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Thesis Abstract

Alzheimer’s disease (AD) is the most common form of dementia with around 520,000
individuals currently diagnosed in the UK. Despite the devastating impact of AD there are
currently no successful therapeutic approaches to treat the condition. AD is characterised
by the misfolding and aggregation of the Amyloid-B (AB) peptide. Whilst pinpointing the
exact species of AR that exerts toxicity is difficult, it is generally accepted that oligomeric
forms of the peptide confer toxicity. Various oligomer sizes and conformers impart varying
mechanisms of toxicity but ultimately, soluble oligomers of AR initiate a cascade of
downstream toxic events that eventually lead to the neuronal cell death responsible for AD.
Recent application of cryogenic electron microscopy (cryo-EM) and solid-state NMR
(ssNMR) techniques have revealed high-resolution structural information regarding the

architecture of AB within fibres.

Here, a semi-rational approach has been applied to design peptide libraries utilising one of
these recent high-resolution structures as a template. In particular, we focus on two key
regions, an outer B-sheet strand and the central dimeric interface, which are instrumental
in formation of the Greek-key motif common to most amyloid folds. The intracellular Protein-
fragment complementation assay (PCA) was employed, and a further novel transcription
block survival (TBS) assay developed, along with successful proof-of-concept experiments,
and applied to successfully identify peptide inhibitors of AB1.42. The study utilised Thioflavin-
T (ThT) fluorescence aggregation assays along with Circular Dichroism (CD), Transmission
Electron Microscopy (TEM) and photoinduced crosslinking experiments to demonstrate the
ability of the selected peptides to impact upon AR aggregation. The study next sought to
explore how the altered aggregation of AB would translate within a cell-based assay.
Therefore, an ABR-induced toxicity assay was optimised within a differentiated SH-SY5Y cell
line applying low concentrations of AB. Upon application of the identified peptide hits it was
observed both could partially rescue AB-induced toxicity within the human derived neuronal-
like cell line as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
(MTT) viability assays. The peptide sequences identified herein present exciting targets for

potential therapeutic candidates to target AB-induced toxicity in AD.

Overall, this study demonstrates the successful application of the PCA assay and the
development and application of the novel, intracellular TBS screening platform to identify
peptide hit sequences able to alter AB-induced aggregation. Optimisation of an AB-induced
toxicity assay within a relevant human-derived cell line also provides a platform to assess
the potential of future drug candidates and reveals the potential for the peptide sequences

identified to partially rescue AB-induced toxicity.
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History of Alzheimer’s Disease

Alzheimer’s Disease (AD) was first described over 100 years ago in 1906 by the German
physician Dr. Alois Alzheimer after he performed an autopsy following the death of 51 years-
old patient Auguste Dieter. Dieter had been displaying what we now associate with
dementia-like symptoms including memory loss, confusion, aphasia, and hallucinations.
Alzheimer documented dramatic brain shrinkage due to cerebral atrophy and observed the
amyloid plagues and neurofibrillary tangles now considered the defining characteristics of
AD. Following a poorly received lecture from Alzheimer describing his findings it was not
until 1910 that AD got its name when Emil Kraepelin, a colleague of Alzheimer, described
Alois’ findings in a textbook referencing the disease as Alzheimer’s disease. However, due
to the rarity of AD at the time (Alzheimer identified just three further AD cases) the name
Alzheimer and his research weren’t greatly received and went mostly unnoticed. Later in
1976, AD was recognised as the most common cause of dementia and Glenner and Wong’s
isolation and identification of Amyloid-g (AB) in 1984 followed (Glenner and Wong, 1984).
In 1995 Alzheimer’s findings, including notes from his conversations with Auguste Dieter
and other patients were found and re-evaluated using modern techniques (Mdller and
Graeber, 1998). Although Glenner and Wong guessed that Ap was a causative factor of
AD, it was not until later identification of inherited genes within familial AD (FAD) that
influence the processing and production of the AB peptide that led to formation of the
Amyloid Cascade Hypothesis (ACH) with AR denoted the instigating factor in the disease
(Hippius and Neundoérfer, 2003; Makin, 2018).

General overview of Alzheimer’s Disease and symptoms

AD is a neurodegenerative disorder with a complicated disease progression. The
aggregation of two proteins, AB and Tau, causes neuronal dysfunction and eventually leads
to cell death and loss of neurons. The extent of this neuronal loss is depicted in the AD brain
image shown in Figure 1 and has been compared to the weight of an orange (around 140
0) (ARUK, 2015). In most forms of AD, one of the areas within the brain that is damaged
first is in and around the hippocampus within the temporal lobe, a region responsible for
formation of day-to-day memory. This neuronal loss causes disruption in memory formation,
in particular that of short-term memories in the early stages of the disease. Forms of less
common AD may affect other regions of the brain first, meaning that the first sign of AD is
not always short-term memory loss. For example, in Posterior Cortical Atrophy early
neuronal loss and damage is often associated with the occipital and parietal lobes which

enable processing of visual information and facilitate spatial awareness. Symptoms
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developed throughout AD are dependent on the region of the brain affected. As the disease
spreads throughout the brain, symptoms become vast and can impair language, reasoning,
social behaviour, visuospatial awareness and cause a lack of concentration and fluctuations
in mood, including anxiety and stress, depending on the region of the brain damaged
(Figure 1). Eventually, symptoms become more severe once AD inflicts various regions of
the brain and patients will lose the ability to independently live and function and require

assistance with daily tasks and are often unaware of what is happening around them.

__Parietal Lobe:

Frontal Lobe: PUCh

« Decision making * T:fr:eerature
s . Awar?eness

« Personality » h

« Behaviour Wo_v_emen

+  Attention : riting

«  Mativation Reading

« Planning o

« Self-awareness QOccipital Lobe:

+ Movement = Processes visual

information

healthy
brain

advanced
- alzheimer's

Temporal Lobe:
+  Memory Processing
* Hearing

+ Language

+ Contains the hippocampus

Figure 1. Structure and function of the brain. Surrounding the brain is a layer of cells
called the cerebral cortex which is divided in to four lobes as depicted above. The brain is
constructed of two hemispheres, the left and the right. Each hemisphere has a ‘set’ of lobes
which may differ slightly in their function but ultimately the two sides work synergistically.
The functions of each lobe are listed. Damage to the various brain regions in AD results in
a vast range of symptoms depending on the region of the brain that is damaged. The frontal
lobe is situated at the forefront of the brain and is often damaged later in AD. The temporal
lobe is largely associated with memory processing and contains the hippocampus which is
responsible for formation of day-to-day memories. Towards the back of the brain are the
parietal lobe, responsible for understanding the body’s position, touch, taste, reading and
writing, and the occipital lobe responsible for visual information. Beneath the cerebral cortex
is the sub-cortex which contains various structures responsible for movement, emotions,
balance and posture and survival functions such as heartbeat in the basal ganglia (located
above the hippocampus region), limbic system (includes the hippocampus so surrounding
hippocampus region), cerebellum (labelled) and brain stem (labelled) respectively.
Information from (Society, 2022b). Image created using BioRender.com. Inset is an image
of a cerebral slice of human healthy brain compared to AD brain to demonstrate extent of
neuronal loss. Image credit: 2014 Alzheimer’s Association. http://www.alz.org. from (Waser
et al., 2016).
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Alzheimer’s Disease Epidemiology

Over 50 million individuals worldwide are affected by dementia with a staggering new
diagnosis every three seconds across the globe (Patterson, 2018). In 2015 it was estimated
that 1 in 3 people born in the United Kingdom (UK) will develop dementia in their lifetime.
The societal impact of dementia has a price tag to match with the global cost coming in at
around 1 trillion US$. The biggest risk factor is age and with the ever-aging population this
figure is predicted to double by 2030 where cases could be as high as 82 million and as
high as 131 million by 2050 (Nguyen, 2018; Patterson, 2018). Dementia is a devastating
disease not only for those diagnosed but also for their relatives. Much of the care provided
is by family members with an estimated 82 billion hours of informal care carried out each
year (Patterson, 2018) by around 16 million family members (Association, 2018), with 70 %
of that care provided by women (WHO, 2021b). As well as in terms of care, dementia also
implicates women disproportionately compared to men with women accounting for around
65% of dementia deaths (WHO, 2021b). AD is the most common form of dementia
accounting for up to 70% of dementia cases (WHO, 2021a) and in total affecting around
10% of the population over 60 (Frank et al., 2003). In 2019, AD ranked 7" leading cause
of death globally (WHO, 2020) which highlights the importance of research into prospective
treatments and cures for the disease.

Processing of Amyloidogenic Precursor Protein to produce A3

There are two hallmark proteins responsible for the pathology observed in AD; an
extracellular plaque composed mostly of the Amyloid-B (AB) peptide, and intracellular
inclusions assembled largely by the cytoskeletal protein, Tau. Dysregulation of these
proteins in AD leads to the production of neuritic plaques and neurofibrillary tangles (NFT),
respectively. Both proteins have been extensively studied and both are important targets in
the hunt for successful AD treatments. However, this study will focus on A, a peptide of

37-43 amino acids, its role in AD pathology and its potential as a therapeutic target.

AB peptide is produced from proteolytic cleavage of the Amyloid Precursor Protein (APP).
Alternative splicing of APP results in the production of three isoforms with varying lengths,
APPeggos, APP7s1 and APP770. Whilst the physiological role of APP is not clear, APP and its
cleavage products are thought to play important roles in cell survival and signalling
pathways (Leissring et al., 2002). APP undergoes either of two cleavage pathways, non-
amyloidogenic or amyloidogenic cleavage (Figure 2). Whilst all isoforms are susceptible to
amyloidogenic cleavage, APPsgs has been shown to undergo preferential amyloidogenic

cleavage, resulting in elevated AR levels compared to the longer isoforms, and is primarily
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expressed in neurons (Belyaev et al., 2010). APP+s1 and APP+7o, expressed at lower levels
in the brain, are otherwise ubiquitous with increased expression also demonstrated in AD
brain (Tanaka, Nakamura and Ueda, 1990; Wang et al., 2016).

In the non-Amyloidogenic pathway APP is cleaved within the AR fragment by a-secretase
and produces a soluble APP N-terminal fragment (sAPPa) which has been shown to be
important for neuronal protection, synaptogenesis and synaptic plasticity with no production
of AB (Mattson et al., 1993; Mattson, 1997). a-secretase cleavage is followed by y-secretase
and often subsequent e-secretase cleavage to release the APP intracellular domain
(AICD50) (physiological role discussed below) and an ABi7-4042 fragment (p3) fragment of

which no clear role has been established (Chow et al., 2010).

Alternatively, APP can undergo amyloidogenic cleavage in which B-secretase cleavage is
followed by y-secretase (a complex of enzymes in which Presenilin-1 and Presenilin-2
(PSEN-1/2) are the catalytic subunits) cleavage releasing the AR extracellularly (Robakis,
2011). This y —secretase cleavage is not always specific and can cleave at various residues,
resulting in multiple lengths of AR being produced, ranging from 37 to 43 amino acids, with
1-40 and 1-42 being the most predominant. In a healthy brain, AB1.40is the more dominant
species, however ABi42 begins to accumulate in AD either as a result of increased
processing of APP or the decreased clearance of ABi-42. ABi-42 iS prone to aggregation and
self-assembles much more readily than ABi-40 and is considered the more toxic isoform
(Esbjorner et al., 2014). An extracellular APP cleavage product is also produced following
the cleavage by B-secretase (sAPPB) which has been shown to play a role in synaptic
pruning and neuronal cell death (Nikolaev et al., 2009). Additionally, an AICD50 is released
following y-secretase cleavage (with subsequent e-secretase cleavage to create a 50 amino
acid residue protein) which is thought to enter the nucleus where it acts as a transcription
factor for genes such as p53, potentially altering calcium signalling leading to Long Term
Depression (LTD) at neuronal synapses and eventually neurodegeneration (Alves da Costa
et al., 2006; Berridge, 2010; Chow et al., 2010). The AICD50 fragment has also been shown
to upregulate production of the AB-degrading enzyme Neprilysin by increasing transcription
of the gene that encodes the protein (Belyaev et al., 2010; Grimm et al., 2015).

Interestingly, AB has been suggested to act via a feedback loop to increase amyloidogenic
processing of APP by influencing membrane fluidity. Oligomeric AB1-40is thought to bind to
neuronal membranes and decrease the fluidity. This decreased fluidity provides favourable
conditions for cleavage of APP by [B-secretase and y-secretase as opposed to a-secretase,

thus AR stimulates its own production in this feedback circle (Peters et al., 2009).
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Figure 2: Processing Pathway of Amyloid Precursor Protein. Amyloid Precursor Protein
(APP) can undergo non-Amyloidogenic cleavage in which APP is cleaved by a-secretase,
releasing an extracellular sSAPPa fragment, followed by y-secretase cleavage to release an
intracellular C-terminal fragment. This intracellular fragment is often also cleaved by ¢-
secretase to remove a few residues and create the AICD50 fragment which translocates to
the nucleus where it influences transcription of genes such as p53 and Neprilysin.
Alternatively, APP can be cleaved by B-secretase to release the N-terminus as an sAPPJ
fragment which has a role in synaptic pruning and neuronal cell death. Subsequent
cleavage by y-secretase releases the extracellular AB peptide and the AICD50 domain
(after trimming of a few residues by ¢-secretase). This image was influenced from (Chow et
al., 2010; Kumar and Walter, 2011). Image created using BioRender.com.
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Amyloid Cascade Hypothesis

The progression of AD is complex, and the disease develops as a result of the interplay
between multiple cellular pathways and proteins with aberrations in these amyloid proteins
occurring at least 20 years before clinical diagnosis (Figure 4). The Amyloid Cascade
Hypothesis (ACH) attempts to explain this and was proposed by Hardy and Higgins nearly
30 years ago. All autosomal dominant mutations identified within FAD fall within APP
(bundled around the cleavage sites for production of AB) (Goate et al., 1991) or PSEN-1/2
(Scheuner et al., 1996). Therefore, FAD mutations demonstrated that the processing of APP
to produce AB is vital to the disease progression and hinted towards the crucial role of AR
in AD (Figure 3) (Table 1).

The ACH hypothesis suggests that A is the instigating factor in AD and alterations in the
processing or clearance of A lead to accumulation of the peptide. Accumulation of AR
leads to its aggregation and subsequent production of toxic species that initiate a cascade
of downstream events from altering Calcium (2+) (Ca?") levels and the formation of Tau
NFT to activation of the immune system and eventually neuronal cell death (Hardy, J.A. and
Higgins, 1992) (Figure 3). Initially, the insoluble plaques of AB were believed to be the
disease-causing agent, however these did not correlate well with disease progression and
cognitive symptoms. Whilst the exact species of A that is toxic is not fully understood, it is
currently accepted to be the soluble oligomer (Mroczko et al., 2018). AB oligomers may
have greater toxicity compared to fibrillar AB due to their smaller size and exposed surface
hydrophobicity, thus increased affinity to bind and alter membranes and undergo
subsequent internalisation compared to aggregates in which the hydrophobic regions have
been internalised in the core of the plague (Mannini et al., 2014; Vadukul et al., 2020). Many
now agree that the amyloid plaque may stand as an inert reservoir for toxic AB species that
may be intentionally constructed by microglia as a defence mechanism to sequester
pathologic AB (Huang, Y. et al., 2021).
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Figure 3: The Amyloid Cascade Hypothesis. Across the top of the figure is part of the
sequence of Amyloid Precursor Protein (APP) with the residue numbers for AB shown
beneath. Cleavage sites for 3, a and y (y-secretase cleavage can alter by a few residues to
alter the length of AB peptide produced) are shown. Mutations in genes coding for proteins
involved in the metabolism of the transmembrane protein APP result in the accumulation of
AB and its subsequent aggregation. Pathogenic mutations are shown in red and protective
mutations in green and deletions represented as X. The toxic oligomers confer toxicity of
AB and result in a cascade of events involving interruption of synapses and microglial
activation, synaptic damage and oxidative stress that eventually lead to the activation of
kinases. These Kinases subsequently phosphorylate Tau to produce NFT and result in
neuronal cell damage and eventually death. NFT = Neurofibrillary tangle. This image was
influenced from (Hardy, J. and Selkoe, 2002; Rocchi et al., 2003; Kumar and Walter, 2011).
Image created using BioRender.com. More information on the mutations shown can be
found in Table 1.
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Pathological Role of oligomeric A

There are many isotypes of the dynamic AR soluble oligomer and various forms have been
studied to elucidate the mechanism behind A toxicity. It is currently understood that smaller
AB oligomers (ranging from 8-70 kDa) and dimers (~7 kDa) are more toxic than larger
oligomers or plagues which may stand as inert species (Yang, T. et al., 2017). Whist this
may be the case it is important to note that ‘spill-over’ from these plaques by toxic oligomer
species which exist in equilibrium surrounding the plaques can exert toxicity to surrounding
neurons. Also, microglia and astrocytes recruited to the site of the plaque cause
neuroinflammation and cell stress leading to neuronal damage, thus plaques do not stand

as entirely inert species (Benilova, Karran and De Strooper, 2012).

