrin, into
and out of the brain. RMT of large therapeutic proteins and small nanoparticles can be
accomplished by high jacking the receptors for insulin, transferrin, lipoproteins, and diphtheria

. 193,194
toxin among a few other receptors ***°

. The high specificity of RMT provides a great potential
for brain specific targeting of drug delivery systems and therapeutics. In designing ligands for
RMT high affinity does not predict high efficiency transcytosis, in fact high affinity anti-
transferrin receptor antibody was shown to promote lower levels of transcytosis compared to
lower affinity versions *°*. This implies that there is an ideal affinity for RMT that will achieve a
balance between selectivity and transport capacity. Small peptide ligands for peptide and
nanoparticle delivery, as well as chimeric or bi-specific antibodies, have been developed and
tested in preclinical studies for AD treatment applications'?%2%72%

With the ever growing literature surrounding BBB physiology in various CNS diseases

informed designs can be made to optimize targeted delivery to the diseased brain, and perhaps
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even to specific diseased brain regions, in such a way as to improve both safety and efficacy.
Insulin receptors are commonly explored for RMT unfortunately insulin and glucose
homeostasis is impaired in AD as AB binds and readily competes with insulin for its own

206,207

receptor , as such insulin receptors may not be an ideal candidate for drug delivery in AD.

Transferrin is a protein chaperone that collects and traffics free iron in the blood for transport

193 Using transferrin itself as the

into organs and its receptor has a high density at the BBB
ligand may not be ideal since transferrin receptors are fully saturated by native transferrin in
circulation, nonetheless it has been shown to enhance nanoparticle uptake into the brain

194,208.209 The targeting ligand can be directed against other epitopes of the receptor which do

not compete with binding of the native substrate to overcome any potential competition 204,210
Even if competition has been minimized there is a strong possibility for the drug delivery
system to modulate receptor trafficking and activity which should be considered to ensure no
negative consequences ***.

Efflux pumps are a family of transporter proteins and receptors expressed in the brain
parenchyma to move unwanted molecules out of the brain. It is known that AB binds various

efflux and influx pumps "+

. To prevent efflux from the brain a carefully designed drug will
not bind P-gp and other efflux pumps. If that is not possible it may be beneficial to utilize efflux
pump inhibitors. This will increase concentrations of the drug in the brain by limiting binding of
the drug to the efflux pump. In an AD mouse model it was shown that P-gp deficiency resulted
in an increase in AB deposition so this particular strategy in many cases may interfere with the
natural protection offered by the efflux pumps and may not be suitable for use in treating AD
or other chronic CNS diseases.

Native positively charged proteins and macromolecules such as protamine and human
serum albumin are capable of endosome mediated transcytosis across the BBB through
electrostatic interactions with the negatively charged endothelial cell membrane, a process

called absorptive-mediated transcytosis (AMT)**.

Drug delivery systems that induce or
improve AMT have the potential to greatly increase the permeation of many drugs at the BBB
by encapsulating the drug in cationic liposomes or polymeric nanoparticles 193213 ' AMT has a

higher capacity for improving BBB permeation as compared to RMT, since it does not rely on
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binding to specific receptors, however this comes at the expense of specificity **. As a result
low specificity endocytosis of the drug delivery system will cause uptake in other tissues in the
body, especially the liver and kidney, which leads to less brain uptake. This challenge is not
insurmountable as it is known that polyethylene glycol (PEG) coated nanoparticles have

214 Combining AMT favourable

decreased liver uptake and increased blood circulation time
surface enhancements with RMT may improve transport efficient for high capacity and
specificity drug delivery across the BBB for the treatment of various CNS diseases.
Cell-penetrating peptides (CPPs) are an interesting class of peptides that have been
used to improve transcytosis of nanoparticles and individual peptides and proteins for CNS

213,215216 * cpps are class of short (less than 30 residues) peptides capable of improving

delivery
penetration into cells. The exact mechanisms governing CPPs are currently in debate with
evidence to support different pathways. CPPs may involve cationic endocytosis as in AMT
186,217 '\while molecular dynamics simulations indicate local disruption of the cell membrane and
the formation of a transient water tunnel or pore through which CPPs translocate without

218219 pegardless of whether CPP delivery is endosome dependent, it is

endosome formation
nonetheless limited by lack of specificity to the target organ, as they readily cross all biological
membranes.

The conjugation of a CPP derived from the HIV transactivator of transcription (TAT) to
the previously mentioned RI-OR2 inhibitor showed remarkable results in a transgenic AD model
18 This TAT-RI-OR2 peptide was able to cross the BBB and bind AB plaques. After 21 days of
intraperitoneal injections transgenic mice had 25% reduction in cerebral cortex AB, 32 %
reduction in plaque count, 44% reduction in activated microglial cells, 25% reduction in

188 These results

oxidative damage and 210% increased neuron count in the dentate gyrus
indicate that oxidative damage, reduced neurogenesis and inflammation are results of AB
aggregation and can be reduced with the use of peptide inhibitors provided they can be
delivered to the brain. Despite this success no clinical trials have been performed of peptide AB
aggregation inhibitors most likely due to historical challenges associated with peptide based

therapeutics, such as: proteolytic stability, immune response, deliverability, and production
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220

costs”“". These challenges are now easily overcome and with the growth of peptide inhibitors

in the market costs associated with their production will only decrease.

2.4 SGinhibitors

The SG inhibitor structures were proposed based on previous studies mentioned above
then screened for target affinity in silica using molecular dynamics (MD) simulations. This
computer aided drug design (CADD) method is a rapid and cost-effective technique for
screening most suitable drug candidates, for example by optimizing the binding between the
drug and target, prior to expensive experimental trials ¥ For predicted SG inhibitors the
predicted affinity to AR is calculated using ligand-receptor docking simulations where the 11-
residue region containing the self-recognition region (R) of the peptide, AB13.,3 (HHQKLVFFAED
- red indicates positive and blue negative charge, respectively) is considered the receptor and
the SG inhibitor as the ligand. The CADD process used to screen SG inhibitors evaluated the
binding affinity with the 11 residue self-recognition segment of AB; as such important
interactions have not been accounted for, especially hydrophobic interactions with the C
terminus. Unlike traditional receptors such as G-coupled protein receptors and receptor
tyrosine kinases, the AB “receptor” has less well defined higher order structure and is quite
flexible making traditional CADD much more complicated. There are four classes of inhibitors
categorized based on their predicted binding orientation with AB and by the type of amino acid
backbone they possess: SGA contains an L-amino acid backbone, SGB contains a D-amino acid
backbone but both bind in anti-parallel B-sheet orientation to AB, while SGC and SGD are L- and
D- amino acids, respectively, that bind in parallel B—sheetslg, A large library of hypothetical SG
inhibitor candidates was developed for computational screening from which lead candidates
were synthesized for experimental studies.

The entries in the SG inhibitor library was constructed around the AB recognition
sequence containing the hydrophobic core sequence: KLVFF, LVFFAE or KVLFFAE, as identified

18,37,176,177

and utilized in earlier studies as a base ligand for AB . This library of SG inhibitors was

screened for lead candidates based on a series of molecular docking simulations to the
recognition region, R'. There are four orientations for binding to R, forming parallel or

17,18,221

antiparallel B-sheets with either the top or bottom face , as such inhibitors need to bind
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both edges to completely inhibit AB aggregation. The highest predicted conformational stability
of R indicates a very flexible chain which has a hairpin turn between Val,;g and Pheyy and
contains an intramolecular B-sheet (Figure 4a). Within the recognition sequence a salt bridge

16,18,221 .
™47 Various

between Kig and E,, is expected to drive the formation of the hairpin turn
modifications and substitutions to the base ligand are made to maximize affinity for R, such as
y-diaminobutyric acid on the N-terminus, which is suspected to improve interactions with Dy3
on AB, or substitution of lysine with the synthetic amino acid ornithine to improve electrostatic

1618 Other improvements to peptide inhibitors can be

side chain interactions with E;; on AB
made by substituting various lipophilic aromatic residues, which may optimize hydrophobic
interactions between the drug and AP target, as this has been shown to be important for AB
recognition 22%%%,