Numerous forms of A oligomer exert varying mechanisms of toxicity and it is likely that the
AD brain contains an heterogenous mix of toxic oligomeric species. One example of such
specifically revealed the role of AR56 (a 56kDa oligomer of AB) and its interaction with N-
methyl-d-aspartate receptors (NMDAR) to increase NMDAR-mediated Ca?* influx. This
results in the activation of Calcium-dependent kinases which proceed to phosphorylate Tau,
leading to the formation of NFT and Tau-induced toxicity (Amar et al., 2017). Oligomer-
induced influx of Ca?* into neurons also activates mitochondrial uptake of Ca?* to prevent
an overload in the cytosol. However, elevated levels of Ca?* within the mitochondria result
in the production of Reactive Oxygen Species (ROS), inhibition of Adenosine Triphosphate
(ATP) synthesis, activation of caspases (in particular AB oligomers have been shown to
activate caspase-3 (Marin et al., 2000)) and apoptosis of the cell, all of which contribute
towards AD pathology (Calvo-Rodriguez et al., 2020). Therefore, AR oligomers contribute
to Tau hyperphosphorylation and mitochondrial dysfunction via elevated levels of Ca?*.

Toxic dimers and oligomers have been shown to exert a range of potentially neurotoxic
effects including inhibition of Long Term Potentiation (LTP), activation of microglia and
blocking the reuptake of glutamate from synapses (Yang, T. et al., 2017; Brinkmalm et al.,
2019). Specifically, dimers have been reported to trigger hyperexcitability in neurons by
blocking glutamate reuptake at the synapse. The mechanism by which is uncertain but has
been suggested to be via obstruction of the Excitatory amino acid transporter 2 (EAAT2)
which clears glutamate from the synapse (Zott et al., 2019). In addition, dimers have been
reported to directly impair synaptic plasticity thus memory formation (Shankar et al., 2008)
and induce Tau phosphorylation (Jin et al., 2011). Oligomers are also thought to cause
vasoconstriction by production of ROS which ultimately activate pericytes (via Endothelin-

1) to initiate constriction of capillaries (Nortley et al., 2019).

When studying FAD mutations in APP, Wolfe et. al. found that longer AR peptides (45

residues or more) could be produced that confer toxicity by remaining locked to the
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membrane. The group speculated that these membrane anchored, long A peptides formed
oligomers which result in the formation of pores in the membrane (Devkota, Williams and
Wolfe, 2021).

In addition to oligomer conformation, size, or peptide length, post translational modifications
may also alter toxicity of AR peptides. An N-terminally truncated (removal of residues Asp
and Ala), pyroglutamated (side chain of N-terminal Glu cyclises) form of AB has been shown
to initiate pathways of toxicity leading to synaptic dysfunction independent to that by AB1.42
(Grochowska et al., 2017), whilst glycosylation (addition of the monosaccharide O-linked N-
acetylglucosamine (O-GIcNAc) to Ser or Thr) of APP demonstrated protective effects
against AB-induced toxicity by increasing non-amyloidogenic processing of APP (Chun et
al., 2015).

As demonstrated, varying species of oligomers have multiple pathways of pathology.
Overall, the potential mechanisms by which these low molecular weight oligomers or dimers
induce neurotoxicity has been nicely summarised, by Agrawal and Skelton, as three
possibilities: i) interrupting cell membranes by interaction of aggregates of AR that alter the
properties of the membrane, such as fluidity; ii) binding to cell surface receptors and iii)
creation of pores in the cell membrane by AB oligomers (Agrawal and Skelton, 2019). The
AB peptide is also suggested to interact with various other cell components, including
mitochondria, lysosomes, endoplasmic reticulum and the nucleus in addition to the plasma

membrane in order to evoke pathology (Picone et al., 2020).

Familial AD

Whilst sporadic AD is the most common form of AD, the pathology of Familial AD (FAD) is

invaluable in helping to unravel and explore potential mechanisms behind the disease.

FAD accounts for 2-3% of all AD cases and occurs as a result of several autosomal
dominant mutations passed through generations that result in the development of AD as
early as 30 years of age. These mutations are found within proteins involved in the
production of AB, namely APP, PSEN-1 and PSEN-2 (Rocchi et al., 2003) (Figure 3 and
Table 1). Some of these mutations impact directly on the processing of APP whereas others
influence the nature and aggregation propensity of the AB that is formed. An example of
such includes the Arctic mutation (E693G) in APP. This pathological mutation was identified
in a family living in Northern Sweden and occurs at residue 22 of A in which Glu is mutated
to Gly. This mutation increases the propensity of the peptide to aggregate and form proto-
fibrils that do not progress to mature fibrils, a key AD phenotype. The increased aggregation

observed is thought to result from the residues close proximity to the central hydrophobic
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core of the peptide, the ®*KLVFF?° motif (Nilsberth et al., 2001). The KLVFF motif has been
recognised for its importance in AB self-recognition. It is a short sequence from the centre
of AB that has the ability to bind the full-length sequence. The KLVFF sequence recognises
itself and forms specific interactions likely driven by hydrophobicity and is required for A
self-association and its subsequent aggregation (Watanabe et al., 2001). Incorporation of
the Gly at residue 22 in the Arctic mutant is suggested to form a kink in the AB structure that
creates a flatter profile compared to wildtype. This structure is more solvent exposed and
therefore harbours a greater propensity to self-associate in order to shield the hydrophobic
residues of AR (Hayward and Kitao, 2021).

Mutations in APP account for a small proportion of FAD cases with up to 80 % of instances
of FAD being caused by mutations in the PSEN genes (Rocchi et al., 2003). PSEN-1 is the
catalytic subunit of the y-secretase enzyme that cleaves the C-terminus of AR peptide.
There have been around 180 reported mutations in this gene that are suggested to increase
the production of AB1-42 relative to ABi-40, a few examples of which have been listed in Table
1. Increased production of this more hydrophobic species, which acts as a seed for Ap
aggregation, eventually leads to increased fibril formation and consequent production of
plaques associated with AD (Selkoe, Dennis J. and Hardy, 2016). Although to a lesser
extent than PSEN-1, PSEN-2 mutations also impact AD. There are 38 mutations in PSEN-
2 that influence AD and have been suggested to increase AB1.42 production to increase the
AB1.42to ABi-soratio and also alter Ca?* signalling within the cell (Zatti et al., 2004; Walker et
al., 2005).

Indirect mutations can also influence y-secretase cleavage and the resulting length of AB
peptide produced. Mutations that are close to the y-secretase cleavage sites on APP
influence the length of AB peptide released and interrupt ABi.a2 to APi4o ratio. Various
mutations have been identified in APP from residues 714-717, close to the y-secretase
sites. Mutations at earlier sites (T714l, V715A and V715M) decrease AB1.40 production whilst
those at position 716 and 717 (1716V, V7171 and V717L) increase ABi.42 production.
Although by opposing mechanisms both types interrupt the ratio between the two AR
isoforms resulting in the accumulation of AB1.42 and its subsequent aggregation (De Jonghe
et al., 2001).

Whilst many mutations alter y-secretase cleavage either by mutations in APP toward the C-
terminus of the A fragment or within the PSEN-1/2 gene, some have also been described
that alter B- and a-secretase cleavage. The Swedish mutation is a double mutation at
residues 670 and 671 of APP which sit directly before the B-secretase cleavage site. Here
the residues Lys and Met are changed to Asn and Leu, respectively, and are speculated to
enhance amyloidogenic cleavage of APP via -secretase cleavage (Mullan et al., 1992).

Additionally, the Uppsala deletion is the first recorded multi-codon deletion (Osaka mutation
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previously identified cuts a single residue (E22) from AR resulting in AR product with a
greater aggregation propensity (Tomiyama et al., 2008)) to cause autosomal dominant AD
and results in truncation of residues 690-695 of APP (19-24 of AB fragment) situated a few
residues downstream of the a-secretase site. This deletion appears to abolish a-secretase
activity at the usual cleavage site and enhances amyloidogenic processing of APP.
Furthermore, the resulting Ap peptide is more aggregation prone compared to wild-type Ap
and patients developed greater levels of Tau toxicity, corroborating the role of A in the

ACH as the driving force of Tau pathology in AD (Pagnon de la Vega et al., 2021).

Alternatively, some mutations protect against Amyloid pathology with the Icelandic mutation
(A673T) being an example of this (Peacock et al., 1993). This mutation is located close to
the B-secretase cleavage site of APP and hinders the activity of the B-secretase enzyme,
B-site Amyloid Precursor Protein Cleaving enzyme 1 (BACE-1) (Jonsson et al., 2012). In
addition to reducing cleavage of APP by BACE-1 to produce less AB, cleavage that does
occur results in a peptide with a lower aggregation propensity compared to wild-type AR
(Benilova et al., 2014; Maloney et al., 2014).

The various mutations mentioned (tabulated in Table 1) demonstrate the importance of FAD
to determine the pathogenicity of AD and elucidate potential mechanisms by which AR
presents toxicity. Although FAD occurs in less than 5 % of AD cases it is very important to
study and understand the mechanisms behind these mutations as they represent excellent
disease models for sporadic AD and illustrate important pathways involved in the
progression of the disease (Rocchi et al., 2003). As demonstrated above, crucial mutations
present within FAD point towards a causative role of AB in AD in line with the ACH.
Understanding the mechanisms underlying FAD and translating these to sporadic AD is a
key step in unravelling the fundamental cause of the disease and is invaluable in exploring

potential therapeutics.
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Table 1: Mutations involved in FAD. Mutations described for Familial AD (FAD) are vast,
so some examples are provided here to demonstrate how FAD mutations speak to the role
of AB in AD. All known FAD mutations occur in either Amyloid Precursor Protein (APP) or
Presenilin-1 or Presenilin-2 (PSEN-1/2). Rows shaded dark blue are pathogenic mutations
whilst those in light blue are protective. The B-secretase site, a-secretase and y-secretase
sites stand at residues 671, 687 and 713 (with some variation) of APP, respectively. The
distribution of the APP mutations demonstrates alterations in APP processing at cleavage
sites. Some mutations also sit in close proximity to the self-recognition site ‘KLVFF’. The
KLVFF maotif is residues 16-20 of AR which represents residues 687 to 691 of APP. Further
mutations in PSEN-1/2 that mostly alter y-secretase cleavage towards production of ABi-42

and increase the AB1-42:AB1-40 ratio to induce toxicity are shown.
Information gathered from https://www.alzforum.org/mutations.

FAD mutations | Synonym Function/Mechanism Citation
APP
. Increases production of AR via B-secretase. (Mullan et
NN G Swedish Located close to B-secretase site. al., 1992)
Reduces B-secretase activity with lower (Peacock )
. . . et al., 1993;
A673T Icelandic [aggregation propensity of AR product. Located
close to B-secretase site Jonsson et
' al., 2012)
K687Q i Classified as likely pathogenic with uncertain (Jiang et
mechanism. Located close to a-secretase site. al., 2019)
Abolishes non-amyloidogenic processing of APP d(ePfl:l;;Q/c;n a
F690-V695A Uppsala |and resulting AB peptide is more aggregation ot al g
prone. Located close to a-secretase site. 2021)
Suggested to alter amyloidogenic processing of (Hendriks
A692G Flemish |APP. Located close to recognition motif KLVFF etal.,
and a-secretase site. 1992)
. Increases aggregation propensity of A product. (Nilsberth
E693G Arctic ., ) etal.,
Located close to recognition motif KLVFF.
2001)
Enhanced aggregation of A product increasing (Levy et
E693Q Dutch  [fibril formation. Located close to recognition motif |al., 1990)
KLVFF.
Reduced overall AB production, however resulting | (Tomiyama
AP product with E22 omission has higher etal.,
E693A Osaka |propensity to form oligomers but not fibrils thus 2008)
increasing production of toxic oligomeric forms of
AB.
. . (Pasalar et
T714A Iranian  [Unknown mechanism. al., 2002)
Decreases AB1-40 and increases ABi-a2to increase | (Kumar-
T7141 Austrian |AB1-42:AB1-40 ratio. Located close to y-secretase Singh et
site. al., 2000)
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https://www.alzforum.org/mutations

German Decreases AB1-40to increase ABi-42:AB1-40 ratio. (Cruts et
Located close to y-secretase site. al., 2003)
French Decreases AB1-40to increase APi-a2:AP1-4o0 ratio. (Ancolio et
Located close to y-secretase site. al., 1999)
. Increases ABi-42 to increase AB1-42:AB1-40 ratio. (Eckman
Florida Located close to y-secretase site etal,
Y ' 1997)
Increases ABi-42 and decreases ABi-4o to increase | (Chartier-
- AB1-42:AB1-40 ratio. Located close to y-secretase Harlin et
site. al., 1991)
London Increases ABi1-42 to increase AB1-42:AB1-40 ratio. (Goate et
Located close to y-secretase site. al., 1991)
Increases ABi-42 and decreases AB1-40 to increase | (Murrell et
- AP1-42:AP1-s0 ratio. Located close to y-secretase al., 2000)
site.
PSEN-1
i Increases production of AB1-42 to increase AB:- (Hooli et
42:AB1-40 ratio. al., 2014)
(Liu, C.Y.
- Increases APBi-42/43:AB1-40 ratio. etal.,
2017)
(Finckh,
Muller-
- Increases ARi1-42:AB1-40 ratio. Thomsen,
etal.,
2000)
i Decreases AB1-40 and increases ABi-42to increase | (Cruts et
AB1-42:AB1-40 ratio. al., 1995)
i Increases production of AB1-42 to increase AB:- (Athan et
42:AB1-40 ratio. al., 2001)
i Increases production of AB1-42 to increase AB1- (Zhan et
42:AB1-40 ratio. al., 2017)
PSEN-2
(Levy-
Volga |Increases production of AB1-42 to increase Apa- Lahad et_
. : al., 1995;
German |42:AB1-40 ratio.
Rogaev et
al., 1995)
Increases production of AB1-42 to increase AB:- (ch.kh'
- :AB1.40 ratio Alberici, et
42:AP1-40 . al., 2000)
i Increases production of AB1-42 to increase AB:- (Rogaev et
42:AB1-40 ratio. al., 1995)
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Risk Factors in sporadic AD

Age is the principal risk factor for sporadic AD however there are a multitude of other risk
factors involved, ranging from environmental, such as air pollution, to genetics (Killin et al.,
2016). Genetic predispositions in sporadic AD are complicated, with several different genes
suggested to increase the likelihood of developing the disease. This is strongly illustrated
by the Apolipoprotein E (APOE) gene that encodes the ApoE protein. Physiologically, ApoE
is a glycoprotein involved in the transport of cholesterol which, in the central nervous system
(CNS), is suggested to have a role in the formation and maintenance of synapses (Kim,
Basak and Holtzman, 2009). The APOE gene is polymorphic and various isotypes arise
from point mutations at a single gene locus accounting for the three major APOE isotypes
(2, 3 and 4) (Zannis, Just and Breslow, 1981). The isotype combination carried by an
individual determines susceptibility to AD. Harbouring an APOE ¢4 allele increases risk of
AD whilst carrying an APOE ¢€2 allele is seen to be protective against the disease (Corder
etal., 1993; Corder et al., 1994). In addition, the dose of APOE &4 is of importance. Carrying
a single APOE ¢4 allele decreases age of onset by 1-2 years whereas carrying two copies
of the APOE ¢4 allele fast tracks the onset of the disease by up to 5-10 years (Corder et al.,
1993). Homozygosity for APOE €4 allele is the greatest known genetic risk factor for AD
with carriers being 15 times more likely to develop AD in their lifetime (Hunsberger et al.,
2019). APOE isoforms have been shown to differentially contribute to AD risk by presenting
variable levels of AB clearance. ApoE4 provides the least clearance accounting for the
higher risk of AD associated with this isoform as a result of greater AR accumulation
(Castellano et al., 2011). In addition to decreased clearance of AB, ApoE, particularly
ApoE4, has been shown to accelerate AR fibril formation and act as a pathogenic chaperone
promoting AB aggregation (Wisniewski et al., 1994; Sadowski et al., 2004). Furthermore,
the identification of a mutation in APOE €3 in FAD, namely the Christchurch mutation,
renders the usually neutral APOE €3 protective against autosomal dominant AD (Arboleda-
Velasquez et al., 2019). This illustrates the importance of genetics in determining risk with
a small change in a gene, in the form of a single nucleotide polymorphism (SNP), drastically

altering one’s potential for AD.

The risk of sporadic AD has also been linked with several other diseases. Research
suggests an interplay between AD and diabetes mellitus, or type-2 diabetes with a study by
Arvanitakis et. al., revealing a 65% increase in the risk of AD for type-2 diabetes patients
(Arvanitakis et al., 2004). So, what could explain this link between diabetes and the AD

brain?

Insulin and its receptors have multiple functions within the brain, including synaptic plasticity
and neurotransmission. Insulin binding to the insulin receptor activates multiple downstream

signalling pathways such as phosphatidylinositol 3-kinase (PI3K)/Akt. This pathway leads
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to inactivation of Glycogen synthase kinase-3 B (GSK3B) which decreases the
phosphorylation of Tau. Insulin resistance (characteristic of diabetes) causes dysregulation
of these pathways leading to over activation of kinases causing the hyper-phosphorylation
of Tau and production of NFT. In addition, the accumulation of insulin results in Insulin
Degrading Enzymes (IDE), usually involved in the clearance of AR, being fully occupied with

insulin resulting in an accumulation of AR oligomers (Chatterjee and Mudher, 2018).

Furthermore, the link between diabetes and sporadic AD has been extended by Jung at.
al., and their discovery of the y-secretase modulator Stress associated ER protein 1 (SERP-
1). SERP-1 is upregulated in cells experiencing ER stress, as is so in diabetes due to high
glucose levels. In turn, SERP-1 increases cleavage of APP by y-secretase resulting in
increased production of AB. SERP-1 overexpression (in SH-SY5Y cells expressing
APPswe) increased AR secretion by up to 70 % whilst a knockout cell line of SERP-1
supressed AR production. The group also examined post-mortem hippocampal tissue and
found a 9.6-fold increase in SERP-1 in individuals affected by AD compared to control
samples (Jung et al., 2020). AD has commonly been described as ‘Type 3 diabetes’ or
‘diabetes of the brain’ (de la Monte and Wands, 2008) with the link between AD and diabetes
opening up potential avenues for repurposing diabetes drugs as treatments for AD (Panza
et al., 2019).

In addition, a significant percentage (reports of over 50%) of Down’s syndrome (DS)
patients are diagnosed with AD, with almost all patients displaying AD-type pathology such
as AP plaques over 35 years of age (Head et al., 2012; Castro, Zaman and Holland, 2017).
This linked comorbidity of AD in DS patients likely occurs because the APP gene is located
on chromosome 21 which is triplicated in individuals with DS. This trisomy of chromosome
21 leads to overexpression of APP, thus an accumulation of AR peptide, replicating AD
pathology in accordance with the ACH (Castro, Zaman and Holland, 2017).

Why target AB over Tau?

As mentioned above, AD is characterised by misfolding and aggregation of the two proteins

AB and Tau, so why does this study focus on AR?

There is a fair argument for both AB and Tau and research into understanding the role and
potential therapeutics targeting both proteins are essential. However, the ACH supports the
notion that AB acts upstream of Tau in AD pathology. Targeting AB as opposed to Tau may
be advantageous to quench pathology from both proteins. The ACH was formed following
revelations regarding the genetics of FAD. When studying FAD mutations, all target either

APP, PSEN-1 or PSEN-2 and are grounded around alterations in processing and production
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of AB (Bekris et al., 2010). In addition, the greatest genetic risk factor in sporadic AD is
APOE status. APOE isotypes differentially affect the clearance of AB in AD brain with ApoE4
providing the least clearance and the highest AD risk (Castellano et al., 2011). FAD
mutations and genetic risk factors have been used to model potential mechanisms of AD

and the genetics clearly point towards AR as the causative factor.

Furthermore, AP abnormalities precede those of Tau observed throughout disease
progression as outlined in Figure 4, suggesting that Tau misfolding and aggregation occurs
as a consequence of AB pathology. Transgenic mice studies reveal that crossing human
amyloid precursor protein (hAPP) mice with human Tau (hTau) mice increases Tau
pathology but has no effect on AR deposition or pathology. This supports the notion that A
activates or influences Tau pathology but not vice versa (Lewis et al., 2001). Treatments
targeting Tau may not harbour the ability to alter AB toxicity, yet it may be possible to hinder
Tau toxicity with AB-targeted therapies. In addition, mutations in Tau alone result in
Tauopathies independent of AD, namely Frontotemporal Dementia (FTD) (Goedert, Ghetti
and Spillantini, 2012). This suggests that AB is required to trigger the Tau toxicity specific
to AD.

Many reports have explored how AB may execute its pathological pathways via Tau and
the mechanisms by which this is done. Various articles link AR to the activation of kinases
which proceed to phosphorylate Tau, leading to Tau hyperphosphorylation and pathology.
ABss oligomers have been reported to directly activate NMDAR (Texido et al., 2011) which
results in an influx of Ca?* and the subsequent activation of Calcium-dependent Calmodulin
Kinase lla (CamKIlla), of which Tau is a substrate (Amar et al., 2017). Amar et. al
demonstrate that different AB oligomer conformers target and activate distinct kinases
resulting in varying phosphorylation states and alterations in Tau pathology (Amar et al.,
2017). For example, whilst ABss activates CamKIl as described above, Larson et, al. have
demonstrated the molecular mechanism by which AB leads to Tau phosphorylation via AB
dimers. The group revealed that AR oligomers (notably dimers) bind to the cellular Prion
Protein (PrP°) (a membrane anchored protein) at neuronal dendritic spines. PrP¢ then forms
a complex with the Fyn kinase, leading to Fyn Kinase activation and subsequent

phosphorylation of Tau (Larson et al., 2012).

Aside from directly activating kinases, AB oligomers have been suggested to induce Tau
phosphorylation via LTD of neurons. AB oligomers were shown to cause increased,
excessive release of glutamate at pre-synaptic terminals causing LTD in post-synaptic
neurons. It was further demonstrated that LTD at the post-synaptic neuron resulted in an
increase in Tau hyperphosphorylation (Taylor, H.B.C., Emptage and Jeans, 2021). LTD
causes hyperphosphorylation of Tau irrespective of AB, i.e., if LTD is activated by other

mechanisms Tau hyperphosphorylation still occurs as a result. Ultimately, AB can act by
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two mechanisms to induce hyperphosphorylation of Tau. Either directly via NMDARs to
activate kinases, or indirectly as a result of other AB-induced pathological mechanisms,
namely LTD.

In addition to oligomeric species, the ratio of AB1.42 to AB1.40, @ key determinant in AD, has
also been suggested to influence Tau pathology (Kwak et al., 2020). A high AB1-42:AB1-40
ratio, as opposed to total amount of A, was shown to regulate Tau pathology. Targeting
this ratio could provide a therapeutic advantage over reducing total AR by successfully
reducing pathology presented by both AR and Tau. Kwak et. al. demonstrated that when
using AB-targeted therapeutic approaches (y-secretase and [B-secretase inhibitors) to
sequester AB pathology, Tau pathology was also attenuated (Kwak et al., 2020). The ability
of AB-targeted therapies to alleviate Tau pathology has also shown success in a study by
Oddo et. al.. Here, the application of anti-A antibodies in neuronal cells (mice 3xTg-AD)
not only resulted in the clearance of A but also rescued early tau pathology. Furthermore,
the group demonstrated the use of a y-secretase inhibitor that lowered early-Tau pathology,
further corroborating the potential to target both AR and Tau using AB-directed therapeutics
(Oddo et al., 2004). Conversely, removing Tau does not confer the same ability to rescue
AB-induced toxicity and has no effect on AB production. Deletion of the gene that codes for
Tau in an APP transgenic mouse line does not alter production of AB plaques but does
reduce the level of change in behavioural test outcome indicating that AB utilises Tau to
exert toxicity (Selkoe, D. J., 2021b). Therefore, it stands to notion that AR exists as the
primary trigger for AD and is a validated target following over 25 years of research (Selkoe,
Dennis J. and Hardy, 2016).

The ACH has faced debate over previous years due to the lack of successful AB-targeting
therapies despite decades of research. This has raised questions regarding the validity of
AB as the causative agent and whether studies have approached the correct protein target.
However, the recent approval to fast-track Phase IV clinical trials of Aducanumab by the
U.S Food and Drug Administration (FDA) solidifies the potential of AR as a successful
therapeutic target. Although controversial, Aducanumab represents the first approved AD
drug to target the cause of the disease, by reducing AB plaque burden and this opens up
the avenue for further AB-targeted therapies. In agreement with Selkoe’s comment, AB

poses as the ‘fire, not the smoke’ in AD (Selkoe, D. J., 2021a).
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Figure 4: Protein misfolding and aggregation occurs many years before onset of
clinical symptoms. Level of protein folding and aggregation, plotted against clinical
diagnosis demonstrates that AR aggregation begins many years before clinical onset and
is followed by Tau pathology. AB protein dysfunction can begin up to 20 years before Mild
Cognitive Impairment (MCI) and display of clinical function such as memory loss and
subsequent dementia diagnosis. This figure was created using BioRender.com and
influenced by (Jack et al., 2013; Lista et al., 2015; Hane et al., 2017).

Structure/Fold of AB throughout aggregation

As monomers, AB peptides are intrinsically disordered in an aqueous environment or
present a degree of alpha helicity in the presence of a membrane (Agrawal and Skelton,
2019). The initial step of aggregation brings two monomers together to form an Ap dimer in
which a B-sheet structure is adopted. The structure of this B-sheet dimer has been
extensively researched and various structures have been established which mostly present

an S-/C- shaped fold with an overall Greek-key like motif (Figure 1 in Chapter Three).

Oligomers are the next building block towards fibril formation and stand as the most toxic
form of AB. The transient nature of AB oligomers and the large heterogeneity of oligomer
conformations and sizes means that capturing the exact structure is difficult and which
species presents greatest toxicity is not understood. However, attempts have been made
using Nuclear magnetic resonance (NMR) and crystallography to reveal the structure of
these oligomers. NMR studies demonstrated that oligomers contain a mix of parallel and

anti-parallel B-sheet structures (Yu, L. et al., 2009). The oligomers used within this study
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were produced in vitro to present long-lived oligomers in the presence of aliphatic
hydrocarbon chains which may not fully represent the transient oligomers present within the
human brain. X-ray crystallography has been applied to reveal that monomers initially form
as trimers of B-sheet structures which further associate to form hexamers and eventually
dodecamers (Spencer, Li and Nowick, 2014). Again, questions are raised with regards to
the translatability of these structures to AB oligomers present in an AD brain as the study
utilised synthesised peptides derived from the 17-36 fragment to mimic the fold of AR as
opposed to the full sequence. There is also evidence that low n- intermediate oligomers
form atypical a-sheet secondary structures (or a-pleated sheets) that may be linked to
aggregation and toxicity of the oligomers (Shea et al., 2019). This intermediate a-sheet
structure is thought to facilitate the transition of soluble oligomers to form 3-sheet fibrils and
may stand as a potential target for specifically inhibiting oligomer toxicity (Armen et al.,
2004).

Oligomers of AR stack to produce protofibrils which harbour a cross-f sheet structure.
These protofibrils are intertwined with another fibril and form the insoluble fibres that cluster
into the amyloid plaques observed in an AD brain (Figure 5). Solid-state NMR (ssNMR) and
cryogenic electron microscopy (cryo-EM) are among some of the techniques applied to
reveal the structure of these insoluble amyloid molecules in fibril formation and again reveal
a heterogenous mix. AB has been shown to assemble within fibrils forming either a U-shape
in which two B-strands interact with a single turn (Lihrs et al., 2005), an S-shape in which
three B-sheet strands fold to create an S (Xiao et al., 2015), or an L/S-shape in which the
N-terminus adopts an L-shape whilst the C-terminus forms an S fold (Gremer et al., 2017)
(Figure 1 in Chapter Three paper). Each fibril is comprised of A molecules arranged in
either 2- or 3- fold symmetry throughout, with protofibrils intertwining to form a twisted fibril,
forming a steric zipper in which the central hydrophobic core stabilises the fibril (Agrawal
and Skelton, 2019). The direction in which the fibril twists differs between in vitro and
human-derived AB samples with in vitro derived samples presenting a left hand twist as

opposed to brain-derived samples which hold a right hand twist (Kollmer et al., 2019).

As for many amyloid proteins, AR aggregation follows a sigmoidal curve consisting of an
initial lag phase, an elongation/growth phase until an equilibrium is reached at the plateau
(Figure 5). The lag phase of amyloid aggregation is very slow and consists of an
unfavourable primary nucleation step in which monomers and small oligomers associate to
form seeds for aggregation (Chatani and Yamamoto, 2018). Once this initial energy barrier
has been overcome it is followed by a rapid elongation step in which protofibrils are formed
bearing a 3-sheet structure. Addition of monomers to this growing fibril is more favourable
and occurs rapidly with a model termed the dock and lock system. In this system an A3
monomer initially reversibly docks on to the growing fibril end. Intermolecular hydrogen

bonds form a 3-strand that stacks on to the fibril growing end with the fibril essentially acting
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as a template. Following this, intramolecular hydrogen bonds are formed to create an
intermediate hairpin that aids transition of the monomer to form the s- or c-shaped structure
within the fibril. Eventually the intramolecular bonds are broken down and replaced with
intermolecular bonds and the monomer is bound to the adjacent molecule within the fibril in
an irreversible manner, i.e. the monomer is locked on to the fibril (Esler et al., 2000; Gurry
and Stultz, 2014).

Further AB oligomers form in the presence of the established fibrils throughout the
elongation phase via a secondary nucleation process to allow for proliferation of amyloid
aggregation. This process is much quicker than for primary nucleation and becomes the
principal source for production of new oligomers which can then accelerate formation of
new fibrils in an exponential manner. In this model monomers can create seeds, or a
nucleus for further aggregation upon the surface of existing fibrils (Cohen et al., 2013;
Tdrnquist et al., 2018). Secondary nucleation greatly contributes towards production of the
toxic AB oligomers and may stand as a potential target for combatting AD pathology by

blocking production of these oligomers.

Eventually, an equilibrium is reached in which the source of monomers and oligomers for
fibril growth is depleted and aggregation is stabilised. This stage is represented as the

plateau of the sigmoidal curve.
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Figure 5: Misfolding and aggregation of AB in Alzheimer’s disease. The aggregation
process of AB from monomer to plaque is plotted along a sigmoidal curve (Blue line). An
initial lag phase is the rate limiting step in which primary nucleation must occur to create
seeds for aggregation. Once this step has been overcome, a rapid elongation step occurs
in which rapid growth/increase in aggregation is observed until an equilibrium is reached at
the plateau of the curve. Figure was created using BioRender.com and influenced from the
following paper (Takahashi and Mihara, 2008).

AB - a native role?