The core design principle behind the SG inhibitors involves not only AB binding but also
inhibition of AB-AP binding. To that end, all SG inhibitors contain alternating amino acids in the
peptide backbone that are N-methylated. Theoretically upon binding to AR these methyl groups
will appear on one face of the drug-AB complex preventing the growth of AB oligomers, as this

1718224 |

blocks hydrogen bonding between adjacent B-sheets on the SG side of the complex n

addition the N-methylation increases the hydrophobicity of the peptide and may improve
permeability of the membrane ?**. Proline residues can disrupt the B-sheets formed between
intra- or inter-molecular hydrogen bonds of AB as previously mentioned, therefore some

189

entries in the SG library contain proline residues ~. Upon binding to the complex N-methyl and

proline residues should inhibit AB interactions.
Delivery of SG inhibitors across the BBB is addressed by the addition of a myristic acid

18,225,226

tail to the N-terminus which should improve cellular uptake . The attachment of a lipid

to proteins (or lipidation) is a common post-translational modification which can localize the
protein near the membrane, direct binding, insertion and trafficking into the lipid bilayer *2"?%,
Lipidation for drug delivery could make use of both nonspecific absorption similar to CPPs
and/or involve fatty acid protein transporters that will improve uptake ***?>%2°_ Unlike
cholesterol, the brain produces only low levels of fatty acids and thus depends on influx from

the periphery which has been shown to involve protein transporters *°. Since the brain has a
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high metabolic demand it likely has a high capacity for fatty acid transport and a corresponding
distribution of transporter proteins. Therefore myristylation may be suitable for improving

delivery of SG inhibitors to the brain, these inhibitors are referred to with the ‘Myr-" prefix.

Figure 5: Most probable structural conformations for AB;3.,3, SGA1 and its complex. a) AB 13-23 most stable conformation
shows hairpin turn stabilized by intramolecular hydrogen bonds, b) SGA1 most probable conformation is a rigid chain, c) SG-R
complex — From Hane et al. (2014). Biosensors and Bioelectronics. 54: 492-298 20

Lead candidates from the docking simulations have been analyzed further in more
detailed MD simulations between SG and R to study site and edge specificity by calculating the
dissociation energy for the inhibitor to the top (R") and bottom (R®) binding configurations *’. It
is necessary to block these two different AB binding sites to completely inhibit oligomer
formation, thus the edge specificity is highly important. In addition, to the specific binding
orientation it is important to know the inhibitor self-affinity. The homodimer stability, as
measured by its dissociation energy, must be minimal to prevent competition to itself for AB
binding thus reducing its capacity to inhibit oligomerization. Both the edge specific and
homodimer dissociation energies for several SGA series inhibitors are shown in Table 1 below.
It is most desirable for the dissociation energy of R — SG to be greater and that of SG — SG to be
minimal. Three SGA inhibitors were shown to demonstrate interesting and unique predicted
edge specificity and homodimer binding. SGA1 is predicted to have preferential specificity for R"

over R? as indicated by the higher dissociation energy and had relatively low homodimer
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dissociation energy’’. SGA4 had the opposite specificity with slightly higher homodimer stability
judging by the higher homodimer dissociation energy'’. SGA3, interestingly, had little
difference in edge specificity with very high dissociation energies to both R" and R® but had a
much higher SG — SG stability'’. Based on these dissociation energies excess molar
concentrations of SGA3 alone or excess of SGA1 and SGA4 in combination would have the

highest potential for completely inhibiting AB aggregation v,

Table 1: Edge specific and homodimer dissociation energy. The edge specific and homodimer dissociation energies of SGA
inhibitors to the recognition region, R, and itself'’.

R"-SG R®-SG SG - SG homodimer
SGA1 43 + 3 kJ/mol 28 + 2 ki/mol 21 + 4 kJ/mol
SGA3 56 + 3 kJ/mol 47 + 2 kJ/mol 46 + 4 kJ/mol
SGA4 28+ 3 kJ/mol 44+ 3 kl/mol 37 + 3 kl/mol

Initial computational studies of SGA1 demonstrated a very rigid amino acid chain, most
likely due to the N-methyl amino acids (Figure 5b) and indicate that that the SGA1-R complex
(Figure 5c) adopts a fairly rigid structure as compared to R alone (Figure 5a). The predicted
dissociation energy for the SGA1 — R complex was calculated to be 51 kJ/mol, as compared to
62 kJ/mol for the R — R complex, and 24 kJ/mol for the SGA1 — SGA1 homodimer, where the
lower dissociation energy corresponds to lower binding affinity. This indicates a strong
potential for SGA1 to bind the AB recognition region, with minimal self-dimerization. When the
SGA1 ligand is in excess of AB the SGA1-R complex should dominate inhibiting oligomerization
and to be safe a 2-fold excess should be sufficient at low concentration. SGA1 was then tested
for its ability to block the formation of high B-sheet content aggregates using the ThT
fluorescence assay, western blot and circular dichroism where favourable correlations between
MD simulations were found . Furthermore, it was confirmed previously by our lab using single
molecule force spectroscopy (SMFS) that SGA1 was able to reduce binding events between
single AB monomers, and atomic force microscopy (AFM) imaging studies indicated a decrease

in fibrillization, albeit at the expense of producing a higher oligomer to fibril ratio 2?3,
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The aim of this thesis project was to evaluate several more inhibitors on the single
molecule level using SMFS to identify how structural identity affected AP dimerization and then
to test the potential neuroprotective benefit of inhibitors in vitro using an AD neuronal cell
culture model. In the first part (chapter 3), a SMFS study of three inhibitors (Myr-SGA1, SGA3
and SGC1) was performed to add to the previous data on SGA1 acquired previously23°. In the
second part (chapter 4), five inhibitors (SGA1, Myr-SGA1, SGA3, Myr-SGA3 and SGC1 -
sequences in Table 2 below) were tested in cell viability assays to verify inhibitors are non-toxic
and protect neurons from AP toxicity. The most probably structures for SGA1, SGA3, Myr-SGA1
and SGC1 are shown in Figure 6 below, in all cases the amino acid chain is fairly rigid, compared
to ABi3.23, While the Myr- group has a tendency to fold back on the amino acid backbone due to

hydrophobic effects.

Dabal

Dabal Meleu3 ﬁv-‘@ePheS Bala8 Meleu3 _k

Ala2 ._.\ﬂ

' \ Phed Phed J\C‘f Daba8
M
MyrSGA1 SGC1 Leue

Figure 6: Most probably SG inhibitor structures. Schematic representation of several SG inhibitors studied in this thesis. From
Robinson et al. (2017). BBA: proteins and proteomics — accepted in press 232

Table 2 The amino acid sequences of SG inhibitors that were studied and reported on in this thesis.

SG Inhibitor Inhibitor Sequence

SGA1 Daba-Orn-(Me)Leu-Phe-(Me)Phe-Leu-Pro-Bala
Myr-SGA1 Myr-Daba-Orn-(Me)Leu-Phe-(Me)Phe-Leu-Pro-Bala
SGA3 Daba-Orn-(Me)Leu-Phe-(Me)Phe-Leu-Ala-Glu
Myr-SGA3 Myr-Daba-Orn-(Me)Leu-Phe-(Me)Phe-Leu-Ala-Glu
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SGC1 Glu-Ala-(Me)Phe-Phe-(Me)Phe-Leu-Orn-Daba
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Chapter 3: Single molecule biophysical study of A dimerization
Atomic Force Microscopy (AFM) is a high resolution imaging technique, which can
operate in Atomic Force Spectroscopy (AFS) mode to directly measure unbinding forces

between single biomolecules **?3*7%

. Here AFS is used to obtain experimental evidence that
SG pseudo-peptide inhibitors, optimized by MD simulations, prevent the binding of APB
monomers, therefore inhibiting the first step of toxic AR oligomer formation. AR aggregation is
must be studied in solution to perform structural and size analysis, typically with biochemical
and biophysical methods as: NMR, circular dichroism, ThT, SDS-PAGE, and nanoscale imaging
with AFM and electron microscopy. The assessment of inhibitors in these types of assays are
limited in terms of their resolution as they are evaluating a large thermodynamic ensemble of
molecules and can only resolve changes in higher order structures of larger aggregates
(oligomers verse fibrils) and cannot easily assess small oligomer and monomer structure. The
advantage of single molecule approaches is that a direct measure of interactions between two

individual monomers can obtained, and thus how inhibitors affect dimerization, the first step in

oligomerization can be assessed.