Although A is often associated with pathology, the peptide is present in healthy brain and
is produced from the proteolytic processing of APP as described above. It is present
throughout an individual’s lifetime and has been identified in all vertebrates studied with a
high degree of sequence conservation (Panza et al., 2019). The physiological role of AB is
not fully understood, however, it is thought to have a role in neuronal cell survival. Plant et.
al. demonstrated that inhibiting endogenous A resulted in increased neuronal cell death
which was rescued by addition of physiological levels of AB (Plant et al., 2003). Both
monomeric and oligomeric AB are found in healthy brain and are involved in numerous
physiological functions from modulating synaptic function and plasticity, protecting against
oxidative stress and influencing neuronal growth and survival before conversion to species
conferring toxicity in AD (Bishop and Robinson, 2004; Puzzo et al., 2008; Puzzo, 2019).
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Studies suggest that these contrasting functions of A are dependent on concentration. At
lower concentrations AR monomers and oligomers may have a role in aiding synaptic
function, LTP and memory. However, upon accumulation of AB, thus higher concentrations,
its role becomes pathological causing synaptic dysfunction characteristic of AD. This is
termed the AR biphasic effect (Gulisano et al., 2018). The mechanism by which AR
influences such processes could be due to its involvement in pre-synaptic vesicle release
in which it behaves as a positive modulator at hippocampal synapses (Abramov et al.,
2009). The AB peptide has also been implicated in a negative feedback loop that represses
this synaptic vesicle release in the presence of excess AB. Kamenetz et. al., suggest that
this feedback loop could cause the synaptic depression observed in AD upon accumulation
of AB thus activation of this negative feedback loop (Kamenetz et al., 2003).

An additional physiological role for AR peptide has been suggested in the innate immune
system where it is released as an antimicrobial peptide (AMP) in response to infection that
may explain the immune component of AD (Soscia et al., 2010). Additionally, increased
secretion of ApB following transient acute brain injury, following a traumatic blow to the head,
cerebral ischaemia or even sleep deprivation, indicate a potential role for AB in protection
or repair of neurons following trauma and may be a mechanism for the brain to alleviate
damage. It has been suggested that elevated levels of AR observed in AD are actually an

attempt to rescue damaged neurons (Panza et al., 2019).

The various physiological roles for A listed above may present issues when targeting this
peptide for AD therapeutics. However, the intracellular nature of the screening platforms
used within this study, Protein Fragment Complementation Assay (PCA) and Transcription
Block Survival (TBS), will circumvent potential issues as any peptides selected must provide
a growth advantage to the cells to enable selection through competition selection.
Therefore, at least in Escherichia coli (E.coli), peptides selected will not confer toxicity.

Towards AD Treatments

Currently there is no treatment to cure AD, only the ability to manage the symptoms. These
include the cholinesterase inhibitors, donepezil, rivastigmine and galantamine which
enhance synaptic transmission by reducing the clearance of the neurotransmitter,
acetylcholine, from synapses and the NMDAR antagonist, Memantine, that acts to decrease
excitotoxicity caused by lack of reuptake of glutamate from the synapse. These drugs are
often delivered at high doses to achieve adequate levels within the brain due to poor
transport of the drugs, which results in considerable side effects. A recent exciting study

explored the potential of lipid-based nanopatrticles to deliver Donepezil directly to the brain
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which may enhance the ability of these drugs to treat the symptoms of AD whilst evading

some of the common side effects (Krishna et al., 2019).

Many studies have targeted the progressive aggregation states of AB from monomeric
peptide to plaque and have addressed the various components of the APP pathway from
antibodies that bind to soluble and aggregated forms of AB, to - and y-secretase inhibitors
that reduce production of the toxic species. The failure rate of clinical trials for AD
therapeutics stands at around 99 %, with reports suggesting that the lack of relevant
sporadic AD models may be part of the reason for this high failure rate (Veening-Griffioen
et al., 2019). In addition, AD pathology occurs many years before clinical diagnosis, by
which time therapeutic intervention targeting AP may be too late (Figure 4). The
development of improved cerebrospinal fluid (CSF) and blood biomarkers, and advances in
Positron Emission Tomography (PET)-based imaging may allow for earlier diagnosis and
the development of more successful therapeutic interventions through better patient
stratification. Despite the current hurdles various promising treatments have been working

their way through clinical trials recently.
Antibodies

The most recent and promising example is the monoclonal antibody Aducanumab
(Aduhelm) that has recently received fast-tracked FDA approval as the first disease-
modifying treatment (by clearance of AB plaques) for AD with its efficacy being tested in a
Phase IV confirmatory trial. Aducanumab is a monoclonal antibody that recognises and
binds to aggregated forms of AB. The human-derived Aducanumab came from a reverse
translational approach in which samples from healthy, older individuals who lack AD
pathology were screened as they may present some form of immune resistance to AB-
induced pathology. The resulting Aducanumab binds to AR between residue 3 and 7 and
selectively recognises oligomeric and aggregated forms of AR as opposed to monomers
(Arndt et al., 2018). Phase llI clinical trials of Aducanumab (EMERGE and ENGAGE)
directly demonstrated disease modification by clearance of AB plaques, as measured by
Amyloid-PET. A small number of recipients also exhibited decreased Tau pathology. The
relevance of Aducanumab’s ability to reduce AP plaque burden has been met with
controversy due to questions of how this translates to cognitive improvement. Of the two
trials, only one (EMERGE) demonstrated significant improvement in cognitive decline and
met both primary and secondary endpoints, whilst ENGAGE failed to do so. Despite this,
the FDA fast-tracked approval of the drug upon the premise that the clear reduction in
amyloid burden is expected to result in less cognitive decline in AD patients (Selkoe, D. J.,
2021Db).

Although controversial, the approval of Aducanumab is the closest the AD field has come

to a disease-modifying therapeutic and stands as a beacon of hope following decades of
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AB-directed research and will hopefully open-up avenues for development of future
therapies. Currently, various other antibodies that bind to aggregated forms of AB are
working their way through Phase Il to lll clinical trials including Lecanemab (Swanson et al.,
2021) and Gantenerumab (Ostrowitzki et al., 2017). Additionally, Donanemab, which binds
a highly aggregation-prone form of AR, is also demonstrating great potential in early Phase
Il trials with complete clearance of amyloid plaques being observed for two-thirds of
patients, along with a significant slowing in the decline of cognitive ability (Mintun et al.,
2021). The potential snowball effect of Aducanumab’s fast-track approval has already been
demonstrated with Lilly (the pharmaceutical company that owns Donanemab) announcing
plans to apply for the same fast-track approval as Aducanumab backed with reports of

Donanemab’s ability to clear Ap plaque burden to be twice that of Aducanumab.

An issue faced in antibody therapeutics is delivery of the large drug to the brain. Studies to
increase the delivery of antibodies to the brain are ongoing and some have shown success.
In particular, one study presented the successful application of ultrasound to transiently
open the Blood Brain Barrier (BBB) and increase the delivery of an anti-Tau antibody to the
brain upon peripheral application (Janowicz et al., 2019). Whilst this is an exciting prospect
to increase the delivery of antibodies to the brain, questions should be raised about the
specificity of species able to cross the BBB upon opening as, although the drug can now
proceed to cross the barrier, there may be potential for other, unwanted molecules to pass

as well.

In addition to antibody treatments to target AR clearance directly, numerous efforts have

been made to reduce production of A by modulating B and y-secretase cleavage of APP.
B-secretase Inhibitors

B-site amyloid precursor protein cleaving enzyme-1 (BACE-1) is the B-secretase enzyme
that carries out cleavage of APP to produce AB. Thus, the potential of BACE inhibitors to
prevent amyloidogenic cleavage of APP by B-secretase and thus reduce production of AR
has been explored. BACE-1 inhibitors are widely toxic due to the enzyme’s many substrates
and so their use has proved limited with B-secretase inhibitors failing to present much
success at clinical trials. Only a select few BACE inhibitors have progressed to Phase Il
clinical trials with Verubecestat, Atabecestat, CNP2520 and Lanabecestat all failing due to
unfavourable risk-benefit ratios, toxicity, and worsened cognition in some cases upon

application of the drug, with a lack of clinical benefit (Panza et al., 2019; Zhao et al., 2020).
y-secretase inhibitors

A further approach directed at altering production of AR by modulating processing of APP
targets y-secretase cleavage. The y-secretase enzyme complex has over 90 reported

substrates including Notch proteins which play important roles in Notch signalling to
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influence cell proliferation, fate, and apoptosis during neuronal development. Therefore,
targeting y-secretase with inhibitors carries several risks and off-target effects with toxicity
often in the form of increased risk of skin cancer, limiting the success of these drugs (Zhao
et al., 2020).

Modulating y-secretase cleavage as opposed to inhibiting the enzyme may carry more
promise. Various y-secretase modulators in the form of non-steroidal anti-inflammatory
agents, such as ibuprofen, demonstrated an ability to shift cleavage towards shorter Ap
peptides as opposed to the more toxic AB1.42, yet the mechanism behind this was poorly
understood and no successful drug emerged. Additionally, NIC5-15 (Pinitol), a natural sugar
compound found in fruit, which also acts to favour the production of shorter A fragments
without altering Notch signalling, demonstrated good tolerability in Phase |1 clinical trials yet

no follow up trials have been conducted as of yet (Zhao et al., 2020).

The lack of successful drugs culminating from studies targeting APP processing with - and
y-secretase inhibitors raises questions of the validity of this approach. However, a recent
cryo-EM structure of APP in complex with y-secretase reveals stark contrasts between
substrate binding when compared to that of Notch. This opens up the potential for the design
of substrate specific inhibitors of y-secretase to target solely APP cleavage (Zhou et al.,
2019). Along with the recent revelation that higher levels of shorter AB fragments, namely
ABi-3s, in CSF correlates with a decreased risk of AD (Cullen et al., 2021) these findings
may reignite this field of study.

Other treatment avenues have been explored that target other aspects of AD pathology
including anti-Tau drugs, targeting the immune system and also a-secretase modulators to
promote non-amyloidogenic cleavage of APP. Additionally, the use of anti-sense
oligonucleotides to quench translation of messenger RNA (mMRNA) for proteins involved in
AD such as APP and BACE have been explored (Chakravarthy et al., 2017). This study is
however focusing on the development of peptides as an alternative method of targeting AD

pathology.

Peptide Therapies to target AD

This study will focus on identifying novel peptide hits as potential therapeutics against AD.
Peptides present significant benefits over small molecules and antibodies due to their lower
cost of production (particularly compared to antibodies), lack of immunogenicity (due to their
small size), high specificity with low toxicity and the potential to build and screen large
diverse libraries. Furthermore peptides present the ability to block protein interactions by

targeting binding pockets that may be out of reach for small molecules and present higher
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levels of biological and chemical diversity, enabling the design of peptides with much
greater specificity and the potential to form multiple points of interaction with the target than
may be possible with small molecules (Mason, 2010). Additionally, peptide mimetics can be
applied to modify peptides to produce more likely drug-candidates and to overcome
potential drawbacks associated with peptides including cell penetrance, protease-
susceptibility, rapid clearance and poor bioavailability (Ryan et al.,, 2018; Armiento,

Spanopoulou and Kapurniotu, 2020) (Table 2).

Over the last two decades the application of peptides for therapeutics has flourished
reaching over 50 approved peptide drugs and another 178 in various clinical stages of
development across several therapeutic areas from diabetes to oncology in 2018 (Henninot,
Collins and Nuss, 2018). Applying the success of recent applications of peptides could help
overcome the lack of successful drug discoveries within the AD field. Many approaches to
develop peptide inhibitors against AR pathology in AD have been carried out and are
extensively reviewed in the literature. Here, we will attempt to cover a good range of
peptides and their respective approaches, and all peptides mentioned are summarised in
Table 3.

One approach used to identify peptides that bind to AR and prevent self-association and
aggregation of the AB peptide, was to identify motifs within the sequence that are important
for fibrilisation. A short binding sequence was identified between residues 16-20 with the
following sequence, KLVFF, that is important for self-recognition and aggregation of AR
(molecular self-recognition of KLVFF motif discussed previously). This short peptide was
shown to bind full length AR and prevent aggregation (Tjernberg et al., 1996). The KLVFF
binding sequence stood as a basis by which to design further, more potent peptides. In
particular those of OR-1 and OR-2 which were designed to target toxic AR oligomers. Whilst
both prevented fibrilisation of AB, only OR-2 was successful at targeting AB oligomers
(Austen et al., 2008). Further optimisation in the form of retro-inversion of the OR2 peptide
(RI-OR2) allowed for development of a more stable peptide with greater resistance to
proteolysis (Taylor, M. et al., 2010). Retro-inversion of a peptide allows for conversion of all
residues to D-Enantiomeric peptides (D-peptides) to resist proteolysis and reversal of the
sequence means the overall shape of the peptide is conserved so as to not effect biological
activity. The C-terminus of the AB peptide has also been targeted due its importance for AR
dimerisation (Figure 1 (a) in Chapter Three) with successful peptides inhibiting AB-induced
toxicity by stabilising non-toxic hetero-oligomers by associating with full length AB1.42
(Fradinger et al., 2008).

Particularly successful KLVFF sequence derived peptides are those belonging to the
Proline B-sheet breaker family. Proline is an infamous B-sheet breaker peptide due to the

inability of the peptide to form B-sheet conformations (Wood, S. J. et al., 1995), perhaps by

39



incorporating a kink in the chain thus disrupting stacking of A molecules. Soto et.al.,
incorporated Proline residues in to the AR sequence within the self-recognition motif and,
following a sequence of peptide modifications, identified a potent inhibitor of AR
aggregation, iABs (Soto et al., 1996). This iABs peptide presented the ability to not only inhibit
the aggregation of AB but also breakdown preassembled fibrils in vitro, was capable of
protecting against AB-induced toxicity in a cell model and reduced AR aggregation in vivo
(Soto et al., 1998). Further modification of this peptide to protect iABs from proteolytic
degradation demonstrated considerable reduction in amyloid deposition and ability to cross
the BBB in vivo (Permanne et al., 2002).

Aside from sequence-derived peptides, screening of large libraries either random or semi-
/rationally designed upon the AR target is an efficient method to screen large and broad
peptide libraries to identify potent peptide hits against AB toxicity. One such method is
phage-display which has been successfully applied by the Willbold group in identification of
their D3 and subsequent RD2 peptides. Phage display uses bacteriophage particles to
present library members on the surface with successful hits interacting with an immobilised
protein target. Phage display identifies peptide hits consisting of L-Enantiomeric peptides
(L-peptides). An advancement of the phage display technique is mirror image phage display
in which the target protein is expressed with D-enantiomeric amino acids. The
bacteriophage presents library members in the L-enantiomeric amino acid confirmation that
bind to the D-peptide target protein. The peptide hits can then be synthesised with d-
enantiomeric amino acids and will bind to the natural L-enantiomeric amino target protein
due to conservation of the overall topology between D- and L- enantiomers (Schumacher
et al., 1996). A randomised 12 residue library was screened covering around 1 billion
members and a winning peptide hit selected, denoted D3. D3 demonstrated the ability to
reduce AB aggregation and dissolve pre-formed plaques, rescue cell viability and decrease
AB load in vivo (van Groen et al., 2008). Interestingly, D3 was also shown to specifically

reduce AP oligomer levels in vitro (Brener et al., 2015).

Following the promise exhibited by D3, the Willbold group used the sequence as a template
to rationally design D3 derivatives with greater potential to remove AP oligomers. As a
result, the RD2 sequence was obtained and has been shown to possess greater
bioavailability (Leithold, L.H.E. et al., 2016) and eliminated AR oligomers to a greater extent
than D3 whilst retaining the ability to rescue cell viability in vitro. Interestingly, in transgenic
mice RD2 provided a significant cognitive benefit compared to placebo with no reduction in
plague load following analysis of post mortem mice brain, further corroborating the
importance of targeting Ap oligomers over plaques (van Groen et al., 2017). Furthermore,
RD2 reduced the ratio between ARi.2:AB140, the importance of which was discussed

previously. RD2 stands as a promising therapeutic against AD presenting the success of
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screening large, randomised peptide libraries and adopting rational design to optimise and

increase the potential of peptide hits.

Aside from targeting the self-association of AB, recent studies have explored the potential
of peptide inhibitors of which their design is based upon cross-amyloid formations. By
targeting these cross-amyloid interactions there is potential to not only target both amyloid
polypeptides with one inhibitor but to also prevent cross-amyloid interactions, or cross-
seeding (Armiento, Spanopoulou and Kapurniotu, 2020). An example of this is the hetero-
association of ABi40, ABi42 and the Islet Amyloid Polypeptide (IAPP) involved in the
pathogenesis of Type-2-Diabetes. The two proteins have been shown to interact with high
affinity with suggestions that this peptide interaction could provide the molecular link
observed between AD and diabetes (Yan et al., 2007; Andreetto et al., 2010). Building on
the identification that IAPP-GI, a mimic sequence of IAPP which is conformationally
constrained by N-methylation, can bind to and prevent cytotoxicity of ABi.40 (Yan et al.,
2007), Andreetto et. al. set out to identify short sequences, or ‘hot regions’, required for AB-
IAPP interaction. The group used IAPP-GI as a substitute of IAPP (highly insoluble and
prone to aggregation) to allow for high solubility whilst retaining the ability to behave the
same as full length IAPP in binding ABi.40. Using membrane-bound peptide arrays they
identified five short peptides based on recognition elements of AR and IAPP required for
both self-association and cross-interaction between the two. The study revealed binding
affinities of the peptides with the amyloid proteins and provides a scaffold for further
investigation of the potential of these peptides to design potent inhibitors of amyloidosis

across the diseases using the sequences as templates (Andreetto et al., 2010).

Finally, another aspect of targeting AB aggregation using a rational approach is by
preventing pathological chaperoning of AR, for example by blocking interaction between Ap
and ApoE4, as is presented by the peptide A12-28P. A12-28P is a modified version of the
original AB sequence between residues 12 and 28 (the recognition element for ApoE4
binding). Previous studies demonstrated that applying the original sequence of 12-28
peptide could block AB interaction with ApoE4 and inhibit formation of A fibrils (Ma, Brewer
and Potter, 1996). Replacing Val for Pro at position 18 (A12-28P) and incorporating d-
enantiomeric amino acids with end protection created a peptide that was non-toxic, non-
fibrillogenic and yielded greater protease susceptibility without effecting the peptides ability
to block AB interaction with ApoE and inhibit AB aggregation to present promising results in

vitro and in vivo (Sadowski et al., 2004).

Various approaches to targeting AB using peptides have been explored and demonstrates
the wide application of peptides to target many protein interactions with high specificity and
present exciting prospects as potential therapeutics against AD. With the increasing

potential of peptides seeing over 468 peptide agents entering Phase Il clinical trials and 89
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approved peptide drugs across numerous disease areas towards the end of 2020 (a marked
increase from figures reported in 2018), and the recent development of peptide-drug
databases, such as PepTherDia providing the necessary resources to allow for further
acceleration of the peptide field, it is an exciting time to apply the ever-growing potential of
peptides to target AB toxicity in AD (D’Aloisio et al., 2021).

Table 2: Advantages and disadvantages of peptides as therapeutics. Summarised
within the table are the various advantages and disadvantages of peptides as therapeutic
agents compared to small molecules and antibodies. The following references were used
to gather the information for this table (Mason, 2010; Craik et al., 2013; Recio et al., 2017).

Advantage Disadvantages

Highly potent

Highly selective

Ability to form multiple interactions with
target

Broad range of targets

High chemical and biological diversity

Low immunogenicity

Able to screen or select peptides as
nucleic acids or as peptide entities

Limited accumulation in tissue

Low cost of production

Low toxicity
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Table 3: Examples of Peptides developed to target AB-induced toxicity in Alzheimer’s
Disease. Summarised within this table are peptide therapies mentioned within this review
to demonstrate some examples of peptide therapies against AB toxicity in AD.

Name | Sequence Method Function Year |Citation
Modified sequence of .
Increased stability and
AB12-28 with addition of B " "y
. resistance to protease
sheet breaker proline at .
. L degradation compared to
position 18. Utilising D- . . (Sadowsk|
vhhgklpffaedvg . . . A12-28 whilst retaining the .
Al12-28P amino acids, the peptide N 2004 | ietal,
snk . . ability to block ApoE
was also synthesised with| . . . 2004)
. L interaction with A and
end-protection (amidation block AB aggregation in
of C-terminus and . gg' g'
. . vitro and in vivo
acetylation of N-terminus)
Binds to AR full sequence
and prevents aggregation
Derived from binding by creating atypical anti- (Tjernber
sequence identified within |parallel -sheets. D-amino getal,
AB between residues 16- |composed peptides based 1996;
AB 16-2 KLVFF 1
B 16-20 20. Alanine scans showed| on this motif also show 996 Tjernberg
that residues 16, 17 and potential to block etal.,
20 are crucial formation of fibrils with the 1997)
added benefit of protease
resistance
Disrupting C-terminus
association to interrupt
AB3L- C-terminal Sequgnce derived from C- oligomer formatpn N (Fradinge
42/39-42 sequence terminus. Screened x-42 | showed success to inhibit [ 2008 | retal.,
d where x = 28-39 AB-induced toxicity in cells 2008)
by stabilising non-toxic
forms of oligomers
Five short peptide
AB19-22/15- Membrane bound peptide sequences.re.quwed for
arrays of the AR sequence |hetero-association of AB to
AB-IAPP- | 24/27-32/25- | . ) _ . "
- in series of 10 residues IAPP identified as hot (Andreett
Gl binding|  35/35-40 : . . . .
. . . identified 5 peptide regions which stand as | 2010 | o et al.,
motif interact with s .
. . sequences within AB that templates to design 2010)
regions | either IAPP8- . e
are required for AR peptide inhibitors to block
18 or 22-28 o . .
association with IAPP the cross-amyloid
interaction
Binds specifically to AB1-42
fibrils. I
Mirror image phage rolkt))(i,l tso g;z; Zi: alf)iz in (Wieseha
D1/D-pep | gshyrhispaqv display to identify D- P . y 2003 | netal.,
eptides that bind to A | "UMan brain and used as 2003)
pep a carrier across the blood
brain barrier for imaging
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Reduced AB aggregation
as determined by ThT
. . aggregation assays, an
Mirror image phage . gg. gatt Y v
display with the suspected dissociated pre-formed A Groen et
D3 rprtrlhthrnr Pay . P aggregates, rescued cell | 2008 |al., 2008;
target to be dominated by e
small oligomers of AB viability of PC12 rat Brener et
9 parenchymal cells and al., 2015)
reduced AR load in
transgenic mouse model
KCNTATCATQ
RLANFLVHSS | Mimic sequence of IAPP
imic seqd " | Binds to AB1.o to block
IAPP-GI NNFG(N-with double N-methylation and reverse its associated| 2007 (van et
Me)AI(N-  |(to block B-sheet formation cviotoxicit al., 2007)
Me)LSSTNVG [to one side of the peptide) y 4
SNTY
Designed against Abeta
residues 17-20 with
incorporation of Proline
residues presented the
. (Soto et
Incorporation of Proline LPFFD peptide as a al., 1996;
iABs LPFFD corpora’ potent inhibitor of Abeta | 1996 |27 =7
into residues 17-21 . Soto et
aggregation in both cell- al., 1998)
based and in vivo models h
(rat brain model of
amyloidogenesis by
injecting AB in to rat brain)
iABs modification - End .
Improves stability of
protected LPFFD to . o
increase pharmacological peptide and ability to cross (Permann
. Ac-LPFFD- P g the BBB. Demonstrates
iABsp . features (acetylated at N- ) 2002 | eetal.,
Amide . ) success at reducing
terminus and amidated at . o 2002)
. amyloid deposition in
C-terminus to protect
. . mouse models of AD
against proteolysis)
Reduces cytotoxicity of Ap
in cell-based assays and (Datki et
. I an amide protected al., 2004;
LPYFD LPYFD iABs derivative version of LPYED can 2004 Juhdsz et
cross the BBB and protect al., 2009)
synapses in vivo
Sequence derived from
KLVFF with additional R/G
H2N- soluv:le aamir:cl)oer\]g d Successfully prevented (Austen
OR1 |RGKLVFFGR- . fibrilisation of Ap but not | 2008 | et al.,
COOH residues added to N and C oligomerisation 2008)
terminus to target AB 9
oligomers
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Successfully prevented
Sequence derived from | fibrilisation of Abeta and
KLVFF with additional R/G|also oligomerisation. Also,
H2N- soluvg:e amin|<; acid effelgtivel | ro!tected (Austen
OR2 |RGKLVFFGR-| SCHVETY prot 2008 | etal,
residues added to N and C| against toxicity in SH-
NH2 . . 2008)
terminus to target AB | SY5Y cells demonstrating
oligomers importance of oligomers in
toxicity
Demonstrated similar
binding affinities to D3 as
determined by Surface
Plasmon Resonance
Rationally designed
. y g (SPR) but greater
peptide based upon . .
rearrangement of D3 efficiency at removing (van
RD2 ptlhthnrrrrr 9 . oligomers. RD2 showed | 2017 | Groen et
sequence to provide o .
. cognitive improvement in al., 2017)
greater potential to ! . .
. vivo without reducing
remove AP oligomers
overall plaque load
showing potential of
targeting oligomers over
plaques
Provides a more stable (Taylor
Ac-rGffvlkGr- | Retro-inversion of OR2 eptide that has greater '
RI-OR2 nvers| pept grealel | 5610 [M. et al.,
NH2 sequence resistance to proteolysis 2010)
than OR2
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Aim of the study

This project seeks to use semi-rationally designed libraries to target the toxic AR
oligomers using peptide inhibitors selected for by intracellular screening assays. One
such assay is the Protein-fragment Complementation Assay (PCA) that the study will
apply to select for peptides that bind to AB. The intracellular nature of PCA selection
means that only peptides capable of binding to AB and detoxifying it are ultimately
selected. The project will screen two large libraries targeting regions of Ap that are
important for folding and aggregation of AB. The libraries will be screened against an
Arctic mutant of ABi42 to increase the stringency of the screen. As previously
discussed, the Arctic mutant has a higher propensity to aggregate compared to wild
type AB and its use allows for a higher stringency screening platform. Screening
peptides against this mutant has the potential to identify more promising hits relative
to those derived from targeting of wild type AB. In addition, ABi.42, as opposed to AB:-
40, has elevated toxicity, a higher propensity to aggregate and acts as a seed for
aggregation. Targeting ABi-42 could therefore be of more relevance with regards to
inhibiting AR toxicity.

Once peptides hits have been identified they will be characterised using a range of
biophysical techniques including Thioflavin-T (ThT) aggregation assays, circular
dichroism (CD), Transmission Electron Microscopy (TEM) and protein cross-linking
experiments. Within this study, a cell-based toxicity assay will be explored to
demonstrate AB-induced toxicity in a cellular environment. This cell-based assay may
then be used to evaluate the ability of peptide hits to rescue AB-induced toxicity to

reveal their potential as therapeutic agents.

Additionally, the study will seek to both develop and explore the potential for a
completely novel intracellular screening assay, known as Transcription Block Survival
(TBS), that is aimed at identifying peptides that have the capability to block AB
aggregation at the earliest stage, dimerisation. Initially, proof-of-principle assays will
be conducted to provide proof-of-concept data to underpin the theory behind the
platform, followed by an initial library test screen to evaluate the capability for TBS

Assay to identify functional peptide hits that rescue AB-induced toxicity.
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Chapter Two: Method
developments carried out
throughout the study to enable
optimal experimental processes
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Chapter Introduction

Previous Protein Fragment Complementation Assays (PCA) report library member sizes
ranging between 8,000 and ~200,000 (Acerra, Kad and Mason, 2013; Acerra, N. et al.,
2014; Acerra, Nicola et al., 2014; Cheruvara et al., 2015; Baxter et al., 2017; Yu, M. et al.,
2021). Here, we report the use of PCA to screen peptide libraries of 600,000 and 2.1 million
member libraries which is a vast increase from those previously reported. Due to these
large, ambitious library sizes, multiple stages of optimisation were required to enhance
every step of peptide library building and screening to enable maximum efficiency and
sufficient library coverage. Additionally, applying the library building protocol to build a
subsequent library 10 — 22 within an alternative vector backbone was essential for a proof-
of-principle screen for the novel Transcription Block Survival (TBS) assay, with further
optimisation of the library building steps necessary within this platform. Described below
are the various method development steps taken to enable successful application of the
library screening process throughout the study. Subsequent to library screening, methods
to purify AB protein and identified peptides hits were needed to conduct relevant biophysical
characterisation of the selected hits, both aspects of which were also explored and
optimised as discussed below. Furthermore, a cell-based toxicity assay was required to
assess the potential of hits identified from the screen and the development of this assay
also documented.
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Method development steps for optimisation

Optimisation steps for Library Building

Polymerase Chain Reaction

The first stage was to develop the Deoxyribonucleic Acid (DNA) inserts that represent the
library members using Polymerase Chain Reaction (PCR). Primers were designed so that
all library members were incorporated, with the forward primer acting as the template for

the PCR reaction. The following PCR primers were ordered from Sigma-Aldrich:

Table 1: PCR primers ordered to achieve library insert sequences from PCR.

Primer Sequence

Library 28-42 AAAGCTAGCMRRGBNGBNVTHVTHGBNVTHATSVTHGGTG
Forward Primer SNVTHVTHVTHGBNGGCGCGCCAAAA

Library 10-22 AAAGCTAGCTACVNKGTGNNKCATVNKAAAVNKGTGTWTTT

Forward Primer TRYHGAAGGCGCGCCAAAA
Reverse Primer for | TTTTGGCGCGCC
both libraries

Restriction sites Nhel (F primer only) and Ascl (F and R primers) are highlighted in bold.

For both libraries 10-22 and 28-42, the details of which are discussed later in the thesis, a
band of approximately 60 bp resulting from PCR was expected. However, following initial
PCR reactions it was evident that the forward primers were self-annealing to produce two
back-to-back inserts of approximately 120 bp (Figure 1 (a)). Following gel extraction, these
dimer inserts were subsequently digested to form two separate library inserts at
approximately 60 bp (Figure 1 (b)). The 60 bp band observed in Figure 1 (a) for the PCR
lanes is most likely the primers that are added to the reaction as the difference in intensity
between these bands and the Control bands is not significant. The primers are designed to
be represent the full length of the insert as they also act as the template sequence which is
why they appear on the gel as background. For this reason, only the dimer insert band was
extracted from the gel and this digested with Nhel and Ascl to provide the pure library insert
band, as observed in Figure 1(b). This band was extracted from the gel and the DNA ready

for sticky-end ligation into vector.
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Figure 1: Polymerase Chain Reaction (PCR) to produce library dimer inserts. a) PCR
was carried out for the libraries 10-22 and 28-42 to produce similar bands for both. The
example here is for Library 10-22, but the Library 28-42 presents similar gels. Here, the
forward primers self-annealed and library insert dimers at ~ 120 bp produced. Lane 2 shows
PCR reaction and Lane 3 is a no Polymerase control reaction. b) Following gel extraction
of the ~ 120 bp band the resulting DNA was digested with Nhel/Ascl to cleave the dimer
PCR product and digestion reaction run on electrophoresis to indicate that only a single
library insert bands remain at ~ 60 bp.

Ligation and transformation of libraries within the PCA platform

Following successful PCR and restriction digest of library 10 — 22 and library 28 — 42 insert
fragments to create complementary sticky ends for ligation in to the p230d-dhfrl vector
relevant for PCA, the next step was ligation and transformation to build and harvest the
libraries. With standard cloning to present a single DNA product, ligation and subsequent
transformation must present just a single successful colony that can be expanded in culture.
However, for applications within library screening, each transformation colony will represent
a library member and as such enough colonies must be produced to confidently represent
the library. For at least 95 % coverage of libraries 10-22 and 28-42, ~ 2,000,000 and ~
6,500,000 colonies were required following transformation, respectively. This required
maximum efficiency at each step and extensive optimisation of ligation and transformation

was carried out to achieve this, as outlined in Table 2.

For standard ligations a vector:insert ratio of 1:3 is generally adopted. However, due to the

small insert size of the libraries being screened, which may present difficulty in ligation, the

50



initial ligations for this study utilised a vector:insert ratio above the usual at 1:6. The resulting
transformation provided limited colony formation at just ~ 22 colonies. Therefore, an
exaggerated vector:insert ratio of 1:50 was tested to saturate the ligation with the library
inserts to potentially increase the likelihood of successful ligation of the insert to the vector.
Although higher colony counts were obtained compared to the 1:6 ligation, this provided

only ~ 90 colonies, contributing only a very small degree to the theoretical library size.