3.1 Methods
3.1.1 Atomic Force Microscopy

The Atomic Force Microscope (AFM) is a mechanical microscope that works by scanning
an atomically sharp probe tip over a sample; by measuring the forces between the tip and the
sample a nanoscale topographical map of the surface can be generated **. The AFM is capable
of characterizing topographical nanoscale features of organic and inorganic sample surfaces,
many variations have been developed to measure other surface properties such as electrostatic
surface potential, and adhesive properties. The AFM is an important tool for measuring
structural information of biological systems, such as DNA, proteins, and lipid membranes, in
either air or liquid environments with incredibly high nanometer resolution. This technique is
widely utilized for studying the effect of different environmental conditions and relevant

molecules on AP aggregation, especially fibrillization and the effect of AB on lipid membranes.
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The AFM generates high resolution topographical images by feeling the surface
schematic shown in Figure 7 below. It requires an atomically sharp tip mounted on to the end
of a cantilever bar which bends according to the force it experiences from the surface. A laser-
photodiode detection system is typically used to measure cantilever bending which is directly
proportional to the force on the tip times the cantilever stiffness. The tip is brought into close
proximity with the surface through the use of an extremely precise piezoelectric actuator more
casually called the “piezo tube”. A piezoelectric device has a well-defined mechanical response
to an applied electric field and the opposite, an electric field in response to mechanical stress.
The piezo tube allows for sub-nanometer z control of the tip above the surface which is under
control of a feedback system to limit the amount of force between the tip and sample. The set
point, as defined by the user, determines how much force is allowed to be exerted between the
tip and the sample before the piezo tube must adjust to reduce the force, in this way a stable
image can be maintained.

There are several imaging modes that can be employed. In contact mode - the simplest
mode of operation - the tip sample force is kept constant in the repulsive force region by means
of the feedback system. As the tip moves across the changing topology any change in cantilever
bending (usually measured by means of laser-photodiode) is compensated for by adjusting the
cantilever height in such a way as to maintain a constant force according to Hooke's law, F = -
kx. The cantilever height is adjusted by applying a voltage to the z control of the piezo tube. The
voltage applied to the piezo needed to maintain a constant cantilever deflection can then be
converted into a height profile as the voltage displacement relation for the piezo tube is known,
that is, the amount of mV applied to the piezo to produce a given height displacement. The
imaging rate depends heavily on the refresh rate of the feedback system and typically is only
good enough to provide very low temporal resolution, as imaging requires timescales on the

order of tens of minutes.
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Figure 7: AFM schematic. Cartoon representation of a basic AFM set-up, probe, cantilever, laser detection system measures
deflection of the cantilever and using a feedback loop to minimize the deflection allows for determining the topography of a
sample. Image courtesy of JPK.

3.1.2 Single Molecular Force Spectroscopy

An operational mode of the AFM called atomic force spectroscopy (AFS) can be used to
measure the force of interaction between the AFM probe and a sample surface. This can be
used to provide mechanical information relating to the material, such as stress/strain analysis
of nanoscale features, which can be tested through indentation of the surface from inorganic
materials to biological systems including whole cells. If enough force is applied to a thin film or
other layered sample, and the probe is sufficiently strong, a breakthrough event will occur
which can provide not only maximum force the film layer can withstand but also estimate the
thickness of the thin film. In addition to measuring forces induced by pressing on a sample, AFS
can also be used for measuring adhesion to a sample surface. To measure adhesion the probe is
brought into contact with the surface where it pauses for a user-defined amount of time
allowing the tip to interact with the surface, it is then retracted and the force of adhesion can
be measured. This is usefully for measuring cellular adhesion and studying cell-cell interactions.

A variation of AFS called single molecule force spectroscopy (SMFS) is useful for

measuring single interactions between individual biomolecules for studying receptor-ligand,
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antigen-antibody, and more generally, protein-protein, nucleic acid-protein and lipid-protein
interactions. In a typical SMFS experiment, the tip and surface are chemically modified with the
ligand and receptor of interest. The chemically modified tip containing the ligand is brought
into contact with the chemically modified surface and allowed to interact. The tip is then
retracted from the surface and if there is a binding event the attractive forces on the tip can be
measured. If an unfolding or unbinding event occurs a rupture on the force plot can be easily
identified and the rupture or unfolding force measured (see figure 8 and 10 below). This can be
used quantify binding forces, and can be correlated with the binding affinity using a suitable
model. SMFS experiments of single molecules must be carefully designed and the surface
chemistry carefully considered for isolating the desired interaction so that it is not obscured by
non-specific tip-sample interactions. Several thousand force curves must be acquired to have
enough specific binding events for a statistically sound data set, as not every force curve will
contain a binding event. The number of binding events in a given experiment is referred to as
the experimental yield. A detailed analysis of this yield can be done by calculating the specific
unbinding forces for estimating the binding affinity. This highly sensitive nanoscale technique
can measure unbinding forces between single molecules on the order of pico-Newtons.

A SMEFS system has been developed to analyse whether or not SG inhibitors engage AR
and block AB dimerization, shown in figure 8 below. Previous work with this system has
demonstrated that metal ions increase the interaction energy between AB monomers which
correlates well with molecular dynamics simulation and other aggregation studies that report
copper and iron increase fibrillization®®. The inhibitor SGA1 was also evaluated in SMFS
previously; Hane et al. was able to show that SGA1 prevented the dimerization of AB as
indicated by significant reduction in the experimental yield of AR dimerization in the presence
of SGA1%°. There was an inverse exponential relationship between the yield and concentration
and the rupture force increased linearly with concentration, which implies diminishing returns
with increased SGA1 inhibitor. These studies set the stage for the work presented here,

wherein three more SG inhibitors, Myr-SGA1, SGA3 and SGC1 are evaluated.
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Figure 8: Schematic of AB SMFS set-up. Covalently, attached AB via PEG linker allow for the identification of specific
interactions between individual amyloid monomers. In the presence of potential drugs or other environmental conditions their
effects on dimerization can be measured directly. From Robinson et al. (2017). BBA: proteins and proteomics — accepted in

232
press “°.

3.1.3 Surface Modification for SMFS

To study protein and nucleic acid binding with SMFS requires chemical modification of a
support surface and the AFM tip, covalently attaching one molecule of interest to the tip and
the other on a supporting substrate, typically mica. There are several types of chemistry for the
covalent attachment of the molecules depending on the type of molecule and the surface.
Sulfhydryl crosslinking chemistry using maleimide (Mal) combined with amino N-
hydroxysuccinimide (NHS) ester is most commonly done. First, the surfaces are modified by
attaching free amines: gold coated surfaces can be modified using thiol chemistry and
hydrophilic surfaces which contain free hydroxyl groups such as silicon nitride and mica can be
easily silanized (Figure 9). Once the surface is covalently covered in free amines a flexible linker
is attached to prevent non-specific interactions from obscuring the single molecule binding

event as mentioned above. Polyethylene glycol (PEG) terminated with an NHS ester on one end
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and maleimide on the other (Mal-PEG-NHS) can react with free amines on the modified

surfaces and can crosslink to sulfhydryl terminated oligonucleotides and proteins containing

cysteine. To attach AR monomers for SMFS experiments here, a custom synthesized N-terminal

cysteine modified AP is used. Briefly the steps for surface chemistry are outlined below:

Surface chemistry for SMFS:

1.

Clean MLCT cantilever probes and mica substrates, first soak in pure ethanol bath for 10
min to degrease followed by 20 min in UV-ozone cleaner which should oxidize any
remaining contaminates and expose the hydroxyl surface underneath increasing the
hydrophilicity of the silicon nitride tip and mica surface.

Silanization of the probe and mica substrates by incubating clean probes and mica in a
solution of 167mM aminopropyl silatrane (APS) for 30 minutes, see figure 9. Rinse in
ethanol followed by ultrapure water.

Probes and surfaces are incubated in 167mM Mal-PEG-NHS for 3 hours, followed by
rinses in ethanol and water. The heterobifunctional Mal-PEG-NHS polymer will serve as
a linker with one terminal maleimide and one terminal NHS ester. The NHS group reacts
with free amine on the silanized surface. The maleimide group on the other end of the
linker is free to react with sulfhydryl (-SH) groups, such as in cysteine.

The tip is incubated in 0.22 nM N-terminal cysteine modified AB (1-42) for 30 minutes,
followed by rinse in DMSO and ethanol.

Any unreacted maleimide are than quenched with B-mercaptoethanol to prevent any

polymerization with free maleimide during the experiment.
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Figure 9: Amine modification for SMFS. Aminopropyl silatrane (APS) incubation with mica and silicon nitride AFM cantilever
surfaces to produce an amine modified surface 236

3.1.4 Data acquisition and statistical analysis

Following surface chemistry modifications, the force plots are acquired in buffer conditions
(HEPES 20nM, 140mM NaCl, pH 7.4) at room temperature. Using, JPK data acquisition software,
the probe is programmed to approach the surface at a set velocity, pause for 0.5 seconds at the
surface and then retract at the same velocity. For each probe sample set the force scans are
calibrated for sensitivity by first acquiring a force curve and measuring the slope of the contact
region, which corresponds to the negative slope below Onm (see figure 8 above or 10 below).
Several thousand force single molecule curves over N=6 trials were obtained (625 — 900 per
trial condition — control and inhibitor each) for proper statistical analysis. First a set of force
curves are acquired in buffer to serve as control. Next, SG inhibitor solutions prepared in same
buffer is substituted for control conditions and another —set of curves are than acquired, using
identical approach and retract settings. The experimental yield, a ratio of single molecule
unbinding events to the total force scans is computed. Comparing the experiment vyield
between these two data sets (control, no drug, and with drug) provides empirical information
as to the effectiveness of inhibitors at reducing AB dimerization. The experimental yield was
further analysed by calculating the unbinding forces and plotting the resulting histogram, this
distribution of binding events was then analyzed further identifying the most probably

unbinding forces between control and inhibitor.
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Statistical analysis of experimental yields was performed using GraphPad Prism software.
The experimental yields for control and inhibitor group were averaged and compared using
paired T-test, for each control/inhibitor pair data set. Analysis of variance (ANOVA, p<0.05) was
applied to the means of the difference in experimental yields of each inhibitor. Unbinding
forces were calculated using JPK Data Processing software by fitting curves each unbinding
curve to a WLC model with significance set to p < 0.05. This histogram of unbinding forces was
than further analyzed by fitting multiple Gaussian peaks to the distribution of forces using
OriginPro software. The peak fit will provide the most probably binding force with the extent
calculated from the fit providing the significance; this is then compared between control and

inhibitor.

3.2 Results and Discussion
3.2.1 Binding Curves

In a force spectroscopy experiment, or force measurement, the AFM probe is repeatedly
moved towards and away from the sample and the interaction force between the probe and
the sample surface is measured as a function of probe-sample separation. The distance
dependence of attractive and repulsive forces is obtained. When the molecules of interest are
attached to the AFM probe and the sample surface the specific interaction between single
molecules can be measured. The analysis of the interaction forces and fitting the experimental
curves to theoretical models provides valuable information about the interactions between
biomolecules at a single molecule level. In the SMFS experiment, the AP peptide was attached
to the AFM probe and to the mica substrate, schematic representation shown in Figure 8.
When the AFM probe was brought to the surface (approach curve shown in blue on Figures 8,
10 and 11) the binding between two AB monomers can occur. When the probe is moved away
from the surface monomers dissociate (probe retraction indicated in red, Figure 8, 10 and 11)
resulting in adhesion peak in the force plot, (Figure 8A, 10A). When no binding occurs, the
adhesion peak in the force plot is absent, (Figure 8B, 10B). A PEG linker is used to separate the

amyloid molecule from the surface to allow for differentiating the adhesion peak from non-
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specific tip-substrate interactions as indicated by the negative vertical deflection between 0 and
10 nm above the surface (Figure 10 A and B).

The surface modifications to the tip and mica surface are carefully designed to isolate
individual amyloid-amyloid binding forces sufficiently high above the surface to differentiate
from non-specific binding of the tip with the mica substrate that may otherwise obscure AP
interactions. Non-specific binding, as indicated by the small adhesion peak (negative vertical
deflection) between 0 and 10 nm above the surface, results from non-specific tip interaction
with mica surface (see figure 10 A and B below). The presence of PEG linker allows us to
separate non-specific binding from AB-AB binding. The PEG linker has an average expected
length of about 20 nm — calculated from the molecular weight — but experimentally has been

48,230 Therefore,

shown to be 35 nm, as observed in previous force spectroscopy experiments
we expect the unbinding events to occur starting at 40 nm above the surface but have been
observed to occur between 35 and 80 nm above the surface due variance in polymer length.
Only single molecule interactions are considered so that only curves with one distinct adhesion
peak are used (Figure 10A below). When the density of AB on the surface or tip is too high the
number of force plots with multiple unbinding increases, example shown in Figure 10. Trials

where the number of force plots with multiple peaks exceeds 5% of the total binding curves

were omitted.
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Figure 10: Binding and non-binding force curves. A force curve showing the unbinding of two AB proteins at 45 nm above the
surface, approach (red) and retraction (blue) of the probe. Contact occurs at x = 0.
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Figure 11: Multiple unbinding curve. A force curve showing multiple unbinding of AB proteins, approach (red) and retraction
(blue) of the probe.

3.2.2 Experimental Yield of Binding Events

The percent yield was generated as the ratio of unbinding events by the total number of
force curves taken; results from each SG inhibitor are shown in Figure 12A. We then compared
the number of binding events with and without inhibitor to get a reduction in experimental
yield shown in Figure 12B. As the inhibitors are designed to block the self-recognition region of
the AB peptide and prevent dimerization detailed analysis of the specific unbinding forces yields
no differences between control and inhibitor 2*°. We previously explored the concentration
dependent effects of SGA1 using this assay and found an inverse exponentially decreasing
relationship between the experimental yield and concentration with an apparent asymptotic
limit of the inhibitor to block dimerization events **°. As such all inhibitors were tested at the
low concentration of 40nM (corresponding to 1:2 ratio of AB to inhibitor) where each inhibitor

is expected to be monomeric and previously found good AB-AB inhibition activity **°.
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Figure 12: Experimental yield of AB binding with SG inhibitor. A) Experimental yield of AR unbinding events (N=3) for SGA3,
SGC1 and M-SGA1 plotted with SEM. All inhibitors significantly reduced binding/unbinding of AR (P<0.05), (B) Reduction in
experimental yield of unbinding events plotted with SEM. From Robinson et al. (2017). BBA: proteins and proteomics —
accepted in press.

It can be seen that effective inhibition of AB dimerization is observed with all three
inhibitor molecules (paired T-test — P < 0.05; Figure 12A). Experimental data show no
significant difference in the ability of each SG inhibitor to prevent dimerization between
inhibitors using analysis of variance (ANOVA, P < 0.05; Figure 12B). Although the three
inhibitors were shown to have slightly different binding affinities and edge specificity towards

16,17,232

the AB13.,3 fragment, as shown by MD data , they all effectively prevent AB-AB binding as

shown by SMFS experiments with no discernable distinction.

3.2.3 Distribution of Forces

The histograms below show the distribution of the unbinding forces between AP
monomers with and without the inhibitor compounds (Figure 13). It can be seen from the force
distributions below that all inhibitors reduce the total number of binding events. It is difficult to
make any concrete conclusions about how the inhibitors interfere with the process of AB
dimerization however there may be some grounds to suggest the inhibitors not only block
dimerization but each may cause different contributions to the strength of AB-AB forces that
are allowable, by preferentially allowing certain types of interactions in a structurally
dependent way. All mean AB — AB unbinding forces were calculated using JPK data processing
software and then plotted as a histogram and analysed further using Origin Pro multiple peak

Gaussian fitting. A two peak fit to the force distribution the control force distribution shows one
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peak centered at 99 + 6 pN and the other about 217 + 26 pN (mean * SD over all 3 control data
sets, Figure 13), with the first peak being narrower than the second.