To potentially improve the efficiency of the cells, the optimal density of the electrocompetent
cells was explored. Traditionally, following preparation of electrocompetent cells, the
suspension is resuspended to an ODeyo 0f 0.4. Here, a range of cell densities were tested
including 0.4, 0.8 and 1.0 with the highest cell density providing the greatest transformation
efficiency with a considerably higher number of colony forming units presented following
transformation with a positive control, fully circularised (p230d-alpha-synucelin) plasmid.
Unfortunately, this did not translate towards an increase in colony formation following library
transformation at this higher ODeggo With poor transformation observed, despite an improved
desalt method being applied. The previous transformations employed a standard butanol
desalt method to prepare ligated DNA for transformation. For Butanol desalt, the ligation
mix is made up to 50 pl with ddH>O and 500 pl Butanol added. The sample is vortexed,
centrifuged and the supernatant removed to leave just the pelleted DNA, which is incubated
at 37 °C until dry. Finally, the pellet is resuspended to the desired volume in ddH2O. This
desalt protocol is time-consuming and results in a loss of DNA sample. Instead, here the
ligation mix was spun through a QIAquick PCR Purification Kit (Qiagen; Cat No.: 28106) to

remove the salt and concentrate the DNA to provide a quick, convenient method to desalt.

Although the positive control transformation in to the applied XL1-Blue cell line provided
sufficient transformation efficiency, to explore whether the cell line was limiting the success
of library ligation and transformation an alternative, purchased electrocompetent cell line
was tested. The NEB 108 cell line (C3020K) is a highly efficient cell line for transformation
of large plasmids ideal for the library plasmid that was to be transformed. Pairing this with
NEB Electroligase to circumvent the need for a desalt step, which had been a considerable
point of DNA loss, provided a promising ~ 31,000 colonies following ligation and
transformation. However, just 25 ul of cells, as per the manufacturer recommendations, was
used with 2.5 pul of ligation mix, which may have limited the success of this transformation
due to the proportion of ligase mix within the transformed cell volume. In order to increase
the amount of DNA that could be applied to each transformation, the cell volume was also
increased to allow for successful transformation with higher volumes of Electroligase library
product. Transformation of 50 uyl NEB 108 cells with 2.5 ul ligation mix presented a
promising ~ 431,000 colonies, a marked improvement. Subsequently, the limit of
Electroligase ligation mix volume applied to the transformation was tested and 5 pl was

used to transform the 50 pl cell sample. This increased volume, thus DNA amount, greatly
51



improved the success of the transformation with 1,189,400 colonies which could be
repeated just three times for each library to sufficiently cover libraries 10 — 22 and 28 — 42
with 99.99 % and 95.60 % confidence, respectively, following calculation with the following

equation (Denault and Pelletier, 2007):
E = 100*(1-(1/n))™

Equation 1: Library coverage where E = % of library missing, n = theoretical library size

and m = colony forming units from transformation (experimental).

Simultaneously, to test the now optimised ligation protocol within the original XL1-Blue cell
line, a sample of the Electroligase ligation mix was transformed in to electrocompetent XL1-
Blue cells, providing only ~ 11,000 colonies compared to the 1,189,400 colonies resulting
from the purchased NEB 10B cells. This indicated that the in-house XL1-Blue
electrocompetent cells were considerably less efficient in transformation than the purchased
NEB 10 cells.

For all ligations, vector only background controls were conducted and taken into
consideration for final colony counts described in Table 2, in that any background, if present,

was subtracted from the total colony count.

Following successful coverage of the libraries within the NEB 10 line, the next stage was
to harvest the colonies for miniprep of the library DNA for screening within the PCA platform,

which is discussed later.
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Table 2: Optimisation process for building libraries 10 — 22 and 28 — 42 in preparation
for screening in the Protein Fragment Complementation Assay (PCA). Following
successful PCR and restriction digest of library 10 — 22 and library 28 — 42 inserts to create
complementary sticky ends for ligation in to p230d-dhfrl vector, the next step was to carry
out the ligation and subsequent transformation to build and harvest the libraries. This
required multiple stages of optimisation which are outlined in the table below. The variable
conditions included the vector:insert ratio for ligation, the type of ligase used, the cell line
transformed, density of the cells and amount of DNA. Additionally, the desalt method
following ligation was tested which included the traditional butanol method and an
experimental method in which the ligation mix was spun through a QIAquick PCR
Purification Kit (Qiagen; Cat No.: 28106) column in order to desalt and concentrate the
ligated DNA, which is referred to in the table as column desalt. Two different cell lines were
utilised, the XL1-Blue line which was prepared electrocompetent within the laboratory and
the NEB 108 cell line which was purchased as an electrocompetent cell. All ligations have
concomitant negative (no insert) control ligations and this background, if any, has been
applied to the colony counts outlined in the table.

Vector:Insert | Ligase | Desalt? Cellline | ODgy | DNA | Colonies Notes
Ratio (ng) (cfu)
1:6 T4 Yes XL1-Blue 0.4 500 |22 Unsuccessful
(butanol)
1:50 T4 Yes XL1-Blue 0.4 500 |89 Unsuccessful
(butanol)
Fully T4 n/a XL1-Blue 0.4 144 | 7,840,000 |A higher ODgq, provided a greater transformation
circularised efficiency
positive 0.8 8,660,000
control 1.0 18,260,000
plasmid
1:50 T4 Yes XL1-Blue 1.0 400 |11 DNA is lost during the butanol desalt method, so
(column) used a column flow-through method to desalt
ligation mix and concentrate DNA by eluting in
low volume
1:50 T4 No NEB 108 n/a 62 |0 Tried with no desalt to ensure all DNA is retained
(purchased) as DNA also lost in column desalt method

Results in a low DNA concentration used in
transformation and a high salt content

No colonies were observed

This transformation used the recommended 25
ul of NEB 10 that the manufacturer

recommends
1:50 Electro | No NEB 10B n/a 38 31,350 To entirely circumvent desalt step, Electroligase
ligase (purchased) used which is compatible with transformation

without desalt

Used more ligation mix than the Electroligase
protocol recommends (2.5 pl as opposed to 2 pl)
to boost amount of DNA but the transformation

burst
Despite this, good colony count obtained
1:50 Electro | No NEB 108 n/a 38 431,300 Whilst the above transformation appears
ligase (purchased) promising, around 60 repeats would be required

to cover the small 10 - 22 library

Therefore, repeated the above transformation
with a higher volume of cells to allow for
increased DNA volume

Using 50 pl cells increased the transformation

efficiency
1:50 Electro | No NEB 108 n/a 76 1,189,400 | Wanted to maximise both cell volume and DNA
ligase (purchased) amount so explored how much ligation mix could

be added before the salt concentration caused
the transformation to pop
Used 5 pl ligation mixin 50 pyl NEB 108 cells

1:50 Electro | No NEB 108 n/a 76 1,491,777 | Did three repeats and combined to give the total

ligase (purchased) (x3) [2012.166 | colonies provided as 6,295,109
— This sufficiently covered library 10 — 22
2,791,166

1:50 Electro | No NEB 108 n/a 76 6,641,699 | Repeated above optimised transformation three

ligase (purchased) (x3) times and combined at recovery stage.
Library 28 — 42 sufficiently covered

1:50 Electro | No XL1-Blue 0.4 76 11,100 The NEB 108 (purchased) are much more

ligase efficient (above)

The NEB 10 cells were used as provided so do
not reflect the same cell density as the XL1-Blue
which should be considered moving forward
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Ligation and transformation of the libraries within the transcription-block platform

Following successful proof-of-principle analysis of the novel Transcription Block Survival
(TBS) assay, described in detail in Chapter Four, the next step was to probe the potential
of the platform to identify a functional peptide hit. As such library 10 — 22 was cloned in to
the pQES8O0 plasmid, relevant for library presentation within the TBS platform. To build upon
the previous library cloning and optimisation for PCA, the aim was to develop in-house NEB
108 electrocompetent cells. Purchasing pre-prepared NEB 108 was expensive and the cell
line was difficult to obtain following covid supply issues. As previously demonstrated the
XL1-Blue cell line prepared within the laboratory was less efficient than the purchased NEB
108 cells providing ~ 11,000 colony forming units compared to the ~ 1.2 million observed
following transformation of the PCA library 10 — 22 into the purchased NEB 10 cells. When
comparing the two aliquots of cells it was clear that the NEB 10B cells were much more
dense and contained many more cells than the in-house XL1-Blue electrocompetent cells,
raising the question as to whether the increased transformation efficiency was due to the
cell line or simply the number of cells present for transformation. Therefore, the experiment
was repeated using a positive pUC19 plasmid to transform an aliquot of XL1-Blue cells
(ODeoo = 0.4) alongside a sample of NEB 10 cells that had been prepared in-house, in line
with the XL1-Blue cells, and also harboured an ODggo 0f 0.4. The in-house electrocompetent
XL1-Blue cells produced ~ 6,000 colonies compared to ~ 16,000 for the NEB 10pB cells,
indicating that the cell line used is important for transformation efficiency, with NEB 1088
proven the most competent (Table 3). Subsequently, the study sought to enhance the
preparation of in-house NEB 10 cells for application within library building for TBS screen
against library 10 — 22, as outlined in Table 3.

To recapitulate the high cell density observed in the purchased NEB 10 cells, the in-house
produced NEB 108 cells were resuspended in the residual glycerol following the final
centrifugation step in the preparation of electrocompetent cells protocol and, to enhance the
quality of the cells, were prepared on the day of use to avoid the harsh snap-freezing step.
Following limited colony counts using DNA directly from the Electroligase mix, a large scale
ligation was conducted to maximise the amount of DNA undergoing ligation. The resulting
ligation mix was run through a QIAquick PCR Purification Kit (Qiagen; Cat No.: 28106)
column to desalt, and most importantly, concentrate the sample by resuspending in a small
volume for transformation, maximising the amount of DNA applied per transformation. This
greatly increased the transformation efficiency with ~ 20,000 colonies forming as a result,
compared to ~ 400 when no desalt and concentration step is performed. Despite the
increase in transformation efficiency, the resulting colony numbers were not sufficient to

cover the library.
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Therefore, a comparison was carried out between the in-house produced NEB 108 cells
and purchased NEB 10 cells that are electrocompetent upon purchase. This was carried
out to assess the quality of the in-house produced cells and ensure that insufficient
preparation of electrocompetent cells within the laboratory was not a contributing factor for
the low colony counts. Reassuringly, a similar number of colony forming units were obtained
for both in-house NEB 108 and purchased NEB 103 with ~ 25,000 and ~ 26,000 colonies,

respectively.

Having ruled out the cells as the limiting factor in the ligation and transformation for the TBS
library build, the study next sought to explore the DNA used for transformation. Initially, the
amount of DNA used was reduced to match the amount used for the previous PCA library
build as too much DNA in a single transformation can result in a reduced transformation
efficiency. However, a reduced DNA amount for TBS library 10 — 22 resulted in a reduction
in colony formation with higher concentrations being optimal. Therefore, the ligation
conditions were altered to potentially enhance this step prior to transformation. Despite the
success of overloading the ligation reaction with the insert for the previous PCA library, this
was not observed for the TBS library and cloning in to the pQE80 vector. When a
vector:insert ratio of 1:50 was applied a marked reduction in transformation efficiency was
observed with just ~ 1,800 colonies. It was clear that saturating the ligation with the small
library insert did not improve ligation efficiency within the pQE80 vector and instead the 1:10
ratio was used again but utilising an alternative ligase type. Instead, T4 DNA Ligase was
employed with overnight ligation, as opposed to the Electroligase which required just 1 hour
incubation at room temperature. However, the alternative ligase did not improve the colony

formation.

The previous success of applying a large amount of library insert respective to the vector
for PCA library building had swayed the decision to attempt higher ligation ratios for this
TBS library build considering the inserts and vectors used were comparative in size.
Following the lack of success here, the decision was made to step back to basics and
attempt a standard 1:3 ligation which proved fruitful. This ligation condition, with T4 DNA
ligase, provided ~ 74,000 colonies. Although this was an improvement compared to the 1:10
ligations, further optimisation was required to successfully cover library 10 — 22 in the TBS
screen as around 28 repeats would be needed to provide confidence that the library would

be sufficiently covered, which would be impractical to handle at later harvesting stages.

Ligation protocols differ in the recommended incubation temperature so, the optimal ligation
incubation temperature was explored including 8 °C, 16 °C and room temperature (~ 25
°C). All transformations for this were performed using the same sample of ligation mix for
library 10 — 22 and although the 8 °C ligation provided the highest number of colonies (this

number has already factored the background colonies), this condition also had a higher
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background in the no insert control ligation/transformation at ~ 5 % compared to the other
highest colony count condition at room temperature that presented with ~ 3.5 % background
colonies. Therefore, the room temperature ligation was taken as the most effective ligation
condition and a large-scale ligation was conducted with subsequent column desalt and
concentration to provide a high concentration sample of DNA to be used in transformation.
Unfortunately, this high concentration caused the DNA to arc during electroporation and the
transformation popped. Accordingly, the DNA amount used for transformation was reduced
but was unable to provide sufficient colony numbers at just ~ 4,000 and further development

steps were required.

For the PCA library builds, an increase in ligation efficiency was observed when applying
Electroligase as opposed to T4 DNA ligase. Although Electroligase had been applied to this
library build previously, since then the ligation conditions had been optimised with the
identification of the lower vector:insert ratio providing promise. Therefore, the ligation was
repeated again with Electroligase in place of T4 DNA Ligase, across varying ratios to identify
the optimal vector:insert ratio for this alternative ligase. This experiment corroborated that,
for library 10 — 22 ligation in to the pQES80 vector, a vector:insert ratio of 1:3 was optimal,
but it failed to reach as high a colony counts than that for the T4 DNA ligase reactions.

Despite attempts to replicate the optimal ligation condition identified that presented ~ 74,000
colonies from a vector:insert ratio of 1:3 using T4 DNA ligase and transforming into high
density NEB 10 cells, this high count was not obtained again. Additionally, the similarity in
library colony counts within both bought NEB 108 and in-house produced NEB 108 cells,
along with the successful positive pUC19 control and the fully circularised pQE80-T7 (the
original pQE80 plasmid that is digested to provide the pQE8B0 backbone for ligation)
transformation presenting full coverage on transformation plates, indicated that the cell
preparation was sufficient, but rather the DNA cloning was the restrictive factor. Within the
laboratory group, various members were attempting to clone in to the pQES80 vector for
various applications, also with limited success. Therefore, in the interest of time and to
preserve the previous cloning efforts with the numerous transformations carried out until
this point (as transformation plates can only be stored for up to two weeks before harvest),
the decision was made to combine all of the obtained transformation plates to harvest and
represent a sample of library 10 — 22. The initial aim with the library 10 — 22 screen within
the TBS platform was to provide a proof-of-principle in the ability of TBS to identify functional
peptide hits. Therefore, it seemed appropriate to continue with a sample of the library to
gauge the potential of TBS before investing too much time building the full library prior to

confirming the potential of the platform.
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Table 3: Optimisation process for library 10 — 22 build in preparation for test
screening in Transcription Block Survival (TBS) Assay. Following successful PCR and
restriction digest of library 10 — 22 inserts, to create complementary sticky ends for ligation
in to pQEBO backbone relevant for the TBS platform, the next step was to carry out the
ligation and subsequent transformation to build and harvest the library DNA. This required
multiple stages of optimisation which are outlined in the table below. The variable conditions
included the vector:insert ratio for ligation, the type of ligase used, the cell line transformed,
the density of the cells and amount of DNA. The desalt method used was an experimental
method in which the ligation mix was spun through a QIAquick PCR Purification Kit (Qiagen;
Cat No.: 28106) column in order to desalt and concentrate the ligated DNA and is referred
to in the table as column desalt. Additionally, three different cell lines were utilised, the XL1-
Blue line which was prepared electrocompetent within the laboratory and the NEB 108 cell
line, which was either purchased as an electrocompetent cell, referred to as NEB 10
(purchased) or a sample of the purchased cells was taken and used for overnight incubation
to inoculate a starter culture for subsequent preparation of electrocompetent cells within the
laboratory, referred to as NEB 10 (in-house). All ligations have concomitant negative (no
insert) control ligations and this background, if any, has been applied to the colony counts
outlined in the table.