In looking at the force distributions, it appears that SGC1 does not appreciably change
the position of the first peak but drastically reduces its extent, while the position of the second
peak was shifted significantly to a higher binding force of 280 + 20 pN (Figure 13A). It can be
seen from the plot of SGC1 that two additional peaks, each with lower probably but higher
unbinding forces can be seen. These unbinding events may correspond to a multiple unbinding
event occurring at the same rupture length, and is thus indistinguishable from a single molecule
event. SGC1 caused an average AB-AB unbinding force of 105 £ 4 pN (Appendix A: supplemental
material, Figure 18). In computational studies, SGC1 was found to bind to each face of the AB
recognition region without bias, meaning its predicted binding energy was the same for each
side”,

The control force histogram for the SGA3 data set poorly fit a normal distribution
(R®=0.55373, Appendix A - supplemental material, Figure 18). Unfortunately, the control
unbinding forces for SGA3 did not follow as closely to the distribution as expected. When
comparing to the force distribution across all control trials (peak 1 =99 + 6 pN and peak 2 = 217
+ 26 pN), it appears as though SGA3 does not have a significant effect on the position of the
peaks (peak 1 = 106 + 2 pN and peak 2 =210 + 17 pN, Figure 13B). This indicates SGA3 more
uniformly blocked binding events as compared to SGC1 which caused a shift in the second
binding peak to a higher probable unbinding force.

Myr-SGA1 it was found to strongly prevent higher energy binding configurations, which
were barely populated, with few unbinding events larger than 300pN (Figure 13C). That being
said it had very limited effect at preventing lower energy binding configurations of the
monomers, while reducing the lowest mean AB-AB unbinding force, from 99 + 6 pN to 89 + 1
pN. This may be due to the terminal myristic acid group on the pseudopeptide which increases
its hydrophobicity. The inhibitor has strong binding characteristics to the recognition region of
the peptide preventing higher energy hydrogen bonding between monomers but may not
prevent the lower energy hydrophobic interactions. The interaction between the mystic acid

attached to the SG inhibitor to the strongly hydrophobic C-terminal of the AB monomers would
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not be able to prevent an AR dimer complex. In terms of the larger therapeutic implications this
may be problematic as it may stabilize the oligomer state, as mentioned previously low MW
oligomers are largely held together by hydrophobic interactions and not B—sheetsas. Therefore
inhibitors that have high hydrophobicity with the ability to block B-sheets may stabilize

disordered low MW oligomers which are most toxic.
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Figure 13: The AB force distribution for SG inhibitors. For each inhibitor with corresponding control unbinding forces. A dual
Gaussian fit was applied to each distribution — SGC1, SGA3 and Myr-SGA1. The distribution for SGC1 (A) contained a shift in the
second peak towards higher energy binding, while the distribution for SGA3 (B) was unchanged and finally, Myr-SGA1 (C)
caused an extremely significant shift in the force distribution towards the lower energy binding forces, blocking nearly all higher
energy binding configurations. From Robinson et al. (2017). BBA: proteins and proteomics — accepted in press
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3.3 Conclusion

These results show that all three inhibitors effectively prevent amyloid-amyloid binding
due to strong binding to amyloid-f peptide and also that SG inhibitors cause changes in the
distribution of amyloid-amyloid unbinding events in a structurally unique fashion, providing
some insight into how the inhibitors mediate AB dimerization. The biophysical properties
(especially hydrophobicity) and structure of inhibitors appears to be important for modifying AB
dimerization. SGC1 demonstrated a fairly uniform reduction in binding events across a range of
forces but did shift the higher energy binding peak to a higher probably unbinding force, which
may indicate limited effectiveness to block oligomer formation. SGA3 had little effect on the
force distribution more evenly reducing binding events across the histogram. The myristylated
inhibitor (Myr-SGA1) drastically reduced the number of higher energy binding events and
lowered the most probable unbinding force. The low energy binding events most likely
correspond to hydrophobic interactions alone with the higher energy forces likely involving
contributions from both hydrophobic interactions and hydrogen bonding between AR

monomers.
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Chapter 4: SG inhibitor toxicity and the effects on A toxicity

Cell viability studies evaluating drug toxicity and the effect of the drug on AB toxicity is
essential for early proof of principle preclinical trials. In this chapter SG inhibitor toxicity and SG
inhibitor neuroprotection against AP toxicity of several lead candidates are reported. A murine
hippocampal-derived immortalized cell line, designated HT-22, was used to assess cellular

viability to AP toxicity. HT-22 cells exhibit glutamate excitotoxicity 2’ neuronal cholinergic

8 239,240

markers **%, and importantly are sensitive to AR toxicity . A previous reports in HT-22

based AD models have demonstrated dose dependant A toxicity that can be ameliorated by

240 These neuronal characteristics make HT-22

activation of nicotinic acetylcholine receptors
cells suitable for evaluating the effects of AR on cell viability as cholinergic dysfunction and
neuronal excitotoxicity are involved in AB pathology and AD. These models are however limited
by the high proliferation rate of the immortalized HT-22 cells and require a super-physiological
concentration of AB to induce cytotoxicity. These two features, high proliferation rate and high

concentration of AB, are not physiological and should be considered in the interpretation of

results.

4.1 Methods
4.1.1 Cell Culture Models

HT-22 cells were grown in 10 cm?’ tissue culture treated dishes in full growth media
comprised of DMEM/F12, 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a
humidified environment at 37° C and 5% CO,. The cellular viability of HT-22 cells exposed to AB
as assessed using the metabolic MTT assay. To mimic AD in vitro, super-physiological
concentrations of 5uM AB prepared in various states (monomers, oligomers and fibrils) are
applied to the cells and incubated for 24 hours — these treatment groups will be labelled the AB
control. The true control (TC) is simply untreated cells. In this particular model AB oligomers
should reduce cellular viability to 50 + 10% of TC. Next, the concentration dependant effects of
SG inhibitors on A toxicity are then compared to the AB control. DMSO is used in suspending
AB into media for treatment and thus an additional control containing an equivalent amount of

DMSO added to media was performed to ensure the effect of DMSO on cell viability is within
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10% of the TC. Finally, the effects of SG inhibitors on AB prepared in various aggregation states

will be evaluated.
4.1.2 Inhibitor and A8 preparations

Stock solutions of SG inhibitors were prepared at 100 uM in ultrapure water and stored
at -80 C and thawed immediately prior to use. Stock solutions were kept up to 6 months. To
prepare treatments stock solutions were further diluted in DMEM/F12 to the final
concentration 10 uM, 5 uM and 2.5 pM. On the day of treatment, full growth media in the 96
well plates (described above), was fully removed and replaced with inhibitor dissolved in
DMEM/F12.

Several different preparations of AB were used. AB monomers, oligomers and fibrils
were prepared following adapted Stine’s protocols *. 1 mg of AB (1-42) (< 97 % pure, HFIP,
purchased from rPeptide) was dissolved in HFIP to a concentration of 1mg/ml and 70 ulL
aliquots of this solution are pipetted into microcentrifuge tubes, placed inside a desiccator in
the fume hood and allowed to evaporate in low humidity environment for 24 hours leaving
behind a thin film of AB monomers. These stock aliquots of 70 pug AB were then stored at -20° C
in glass jar containing desiccant for up to 1 year. Immediately prior to use 70 pg AB was
resuspended in DMSO at a concentration of 5 mM, vortexed for 30 seconds, pulse centrifuged
for 30 seconds and then sonicated for 10 minutes. The 5 mM AP solution prepared in DMSO
was then diluted to 100 uM in cold DMEM/F12 media, this solution represents the 0 hour time
point and can be said to be monomeric although it will immediately begin aggregating at rates
dependant on concentration and temperature. The 100 uM solution was then further diluted to
5 or 33 uM in fresh DMEM/F12 or DMEM/F12 containing SG inhibitor at various concentrations
corresponding to a final ratio of AP to SG of 5:1, 2:1, 1:1 and 1:2. For monomeric AB the 5 uM
solution was used immediately, to produce oligomers the 5 or 33 uM solution was placed in 4°C
fridge for 24 hours, and finally to produce fibrils a 33uM solution was incubated at 37°C for 24
hours. The 33 uM solutions of AP were then diluted to a final concentration of 5 uM for

treatment.

4.1.3 MTT Assay
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The cytotoxicity of compounds can be measured by counting live and dead cells
differentiated by their ability to take up particular dye into the cell, such as trypan blue. This is
time consuming without automated cell counters; as such other high throughput biochemical
methods that assess cellular viability have been established. This is most routinely
accomplished through the use of colorimetric assays which gauge cellular metabolism. Here a
molecule that undergoes a color change following metabolism is used, the amount of coloured
metabolite is related to the metabolic capacity of the culture and acts as a proxy measure of
the cultures health. It is then straight forward to simply quantify the strength of signal at a
particular wavelength associated with the metabolite and compare to untreated cells for a
relative measure of cellular viability. In the MTT assay 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium (MTT) Bromide, a yellow salt, is metabolized via an NADH dependent
pathway to a purple metabolite, formazan, which has an absorbance peak at 570 nm (Figure

14).

—\ NADH NAD* P—
N-N N—NH
NS _S A N S
N N—/ ) X N—Z/
CHs CHs
MTT Formazan

Figure 14: MTT metabolism to formazan is NADH dependent changing from yellow to a purple. This can be easily quantified
using absorbance spectroscopy with the absorbance peak set to 570 nm o

The MTT assay was used to evaluate the viability of HT22 cells exposed to solutions of
either inhibitor alone (for drug toxicity) or mixtures of inhibitor with full length AB, prepared as
described above. HT-22 cells were plated into 96-well cell culture plates with a cell density of
10,000 cells/well, and then grown in full growth media at 37 C, 5% CO2 for until 80 % confluent
(20 - 24 hours) at which point treatments were applied. Full growth media was exchanged for

treatment media, and then returned to incubator for 24 hours, allowing treatments to affect
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cell viability. After, the media was exchanged for phenol red-free DMEM/F12 with 10% MTT
solution. The cells were returned to the incubator to metabolize the MTT for 3.5 hours. The
cells are then solubilized in a buffer solution of isopropanol with 10 % Triton X-100 and 0.1 M
HCI by manual pipetting. After solubilisation each well of the plate was read in Molecular
Dynamics plate reader at 570 nm and 690 nm. The signal at 690 nm is subtracted from the
value at 570 nm for each well to account for background. Media controls (wells containing no
cells) were averaged to calculate the background signal from MTT that has not be metabolised
and then subtracted from each of the wells containing cells. All treatment groups were then

expressed as a ratio to the TC for each plate.

4.1.4 Statistical Analysis

Inhibitor toxicity to HT-22 cells was assessed in triplicates after exposure to each
individual inhibitor (SGA1, Myr-SGA1, SGA3, Myr-SGA3 and SGC1) at concentrations of 2.5, 5.0
and 10.0 uM for 24 hours. A total of N=4 independent trials were performed for all inhibitors at
2.5, 5.0 and 10uM for HT-22 cells between passage number 3 and 15. A two-way ANOVA with
multiple comparisons was performed to establish any significant differences between all groups
with a null hypothesis that the inhibitors would have no effect on cellular viability. Multiple
comparisons between individual inhibitors, at each concentration, with the TC were performed
during the two-way ANOVA using Fisher’s least significant difference (LSD) test where
significance was assigned when p < 0.05. The Fisher’s LSD is identical to performing individual T-
tests between each inhibitor at a specific concentration with control AB as it does not perform
any correction to the p-value for multiple comparisons. This is suitable as the variance between
each inhibitor cannot be assumed to be the same. Without correction the risk of false positive
is greater but the chances of false negatives are minimized.

In assessing the effects of the SG inhibitors on AB toxicity HT-22 cells were exposed to 5
UM AB or 5 uM AB with inhibitor at a concentration of 1.0, 2.5, 5.0 or 10 uM in triplicate for
each treatment group per trial for N=3 independent trials. Only trials where AB control
exhibited a reduction in cell viability by at least 35% were considered, two standard deviations

from the target of 50%. Again two-way ANOVA with multiple comparisons using Fisher’s LSD
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was performed. All comparisons were between the AB control and each inhibitor at a particular

concentration, significance is assigned when p < 0.05.

4.2 Results and Discussion
4.2.1 SG inhibitor toxicity on HT-22 cells

First the toxicity of the SG inhibitor was evaluated on HT22 neurons cultured according
to the methodology above. SG inhibitor was prepared at 2.5, 5.0 and 10.0 uM in DMEM/F12
media, applied to cells and incubated for 24 hours prior to treating with MTT. From the graph
below (Figure 15) it can be seen that SGA1 and SGA3 are not toxic, with no significant
difference in viability as compared to TC, while SGC1 did not significantly affect cell viability at
but followed a trend toward dose dependent toxicity. Myristic acid modified inhibitors (Myr-
SGA1 and Myr-SGA3) showed a strong dose dependent toxicity (Figure 15). The toxicity
associated with these inhibitors could be for a variety of non-mutually exclusive reasons. The
first is that myristic acid itself is likely lipotoxic toward neuronal cells; some evidence for this
comes from two reports indicating caspase-1 mediated Iipotoxicity242, as well as AD-like tau
hyperphosphylation®®, associated with stearic and palmitic acids - which differ from myristic
acid by 2 and 4 carbons on the fatty acid tail, respectively. These two reports suggest a
potential mechanism for saturated fatty acid induced cell death from myristylated inhibitors. In
addition to these mechanisms computational studies indicate high Myr-SGA1 self-association,
as indicated by the high stability of Myr-SGA1 homodimer, which could indicate aggregation or

detergent like toxic??.
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SG inhibitor toxicity on HT22 cells
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Figure 15: SG inhibitor toxicity to HT-22 cells. MTT cell viability assays indicate that myristic acid modified SG inhibitors
(designated “Myr-") show a dose dependent toxicity, while non-myristylated inhibitors are not toxic to mHT22 cells. Triplicate
measures, N = 4, mean + SEM, Fisher’s LSD (p < 0.01**, p < 0.001*** and p <0.0001****),

4.2.2 Effect of inhibitors on A8 oligomers

The AP treatment prepared according to modified Stine’s protocols with no inhibitor
reliably produces oligomers with which to compare against A — SG inhibitor mixtures®’. A slight
modification to the protocol for these studies was to incubate AP at 5uM as opposed to 100
UM. This was done to accommodate the SG inhibitor and ensure the monomeric form was
dominant in solution as SG inhibitors have a low self-affinity that can cause the formation of
homodimers at sufficiently high concentrations *’. The SG inhibitors proposed are predicted to
bind to R, the self-recognition region of AB, stabilizing the monomer and driving equilibrium
toward the low toxicity species, ideally containing a higher proportion of monomers to

oligomers and thus reducing toxicity.
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Figure 16: SG inhibitor rescue of HT-22 cells from A. Cell viability after exposure to AB without (mean + SEM, N=6) and with
SG inhibitor at 5:1, 2:1, 1:1 and 1:2 ratio of AP to SG (mean + SEM, N=3). SGA1 and SGA3 demonstrate a dose dependent effect
on toxicity, improving cellular viability by 15 and 18 % at a 1:2 ratio, respectively. Toxicity of myristylated inhibitors is
compounded with the presence of AB oligomers in a dose dependent fashion (triplicate measures, two-way ANOVA with
Fisher’s LSD (p < 0.05*, p < 0.01**, p < 0.001*** and p <0.0001****),

It can be seen from Figure 16 above that the HT-22 cell viability after AR treatment
alone was approximately 50 = 5 %. Only two of the five inhibitors demonstrated protective
effects against AP toxicity as reflected by the percent viability. SGA1 was shown to provide mild
protection compared to AB, with the SGA1-AB treatment at 1:2 improving the survival to 65 + 6
% (p<0.05*), which corresponds to a relative increase over AP treatment by approximately 30 +
14 %. SGA3 performed even better with the 1:1 and 1:2 AB:SG treatment groups improving cell
viability compared to AB treatment to 64 + 3 % and 68 * 3 % for a relative increase of 30 + 12
and 38 + 12%, over APB respectively (p<0.05* and p<0.01**). Although the statistical test
showed significance the neuroprotection of SGA1 and SGA3 was modest.