Vector:Insert Ligase Desalted? Cell line ODgy, | DNA | Colonies Notes
Ratio (ng) (cfu)
puC19 n/a n/a NEB 108 0.4 0.01 {15,918 To explore transformation efficiency of in-house XL1-Blue
(purchased) compared to NEB 103 a sample of purchased NEB 103
was taken for overnight incubation and subsequent
preparation for electrocompetency in line with the
XL1-Blue 5.9M preparation of XL1-Blue
The cell type is important, not just the high density of the
bought cells
1:10 Electroligase | Yes - NEB 10B High 40 470 To provide the high cell density observed with the
column (in-house) density purchased NEB 10B the in-house produced cells were
resuspended in residual glycerol following the final
centrifugation step in preparation
Low DNA amount used following ligation may be the
limiting factor
1:10 Electroligase | Yes - NEB 108 High 225 | 19,800 | Toincrease the amount of DNA transformed, a large
column (in-house) | density scale ligation was conducted and a column desalt used to
No 57 380 concentrate the DNA
Additionally, the cells were prepared on the same day as
assay to avoid harsh snap-freezing
1:10 Electroligase | Yes - NEB 10B High 225 | 25,080 The quality of the in-house produced NEB 10p cells was
column (in-house) | density assessed by transforming both in-house NEB 108 and
purchased NEB 1083
NEB 10B 26,280 No difference in transformation efficiency between the cell
(purchased) types is observed
1:10 Electroligase | Yes - NEB 108 High 45 830 Transformed with less DNA in case previously
column (in-house) density overloading but no improvement observed
1:50 Electroligase | Yes - NEB 10B High 225 |1,766 Although for PCA libraries the overloaded ratio worked it
column (in-house) | density does not appear to provide better ligation efficiency in the
pQES80 system
1:10 T4 Yes - NEB 10B High 200 |980 An alternative ligase was tested to enable overnight
column (in-house) density incubation, compared to just one hour recommended for
Electroligase
1:3 T4 Yes - NEB 108 High 160 |73,702 1:3 ratio provides better ligation efficiency but requires
column (in-house) density further optimisation
Later repeats of this condition failed to provide similar
colony counts
1:3 T4 No NEB 108 High 61 RT: Tested different temperatures for overnight ligation due to
(in-house) | density 1,615 variation between protocols
14 °C- 8 °C ligation appears to give the most colonies, but also
780 provided highest degree of background at 5 % compared
30 to 3.5 % for the room temperature (RT) ligation
1,767
1:3 T4 Yes - NEB 108 High 500 | 19,945 Repeated the optimal condition with ligation at 1:3 at RT
column (in-house) | density overnight but also with column desalt for higher DNA
concentration
The high concentration caused the DNA to arc during the
transformation
1:3 T4 Yes - NEB 103 High 228 | 4,366 Repeated again but bought DNA concentration down
column (in-house) density Unsure what caused the low colony count
1:3 Electroligase | Yes - NEB 103 High 200 | 3,606 Electroligase used to potentially increase ligation
1-10 column (in-house) | Density 1613 efficiency Confirms that 1:3 is the most efficient ligation
- : ratio, but limited formation of colonies
1:50 590
1:3 Electroligase | Yes - NEB 108 High 200 | 1,860 Repeated the 1:3 condition alongside a positive control,
column (in-house) Density pQEB8Q-T7, plasmid
pQE80-T7 58 Fully The cells are very competent
covered | Instead, cloning within pQEBO is the restrictive factor
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Library Screening in PCA platform

Following successful production of the libraries, the next stage was to screen the libraries
within the PCA assay. The resulting library DNA from the library harvest and subsequent
miniprep was transformed in to BL21-Gold (BL21-G) assay cells, containing the p300d-
Basic-A target and pREP4, applying the previously optimised technique, including the use
of high density electrocompetent cells. The DNA to be transformed should now represent
fully circularised p230d plasmid containing the library insert and a greater transformation
efficiency is expected compared to transformation following ligation. However, this was not
the case with initial library transformation in to BL21-G cells presenting low transformation
efficiencies with just 36,313 colonies for Library 28 - 42 and 326,000 colonies resulting for
Library 10 - 22 (Figure 2 (a)), compared to full, uncountable plate coverage from the pUC19
positive control. As the positive, pUC19 transformation demonstrated that the cells were
sufficiently electrocompetent, the low transformation efficiency may have been as a result
of poor quality DNA representing the libraries. Therefore, in order to visualise the library to
ensure the expected DNA band was present and of good purity, a sample was run on
agarose gel electrophoresis and imaged. Here, it was revealed that the library DNA was
contaminated. A higher molecular weight band was observed that might represent genomic
DNA (Figure 2 (a)). Interestingly, library 28 - 42 exhibited a higher intensity contaminating
band compared to library 10 - 22. Alongside the lower transformation efficiency following
transformation of library 28-42 compared to 10 — 22, this suggests that the contaminating
band is interfering with the transformation efficiency potentially by masking the
concentration of the library. Samples of the library were also sent for sequencing and
confirmed poor representation of the library, by a lack of peak presentation at the altered
residues within the library. When measuring the DNA concentration for transformation, it
may be that the higher molecular weight represented a large portion of the DNA present in
the measured sample and provided a falsely high DNA concentration. Therefore, each
transformation, and the sample of the libraries sent for sequencing, likely contained a much

lower concentration than intended, accounting for the poor library representation.

To compare the quality of the library following building and preparation in different cell types,
to ensure the contamination was not presented by the cells, library 10 - 22 was
simultaneously built in both NEB 10 B and XL1-Blue cells. However, both cell types
presented the contaminating band (Figure 2 (b)). Additionally, the library was transformed
in to BL21—Nova cells with no improvement on transformation efficiency. As the type of cell
presented limited improvement on library quality, the next step was to assess the harvesting
method. Due to the large number of plates required to cover the libraries during the building
stage, at the plate scraping stage to harvest the cells prior to miniprep the cells were

incubated, at a very high density, within a conical flask for an extended time as a result of
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the time consuming nature of the harvest. During this time, cell death likely occurred which
may have released genomic DNA. The genomic DNA in the sample potentially accounted
for the heavy contaminating band observed within the libraries. Therefore, to evade the
lengthy scraping process of the harvest prior to miniprep, a small sample of library 10 - 22
was transformed into NEB 108 cells and harvested. This small sample meant that the
process of scraping the plates was considerably shorter with less plates to scrape, hence
less time for the cells containing the library DNA to remain stagnant. The resulting gel
electrophoresis demonstrated an improvement in library representation with a higher
intensity library band and lower contamination, compared to the previous larger scale
harvest. Additionally, the subsequent transformation of the small sample of library 10 — 22
presented a higher transformation efficiency with ~ 710,000 colonies (Figure 2 (c)). Although
an improvement, this method still does not present a high enough transformation efficiency
and is incapable of sufficiently covering the library. However, it does highlight the
problematic harvesting method that results in the potential genomic DNA contamination due
to cell death.

With the aim to circumvent the requirement to harvest the DNA prior to miniprep, the library
was taken from glycerol stocks that were obtained following the initial successful build of
the libraries. Here, the glycerol stocks, which contained sufficient cell numbers to confidently
cover the libraries, were defrosted in LB media and incubated at 37 °C for one 1 hour. The
cells were subsequently centrifuged and the pellet used to miniprep the library DNA. The
resulting samples presented a single, clean band representing the library DNA and a
significant improvement in transformation efficiency into NEB 103 cells with up to ~
2,000,000 colonies resulting per transformation (Figure 2 (d)). Additionally, the library
samples were sequenced and presented full coverage of the library presented by variation
in base peaks at altered library residue positions (Figure 2 (e)). Alongside this, the amount
of library required for optimal transformation was explored by transforming with 150 ng, 300
ng and 500 ng of DNA. The 500 ng condition provided the highest colony count and was

thus applied to subsequent library transformations (Figure 2 (f)).

Following multiple transformations, with all repeats combined following recovery incubation
step, both library 10 — 22 and 28 — 42 were sufficiently covered within the PCA screening
platform with 93.39 % and 96.48 % overall confidence coverage for library 28 — 42 and
library 10 — 22, respectively, when combining the obtained coverage following library

building and screening.
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Library Colony Forming Library Colony Forming
Units (cfu) Units (cfu)
28 —42 36,313 10-22 709,439
10-22 326,000
Colony
Library Forming Units
(cfu)
28 — 42 (x4) 8,005,162
10 — 22 (x5) 2,194,229

DNA amount (ng) 150 300 500

Colony Forming Units (cfu) 94,732 300,200 467,400

Figure 2: Optimisation of PCA screening in BL21-G cells. Following building and harvest
of peptide libraries 10 — 22 and 28 — 42, the next step was to screen the libraries within the
Protein Fragment Complementation Assay (PCA) with sufficient colony formation following
transformation in to the BL21 — G assay cells (containing the p300d-Basic-Ap and pREP4
plasmids) to allow for confidence in the library coverage. In order to do so, the quality of the
library DNA was tested as a result of previously obtained low transformation efficiencies. a)
Following library harvest, the resulting library samples were run on gel electrophoresis to
ensure the expected library DNA was present and of good purity. Lane 1 contains
GeneRuler DNA Ladder Mix, Lane 2 represents Library 28 — 42 whilst Lane 3 is library 10
— 22. Additionally, the table represents the colony count following transformation in to BL21-
G assay cells. b) To compare the quality following preparation in different cell types, library
10 — 22 was built within both NEB 10 cells (lane 4) and XL1-Blue cells (Lane 3) and the
resulting harvested library ran on gel electrophoresis. Lane 1 is GeneRuler DNA Ladder Mix
and Lane 2 is an unrelated sample. c¢) Following harvest of a small sample of library 10 —
22, to evade the lengthy scraping process of the harvesting step and subsequent miniprep,
the resulting library sample was run on gel electrophoresis to assess the quality.
Additionally, the table represents the colony count following transformation in to BL21-G
assay cells. d) Following miniprep of defrosted library glycerol stocks, the resulting library
DNA was run on gel electrophoresis and used for subsequent transformation in to BL21-G
assay cells for PCA screening. The table represents the number of colonies obtained
following transformation in to BL21-G with the number of transformation repeats outlined.
The transformation repeats were combined after incubation for recovery following
transformation. For all gels, the expected library band is marked with an arrow. e) Following
preparation of library 10 - 22 and 28 — 42, samples were sent for sequencing by LightRun.
The sequence from library 10 — 22 is shown as an example with peak variation at each base
demonstrating the various residue options at those positions. f) The optimal amount of
library DNA required for transformation to provide the highest number of colonies was
explored with the transformation repeated at varying DNA concentrations. The colony
numbers for each condition have been tabulated accordingly.
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Peptide synthesis and purification

Two peptide libraries were designed, built, and screened using the intracellular protein
fragment complementation (PCA) screening assay. Firstly, utilising recent AB structures as
a template, library 28-42 was semi-rationally designed based upon those named residues.
These residues are situated within the central hydrophobic core of amyloid fibres and have
been shown to hold an instrumental role in the folding and interaction of AB molecules. The
majority of residues within this region are incorporated into either the fold of AB (central B-
sheet) or at the interface between dimers (Figure 3 (a)). Consequently, almost all residues
were altered in the design of this library, resulting in a library size of 2,125,764 peptides
(Figure 3 (b)). The second, smaller library is based upon a solvent-exposed B-sheet region
of AB spanning residues 10 - 22. Each peptide facing into the hydrophobic core of AR was
widely scrambled whilst solvent exposed residues were conserved, resulting in a library size
of 655,360 peptides for library 10-22 (Figure 1 (a,f) in Chapter Three paper). Following PCA
screening both libraries identified binding hits, named PCAH1 and PCAH2 for library 28-42
and library 10-22, respectively (Figure 3 (c) below & Figure 2 (a) in Chapter Three paper).

Synthesis and purification of PCAH2 was successful and characterisation of this hit has
been conducted to reveal the potential of PCAH2 as a prospective AD therapeutic. This
work has been prepared and written for publication and is presented in the following chapter

where the work has been written towards a manuscript.

However, synthesis and purification of PCAH1 was much more complicated. Due to the
design of the library, targeting the central hydrophobic core, the resulting hit was highly
hydrophobic and insoluble in a range of solvents from acetonitrile to dimethyl sulfoxide
(DMSO) and isopropanol. Although the synthesis of PCAH1 appeared successful, following
cleavage from the resin the resulting pellet could not be sufficiently dissolved to allow for
successful purification of the peptide using High Performance Liquid Chromatography
(HPLC). Therefore, the cell penetrating peptide (CPP) TAT (RKKRRQRRR) was appended
to the C-terminus of the PCAH1 sequence (Figure 3 (c)). The TAT-tag is a useful tool to
improve the solubility of a peptide, by adding charge, to enhance dissolution of peptides for
purification. An added benefit of the TAT-tag is the potential to increase cell-penetrance of

the peptide for future applications within cell-based assays (Frankel and Pabo, 1988).

The modified TAT-tagged PCAH1 peptide (PCAH1-TAT) now presented solubility in DMSO,
allowing for successful injection on to a HPLC column. The presence of DMSO resulted in
the requirement for an extended initial buffer equilibration upon addition of the peptide to
the HPLC column to ensure complete elution of DMSO following the revelation that the

PCAH1-TAT elutes within the DMSO peak if the concentration gradient is applied too early.
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Unfortunately, despite successful solubilisation and application on to HPLC column, the
resulting HPLC trace provided a broad, unclean peak characteristic of aggregated amyloid
proteins (Warner et al., 2017), that failed to present correct fragment ion or molecular ion
peak assignments following Mass Spectrometry (MS) of various fractions throughout the
HPLC trace (Figure 3 (d)). Despite these extensive efforts, purification remains
unsuccessful for this peptide due to the hydrophobic, viscous nature of PCAH1. Therefore,
the decision was made to continue solely with the PCAH2 peptide that presented promise

following concurrent characterisation.
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Figure 3: Design of Library 28-42 and synthesis of PCAH1 peptide hit identified
following PCA screening. a) A Cryo-EM structure of ABi.42 created with PyMol using
Protein Data Bank (PDB) ID 50qv (Gremer et al., 2017). The red box represents the region
of AB that the library 28-42 is based upon, encompassing residues 28-42. b) Library design
of library 28-42 targeting the sequence of AB.s.42. The top row is the wild-type sequence of
residues 28-42 of AB. Of these residues, those conceived to have importance in folding and
dimerisation of the peptide have been targeted to provide alternative residue options in
these positions. Library options for each position are listed underneath the original
sequence. Residues in the original sequence are included in the library. ¢) Following PCA
screening, peptide PCAH1 was identified. However, handling of this hydrophobic peptide
proved difficult, and a TAT-tag was added to provide greater charge, thus increased
solubility. d) HPLC trace of PCAHL1 following synthesis with both Az (blue) and Azis
(purple) represented along with concentration of Solvent B (ACN + 0.1 % TFA) (green).
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Expression and purification of A (M1-42)

AB (M1-42) expressed in BL21 (DE3) E.coli cells and purified with anionic exchange
chromatography

Protein expression was successfully induced with 1 mM IPTG in BL21 (DE3) cells (Figure
4 (a)). AR (M1-42) is a 4.2 kDa peptide and the band between 3.5 and 6 kDa likely
represents the correct protein. This band was successfully observed on a 20 % SDS-PAGE
only in samples following IPTG induction, further indicating the band represents AR (M1-
42). As expected, no AB(M1-42) is present in samples prior to solubilization of inclusion
bodies containing the AR protein with Urea. Following this solubilization step, AB(M1-42)
was present, indicated by the presence of the band between 3.5 and 6 kDa. The band was
only present in the lane representing the sample that was induced by IPTG during growth.
Following sonication, the sample was loaded on to a DEAE-Cellulose column and anion-
exchange chromatography undertaken. Af eluted from the column between 35 — 50 % 10
mM Tris/HCI pH 8.0, 1 mM EDTA, 500 Mm NacCl buffer (Buffer B), corresponding to fractions
18-24 that contain the highest concentration of AB(M1-42) with less contamination from
other proteins compared to the later elution peak (Figure 4 (b-c)). These fractions were

subsequently subjected to Size Exclusion Chromatography.
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Figure 4: AB (M1-42) expression and purification to obtain monomeric AB(M1-42)
peptide. a) 20 % SDS-PAGE expression gel of AR (M1-42) in BL21 (DE3) cells following
induction with 1 mM IPTG. S3 is supernatant following the third sonication step during
sonication and S4 is the supernatant following centrifugation after solubilisation of inclusion
bodies with 8 M Urea. The samples marked + indicates samples induced with IPTG whilst
— represents no IPTG induction. R1 represents resuspension of cell pellets following the
first centrifugation step whilst R3 is the solution following sonication in 8 M Urea. b)
Following solubilisation of inclusion bodies, AB(M1-42) was purified by anion-exchange
chromatography. The following A280 peaks were observed. The peak marked with a star
represents the AB(M1-42) elution peak. c) 20 % SDS-PAGE gel of peak fractions collected
during AB(M1-42) purification.
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Monomeric AB (M1-42) isolated with Size Exclusion Chromatography

Following purification by anion exchange chromatography, A (M1-42) was subjected to
Size Exclusion Chromatography to isolate monomeric AB. Fractions containing a peak
corresponding to AR were combined (Figure 5 (a)). The absorbance peak at 280 nm is small
with this likely due to the fact that AB4» contains just one aromatic residue for abosorbance
at 280 nm. Therefore, it was more effective to measure the Absorbance at 215 nm to identify
amide bonds between peptide residues. Following initial purification by anion exchange, the
AB-containing solution was concentrated using centrifugation filters with the flow-through
and product also run on the gel to ensure no AB was lost during concentration. Following
isolation of the monomeric peak by size exclusion, contaminating bands present prior to
SEC were clearly removed and a single, AB monomeric band remained (Figure 5 (b)). An
additional, later eluting peak was also present following size exclusion that produced no
corresponding 280 nm peak raising the question as to the source of this peak. To
characterise the peak it was also run on SDS-PAGE gel, yet no protein product was
obtained and it was concluded that this peak was likely a breakdown product of the AR
protein (Figure 5 (b)). The concentration of the resulting AR (M1-42) solution was calculated
by measuring the Azgo of the solution in a Quartz cuvette of 1 cm path length and applying
Beer Lambert’s Law with an extinction co-efficient (¢) value of 1280. The concentration of

the solutions from various preparations averaged around 50 uM.