Further studies of SG inhibitors on AP toxicity were performed in less controlled
circumstances at 37° C to try and improve SG — AP interactions. The results from these
experiments were inconclusive (shown Appendix B: supplement material — Figure 18) most

likely due to the large variability in AB toxicity. No significant effect was observed which could
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be due to the lower inhibitor to AB ratio (1:1) or the higher temperature which would promote
aggregation.

The toxicity of Myr-SG inhibitors appeared to enhance AP toxicity (Figure 15, p <
0.001*** and p < 0.0001****), This increase in toxicity could be due to combined AB and
lipotoxicity related to fatty acid exposure. As demonstrated in the previous chapter using SMFS,
Myr-SGA1 had the capacity to block AB dimerization and dramatically changed the distribution
of binding forces between AR monomers favouring lower energy binding configurations that
may correspond to hydrophobic association. It is highly likely that Myr-SG inhibitors would
impact the aggregation state of AB, owing to its high affinity to the recognition region of AP.
The hydrophobicity of the myristic acid tail should promote SG-AP interactions despite a high

homodimer stability?*?

. It may be the case that Myr-SG inhibitors do in fact engage AB but
promote and include themselves in the formation of AB oligomers due to strong hydrophobic
interactions that drive early oligomer formation. With the N-methyl backbone of the peptide it
would prevent B-sheet interactions and indeed could stabilize the small molecular weight AB
species while delaying fibril formation, enhancing AB cytotoxicity.

These modest increases in survival for SGA1 and SGA3 at the highest ratio of A to SG
are promising especially considering the super-physiological concentrations of A used in this
assays. In AD, interstitial brain fluid and CSF levels of free soluble AP are estimated to be on the
order of 10° M, 1000-fold lower than what was used in this assay. In addition this assay does
not take into account any AB clearance and degradation pathways. Although HT-22 cells mimic
several important neuronal characteristics in AD, this in vitro AD model is an artificial
environment which does not accurately represent physiological levels of AB or the progressive
accumulation of AP. Even worse, AB is produced predominantly in the intracellular
compartment before being excreted into the brain parenchyma and intracellular AR
accumulation appears to be most critical in the early disease as it greatly affects cellular

viability prior to extracellular deposits******

. It is most likely that the earliest neuronal stress
induced by AP occurs from the inside out rather than the outside in. This style of in vitro model
like the one used in this report most accurately represents the extreme of advanced AD where

extracellular soluble AB is in high concentration. That being said SG inhibitors are expected to
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perform better with a smaller ratio of SG to AB more indicative of the early or prodromal phase
of AD. The use of these types of assays appear more well suited to studying pharmacological
interventions that provide indirect AP protection through mechanisms which do not specifically

involve AP aggregation, such as activation of growth factors or neuroprotective receptors>*.

4.2.3 Aggregation dependence

The effect of SG inhibitors on the formation of various AP species may provide hints as
to effects on earlier and later stages of Alzheimer’s disease. SGA1 demonstrated anti-cytotoxic
effects against AP oligomers prepared at 5 uM and thus was chosen for further testing. AB in
various aggregation states were prepared according to the methods described above. One day
before treatment, solutions of 33 UM monomers, oligomers and fibrils with and without SGA1
at a concentration ratio of 1:2 AB to SG were placed in -80° C, 4° C and 37° C, respectively.
Monomeric solutions were thawed under sonication to maintain its monomeric form.
Immediately prior to treatment each group was diluted to a final concentration of 5 uM and
applied to cells. AR fibrils demonstrated lower toxicity than oligomers (Figure 17 below,
Student’s T-test — p < 0.05); although the difference between oligomers and monomers was
insignificant it trended towards lower monomer toxicity as expected (Figure 17). Since the HT-
22 cells were exposed to AR species for 24 hours monomeric AR would have ample time to
aggregate such that AB prepared in monomeric form would quickly form oligomers after being
applied to cells. Sampling the health of the cell culture as a function of time may show
important differences in viability that were lost after a complete 24 hour cycle.

In HT-22 cells SGA1 appeared to have no significant effect on AB toxicity when co-
incubated in conditions where monomers or preformed oligomers are the dominant molecular
species (Figure 17). This is in contrast to the previous section wherein SGA1 demonstrated a
mild reduction in AB oligomer toxicity (Figure 16 above). This may be explained by the higher
concentration of SGA1 and AB used in this set of experiments (33 uM as compared to 5 uM). At
higher concentration SGA1 forms semi-stable homodimers and the rates of AP aggregation are
much higher. This may lower the interaction probability between SGA1 and AB. SGA1 enhanced
the cytotoxicity of AR when prepared under fibril forming conditions, 33uM at 37° C (Figure 17,

Student’s T test — p < 0.05). This increase in toxicity is likely due to SGA1 stabilization of
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oligomer structure where the inhibition caused by SG inhibitors is sufficient to delay fibril
formation but not sufficient to drive the equilibrium to favour monomeric AB. This is in
agreement with previous result by Hane et al. where it was demonstrated by AFM imaging that

SGA1 caused dramatically higher oligomer to fibril ratio compared to AB alone **°.
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Figure 17: Aggregation dependence of SGA1 on A toxicity evaluated at 2:1 ratio of inhibitor to AB. No significant differences
in toxicity are observed for monomers and oligomers; however enhanced toxicity is observed when SG inhibitors are present
during the preparation of fibrils (N=4, quadruplicate measures, Student’s T-test (p < 0.05%*).

4.3 Conclusion

SG inhibitors are largely non-toxic up to 10uM, with the exception of the myristic acid
modified SG inhibitors which caused dose dependent toxicity to cells. Unfortunately a different
design strategy for delivery of the SG inhibitors across the BBB barrier will be necessary.

The effects of SG inhibitors on AB oligomer toxicity as assessed with HT-22 cells were
small but promising. Two of the three inhibitors (SGA1* and SGA3**) caused approximately a
one third improvement in cellular viability from AR toxicity (p < 0.05* and p<0.001*%*,
respectively). SGA1 caused increased toxicity of AP solutions prepared in fibril forming
conditions (p < 0.05*), potentially shifting equilibrium in favour of toxic oligomers. It was
demonstrated previoustB0 and in Chapter 3 above that SG inhibitors do not fully block AB
dimerization, and based on MD simulations will form SG homodimers at sufficiently high

17,18

concentrations and therefore must dissociate before engaging AR . The complicated

equilibrium between SG-SG, SG-AB and AB-AB in solution may discourage formation of
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oligomers at the onset but that after some time AB interactions may dominate promoting
longer lag in fibril growth, thus SG peptides may increase the effective lifetime of toxic
oligomers. Previous reports have demonstrated that lipids can effectively solubilize otherwise
insoluble inert AB fibrils into toxic proto-fibrils*>, further studies will need to determine if SG

inhibitors also induce reversal of fibrils to more toxic state.
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Chapter 5: Future Directions

The SMFS study presented above provides information pertaining to the effect of SG
inhibitors on AB dimerization that can be compared with cell viability studies. The experimental
yield of AB events was significantly reduced in the presence of all SG inhibitors however with no
difference between the inhibitors. Detailed analyses of the unbinding forces demonstrate
significant structure dependent effects on the force distribution. SGA3 had no significant effects
on the distribution of forces compared to the mean control distribution but showed some
effectiveness at protecting against AP toxicity. SGC1 appeared to cause an increase in higher
energy binding events, increasing the second most probable unbinding force and could be
related to the lack of effect on AR toxicity. Myr-SGA1 caused a drastic decrease in high energy
binding events but unfortunately, demonstrated an inherent Ap independent neurotoxicity that
compounded in the presence of AB.

Studies where super-physiological concentrations of AP are applied to induce toxicity
have obvious shortcomings and their physiological relevance to human AD is limited, as
discussed in Chapter 4. These types of studies may be more relevant to drug candidates whose
pharmacological interventions involve receptor-mediated drug protection to ameliorate, rather

0 The positive neuroprotective effect on HT-

than prevent, aggregation associated AP toxicity
22 cells justifies further evaluation of SGA1 and SGAS3 in vitro with primary neurons which are
more physiologically relevant. It should be a high priority to repeat the studies presented here,
as well as in primary neurons, for the B and D class SG inhibitors — as they incorporate D-amino
acids which should be expected to perform better than the L-amino analogues tested here 25,
Provided experiments on primary neurons confirm the results presented in this thesis, future
studies in vivo using AD animal models would be justified.

Alternatively, it may be important to use a cell culture model that progressively
accumulates AB over time which would be more physiological, albeit more resource intensive.
Advances in tissue engineering and 3D cell culture models have demonstrated more
physiological cell culture models that are more representative of the progressive nature of AD

27,246

and AP accumulation in particular In these models genetically modified human

neuroprogenitor cells that overexpress the AD protein, APP, are seeded into Matrigel
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27,246

nanoscaffolding . The deposition of extracellular AR, a major hallmark of AD, develops

within 6 weeks of culturing, followed at 14 weeks by the appearance hyperphosphorylated tau

protein, a major secondary downstream event in Ap pathology 27,246

. Since these models rely on
changing the media every few days to sustain the culture this would in a fashion simulate the
CSF flushing that occurs in vivo, another important physiological process. In these models
prevention could be more accurately determined by assessing the cell culture at few time
points, measuring various pathological hallmarks, such as AB, ROS and even charges in cellular
signalling pathways.

Structural characterization of the fraction of AP species produced when incubated with
the SG inhibitors would provide a better understanding of structure-toxicity relationship.
Fractionation techniques based on size exclusion have become much more efficient in recent
years. Symmetric flow-field flow fractionation may be the most accurate method for
determining ratios of AP fractions in a sample and has been used to identify with higher
precision the nature of AP toxicity in relation to prion diseases, but could be very useful for

realizing aggregation dependent effects®’**

. Correlating the various fractions of AB species
produced with and without inhibitor will help to better understand the toxicity-structure
studies presented in this thesis.

The myristic acid delivery system intended for CNS uptake of SG inhibitors will have to
be rethought as demonstrated by the compounding toxicity of the Myr-SG inhibitors in
conjunction with AB. The TAT CPP has already been shown to be a suitable candidate for

enhanced CNS delivery for AB targeted inhibitors'®®

, so this is an option. Alternatively, the
pseudo-peptide SG inhibitor itself could potentially be turned into a CPP by optimizing
electrostatic and hydrophobic/hydrophilic character. That being said an improvement in BBB
uptake could be also be achieved using receptor-mediated delivery with the addition of specific
BBB ligands, for instance, a 12-residue peptide ligand for transferrin receptor has been show to

204

improve uptake of gold nanoparticles into the brain®". As well, the 29-residue rabies virus

glycoprotein fragment which binds nicotinic acetylcholine receptors has also been

demonstrated to safely transport peptides across the BBB®,
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Despite over 100 years of research and shifting paradigms, the aetiology of AP
pathology and AD is not definitively known, while it may be the case that AD is too broadly
classified and that several subtypes of AD should be defined and clarified. The strategy of
inhibiting AB aggregation as a preventative treatment for AD has not been sufficiently studied
to close the subject for good. SG peptide inhibitors could stand to be a useful preventative
measure in pre-dementia patients, perhaps alongside mAbs or other treatments designed to

increase AP clearance.
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Chapter 6: Conclusion

The studies presented in this thesis present experimental evidence in molecular and
cellular studies that demonstrate the potential of theoretically proposed SG inhibitors as AB
targeted AD treatments. We show that AP aggregation inhibitors can be tested with single-
molecule biophysics approaches. In addition, the work presented here provides verification that
HT-22 cells are useful as a cell culture model for testing AB toxicity, in vitro. In this study it was
demonstrated that all SG inhibitors have been shown to engage AB and inhibit amyloid-amyloid
binding at the single molecule level. These SG class inhibitors prevent dimerization in
structurally unique ways and, importantly two SG inhibitors were shown to mitigate AP
oligomer toxicity in cell viability studies. A new SG inhibitor delivery system is certainly required
moving forward, due to the associated toxicity of the myristic acid modification to neurons. The
protection of the non-myristoylated SG inhibitors to super-physiological concentrations of AR
oligomer toxicity was minimal and the propensity of inhibitor to increase neurotoxic activity
when mixed with AB under conditions to promote fibrils is a concern. Although the protective
effect was minimal the cell culture models used here more accurately reflect late stage AD, as
such SG inhibitors should behave more efficiently in preventative models of AD, both in vitro
and in vivo. SGA1 and SGA3 should be tested further in vitro, with primary hippocampal
neurons. The two studies presented in this thesis provide motivation and justification for

further preclinical studies of theoretically designed novel amyloid inhibitors.
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Appendix A: Supplemental Information

1. Single peak fit to force distributions
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Figure 18: AB force distribution with single peak fit for inhibitors top to bottom: SGC1, SGA3 and Myr-SGA1. The R-square
value for the distribution of control AR unbinding forces using a single peak fit were 0.85, 0.55 and 0.84 respectively, as such
multiple peak analysis was performed to better fit the data.
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2. Effects of SG inhibitor on generic A8 solution

Cell viability of HT22 to AP prepared at 37° C for 2 hours
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Figure 19: Cell viability of HT-22 cells to AB prepared at 37° C for 2 hours. The effects of SG inhibitors at equal concentration to
AB toxicity when prepared at 37 C for 2 hours before exposure to HT-22 cells, the exposure time was 24 hours as in other MTT
assays. This solution is expected to produce a large distribution of AP aggregate sizes ranging from small oligomers to
protofibrils and even short mature fibrils. This AR preparation caused highly inconsistent toxicity at 5uM, with only half of the
trials (A and B) exhibiting less than 50 % reduction in neuronal viability, of these trials SG1 caused minimal neuroprotection (P <
0.05 and P < 0.001, respectively). When taken all together (E) the only significant effect was the increase in toxicity of Myr-SGA1
and Myr-SGA3 (P < 0.0001 for both). Similar results would be expected for 0 hour incubation, which would be equivalent to
addition of monomeric AB at time of exposure.
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Appendix B: Additional Research Projects

1.

The structural biology of AB-lipid membrane interactions with real-time high-speed
atomic force microscopy — Travelled to the University of Bristol, U.K. on two separate
occasions for a total of 9 weeks to collect high-speed AFM images capturing the real-
time dynamics of AB with model lipid membranes

Performed proof of principle experiments towards development of lipid biosensors for
the study of membrane-Ap interactions based on Surface Enhanced Raman
Spectroscopy (SERS) and Surface Plasmon Resonance (SPR) techniques.

Use of AFM combined fluorescence imaging and SPR to study the binding of affinity tags
to various AP preparations (monomer, oligomer, fibrils) for MRI AD diagnostic probes.
Single molecule force spectroscopy of antigen-adjuvant interactions — This is part of
collaboration between Dr. Zoya Leonenko and industry partner the subject of which is
confidential and secured by NDA.

Performed computational modeling of CO, injection wells for long-term atmospheric
carbon storage using MATLAB software by writing a program to calculate the real-time
pressure distribution within old oil and gas reservoirs as it is filled with compressed

liquid CO, for climate control engineering applications.

77



	Author’s Declaration
	Statement of Contributions
	Abstract
	Acknowledgements
	Dedication
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Chapter 1: Introduction
	Chapter 2: Rational design of Aβ aggregation inhibitors
	Chapter 3: Single molecule biophysical study of Aβ dimerization
	Chapter 4: SG inhibitor toxicity and the effects on Aβ toxicity
	Chapter 5: Future Directions
	Chapter 6: Conclusion
	References
	Appendix A: Supplemental Information
	Appendix B: Additional Research Projects