However, upon return to the laboratory following the COVID-19 lockdown, despite the
previously robust and reproducible production of A (M1-42) that had previously been
possible, this could not be replicated. Instead, low concetrations of ~ 5 yM monomeric A3
were produced and the second elution peak from SEC was exaggerated (Figure 5 (c)). As
seen in timepoint aggregation experiments with AB on the SEC column, this second peak
appears to increase as aggregation proceeds (Figure 7 (a)) yet, presents no evidence
towards the peak forming as a result of protein presence (no absorbance at 280 nm and a
lack of band presentation on SDS-PAGE gels). Therefore, this peak may result from a form
of breakdown product as A aggregates. With this in mind, the reduction in the monomeric
peak observed in SEC upon return to the laboratory may have been as a result of
accelerated aggregation of the samples, thus reduction in the expected monomeric AR peak
and an increase in the breakdown product peak. This is also corroborated by the SEC profile
from the more recent purifications of AB which also present possible oligomeric species
peaks that elute prior to the desired monomeric peak (Figure 5 (c)). Efforts were made to
decrease the aggregation of AB proir to application on the size exclusion column including
reduced time between purification stages, avoidance of freezing samples between
purifications and sonication of samples before SEC. Additionally, preincubation in 8 M Urea

or 6 M Guanidine Hydrochloride (GuHCI) was carried out in an attempt to revert the AB
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samples back to a monomeric state, and to prevent further aggrgetaion. Furthermore,
eluting the protein samples from anion excahnge in to Urea or GUHCI buffers was tested to
prevent aggregation of the AB peptide straight from the column. Samples from anion
exchange were also lyophilised and resuspended in 8M Urea before SEC. Additionally, the
various columns were deep cleaned and tested to ensure there was no contamination
present on the column that could cause the AB to aggregate upon application and a new
column was also purchased. Unfortuately, following the desrcibed optimisation attempts,
the same peak presentation as seen in Figure 5 (c) was observed throughout. Due to time
contraints, the decision was made to purchase recombinant AB to allow for progression of

peptide characterisation experiments.
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Figure 5: Monomeric AB (M1-42) obtained from Size Exclusion Chromatography. a)
Azso peak profile obtained from Size Exclusion Chromatography (SEC) of AR (M1-42). The
peak marked peak 1 represents the monomeric A (M1-42) peak, whilst peak 2 marks an
unknown, contaminating peak. This second peak does not affect the purity of the Ap
produced as the monomer peak alone is isolated within the fractions collected from SEC.
b) To confirm the presence of monomeric AB in the fractions collected that correspond to
the peak a sample was run on a 20 % SDS-PAGE. The A (M1-42) protein is approximately
4.2 kDa and is denoted by a star in Lane 5. Prior to Size exclusion, the sample from anion
exchange underwent various stages to concentrate the sample. Aliquots were taken
throughout the process to ensure that the A was not lost during this process. Here, Lane
2 is the flow-through from centrifugation concentration, Lane 2 is the concentrated sample
prior to filtration and Lane 4 is the filtered sample that is finally applied to the SEC column.
Lane 6 is the second, contaminating peak obtained during SEC that presents no 280nm
band to assess whether it contains a protein product. Lane 1 contains PageRuler 26166
ladder whilst Lane 7 is the Mark12 Ladder. ¢) Repeat of SEC to isolate monomeric AR
following a sustained period outside of the laboratory with very limited, low yield of protein
obtained.
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Methods to explore oligomerisation state of A throughout aggregation

Photo-induced cross-linking of unmodified proteins (PICUP)

To enable assessment of oligomeric species of AR throughout aggregation and to explore
how the peptide hits identified from library screening may alter the presentation of oligomers
throughout aggregation, PICUP was utilised. This is a commonly applied approach to
measure protein oligomerisation, however the use of this technique within the lab required
extensive optimisation. Initially, the recommended protocol, as outlined by Rahimi et. al.,
was adopted (Rahimi, Maiti and Bitan, 2009). In short, 18 pl of AB sample was mixed with
1 pl 20 MM Ammonium Persulphate (APS) (final concentration of 1 mM) and 1 mM Tris(2,2-
bipyridyl)dichlororuthenium(ll) hexahydrate (RuBpy) (final concentration of 0.05 mM) and
exposed to 1 second irradiation before SDS-PAGE to visualise oligomeric species present.
However, this proved ineffective within the laboratory setting, with no bands presenting on
the subsequent gel (Figure 6 (a)). The aforementioned experiment utilised pre-aggregated
AB, which may not be appropriate for monitoring the oligomerisation state of the protein as
at this endpoint of aggregation the majority of protein has passed through the various
oligomerisation states and most likely resides in large aggregates and plaques, which are
too large to pass through the SDS-PAGE for visualisation. Therefore, a timepoint
experiment was conducted to capture various stages of aggregation. However, this also
proved ineffective at capturing AB oligomers to visualise on a gel, with no protein bands

observed (gel not shown).

Instead, the protocol was adjusted to optimise the assay within the laboratory setting. One
variable that was altered was the irradiation time, including 3, 10, 30, 60 and 120 seconds
and also the source of light between torch light and ceiling light that may provide varying
intensities of light that the sample is subjected to. A range of APS and RuBpy concentrations
were explored with some reports suggesting the ratio of these reagents is the crucial factor,
being optimal at an AB:RuBpy:APS ratio of 1:2:40 (Bitan, Gal, Lomakin and Teplow, 2001).
For example, at 5 uM AB, RuBpy and APS should be added to a final concentration of 10
MM and 200 pM, respectively. Previous AR PICUP experiments report optimal
concentrations of AR between 10 and 50 uM (Bitan, Gal, 2006) (Leshem et al., 2019). Within
this study a lower concentration was being applied to align with previous ThT experiments
that was unable to present an adequate amount of protein for successful visualisation on a
gel. Perhaps, at this concentration, only a small proportion of the sample will represent each
oligomeric species which may not be concentrated enough to present oligomeric bands on
the gel. Therefore, a higher concentration of 50 uM AB was tested and resulted in a feint
monomer band for some wells (Figure 6 (b)) which was not present when PICUP conducted
at lower concentrations where no bands were observed (Figure 6 (a)). The resulting band

on this gel is likely monomer but, due to probable poor separation of the lower molecular
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weight proteins on this gel, the band presents near the 10 kDa marker band. Later gels
were run for longer to allow for better separation at this low molecular weight. It became
apparent that concentration of protein in order to present gel bands may have been the

limiting step, therefore efforts were made to increase the amount of protein loaded on to the

gel.

Initially, the PICUP reaction was scaled up to 500 pl to increase the amount of protein
present in the reaction and, post-cross linking, the samples were snhap-frozen and
lyophilised. These samples were then resuspended in lower volumes to run on the gel at
high concentrations, however, this presented messy bands or monomer only bands on gels
(unsuccessful gel images not shown). Due to the harsh nature of snap-freezing and
lyophilisation, the integrity of the samples was a concern as treatment of the cross-linked
protein may have altered the composition of the sample and so a softer concentration
technique was attempted. Following scaled up PICUP, the samples were subjected to
centrifugation in a vacuum environment using the SpeedVac (Eppendorf: 5305000568) to
decrease the volume to the required amount to run on an SDS-PAGE gel (20 ul) without
the requirement to snap-freeze the samples. However, this method presented no bands on
the SDS-PAGE gels as opposed to the non-concentrated gels that provided monomer
bands only.

To circumvent the need to increase the concentration of the samples, an alternative staining
method was investigated that provided increased sensitivity. Compared to the previously
utilised RunBlue (Coomassie) stain, silver staining provides greater sensitivity in the ability
to visualise protein bands of just 0.25 ng as opposed to 5 ng for the Coomassie RunBlue
stain. This increased sensitivity may enable the detection of transient oligomers that
otherwise may not be identified if below the RunBlue staining threshold. Following the
adoption of silver stain to image the gels, some potential oligomer bands were observed,

yet further optimisation was required (Figure 6 (c)).

Simultaneously, complications regarding the expression and purification of the A protein
was endured, as discussed above, and the decision was made to purchase recombinant
AB peptide from Stratech. This enabled a higher concentration of peptide to be applied to
PICUP and 100 uM AR proved too intense for the silver stain, however oligomeric protein
was clearly present and thus demonstrates a successful AR PICUP experiment with only an
adjustment to enhance imaging required (Figure 6 (d)). Therefore, a lower concentration of
50 uM A, along with the experimented APS and RuBpy concentrations, was applied and
subjected to Coomassie staining to provide clear oligomer bands, despite this concentration
of peptide previously presenting limited success with the presentation of only feint monomer
bands. This previously limited presentation may be due to the multitude of factors that

contributed towards the PICUP experiment including irradiation type and time, reagent
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concentration, concentration method, staining method and protein concentration which over

time evolved throughout the various optimisation attempts.

As there were a multitude of variable factors, each experiment explored different
combinations of conditions as outlined in Table 4, until a successful protocol was achieved
with 50 uM AB, 0.5 mM APS, 1 mM RuBpy, 10 second irradiation with a torch light, where
clear oligomeric bands were observed on the SDS-PAGE gel with Coomassie staining

(Figure 6 (e)).
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Figure 6: Optimisation of protein cross-linking to visualise oligomeric state of AB. In
order to visualise AB in various states of aggregation, photo-induced cross-linking (PICUP)
was conducted and the resulting sample run on SDS-PAGE to visualise the oligomeric state
of AB. Multiple conditions were varied to identify the optimal conditions required for
successful cross-linking and visualisation of AR oligomers on a gel. Here, some example
gels are shown to demonstrate the optimisation process. a) SDS-PAGE gel resulting from
photo cross-linking of 5 uM A for 1 second with a final concentration of 1 mM Ammonium
Persulphate (APS) and 0.05 mM Tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(RuBpy) with subsequent Coomassie stain. Lane 1 represents PageRuler Ladder (26166),
Lane 2 is pre-aggregated AB with RuBpy and Lane 3 is a no RuBpy control b) SDS-PAGE
gel resulting from PICUP with 50 uM AR, 30 and 60 second irradiation times, APS
concentration of 1 mM and a range of RuBpy concentrations from 0.05 — 0.5 mM with
subsequent Coomassie stain. Lane 1 is PageRuler Ladder and Lane 12 is Buffer Only. c)
SDS-PAGE gel following PICUP of 25 uM AR either monomeric (marked -) or pre-
aggregated (incubated at 37 °C, quiescent conditions for 40 minutes) (marked +) with a
range of APS concentrations from 0.1 mM to 1 mM and 0.5 mM RuBpy and 60 s irradiation.
Lane 1 is PageRuler Ladder, Lane 5 is no RuBpy control and Lane 7 is buffer only control.
Lane 6 is a repeat of Lane 4 using an older stock of RuBpy as opposed to a fresh stock
prepared on the day to test if the age of RuBpy stock impairs PICUP ability. d) SDS-PAGE
resulting from PICUP of 100 uM AB with 1 mM APS, 0.5 mM RuBpy and 10 s irradiation.
The subsequent silver stain gel is presented. Lane 1 is Mark 12 Ladder, Lane 2 is a
Timepoint 0 (TO) no RuBpy control, Lane 11 is a T240 no RuBpy control and Lane 12 is the
buffer only control. ) SDS-PAGE following optimised PICUP protocol utilising 50 uM AR, 1
mM APS and 0.5 mM RuBpy with 10 s irradiation in the presence of various AB:peptide
(PCAH2) ratios.
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Table 4: Optimisation process of AB protein cross-linking experiment. The table
outlines the various experimental conditions and repeats conducted to reveal the optimal
assay conditions to allow for successful elucidation of oligomeric state using the photo-
induced cross-linking of unmodified proteins (PICUP) assay. Here, multiple factors were
modified including protein concentration, Ammonium Persulphate (APS) and Tris(2,2-
bipyridyl)dichlororuthenium(ll) hexahydrate (RuBpy) concentrations, irradiation source and
time and protein staining method used to visualise resulting protein bands on an SDS-PAGE
gel. For each experiment, an SDS-PAGE gel was run and a description of the result
provided. To increase the amount of protein to be loaded on the gel some samples were
concentrated using either lyophilisation or centrifugation under a vacuum using an
Eppendorf SpeedVac. Additionally, to capture oligomeric states at varying stages
throughout AB aggregation some experiments were conducted as a timepoint assay to
provide a snapshot following selected time periods throughout aggregation. Where the APS
and RuBpy concentration states a ratio of 1:2:40, this denotes the concentration of
AB:RuBpy:APS relative to each other. For example, at 5 uM A3, RuBpy and APS have been
added to a final concentration of 10 and 200 uM, respectively.

[AB] | [RuBpy] | [APS] |Irradiation | Irradiation [ Concentrated | Timepoint | Staining Result
(M) (mM) (mM) | time (s) source ? ? method
5 0.05 1 Torch No No Coomassie |No bands
5 0.5 1 Torch No No Coomassie | No bands
5 0.5 1 Torch No Yes Coomassie | No bands
5 0.05 1 120 Torch Yes No Coomassie | No bands
(lyophilisation)
50 0.05, 0.1, |1 30, 60 Torch No No Coomassie | Feint monomer band only
0.2,04,
0.5
5 0.05, 0.1, |1 10, 60 Torch Yes No Coomassie | Messy gel - inconclusive
0.2, 0.5, (lyophilisation)
0.5
5 1:2:40 1:2:40 |30 Torch Yes No Coomassie | Feint monomer band only
(lyophilisation)
5 1:2:40 1:2:40 |60 Torch Yes No Coomassie | No bands
(SpeedVac)
5 1:2:40 1:2:40 |60 Torch Yes No Coomassie | Feint monomer band only
(SpeedVac)
5 1:2:40 1:2:40 |60 Torch Yes No Coomassie | Monomer band only
(SpeedVac) vs.
No
5 1:2:40 1:2:40 |60 Torch Yes No Coomassie |Feint monomer for non-
(SpeedVac) vs. concentrated samples and no
No bands following concentration
of samples
5 1:2:40 1:2:40 |60 Torch Yes No Coomassie |No bands
(SpeedVac)
525|105 1,01, |60 Torch Yes No Silver stain | No bands on 5 uM gel
0.2 (SpeedVac) vs. Monomer and potential feint
No oligomer bands for 25 uM gel

with 0.1 mM APS and the 1
mM APS samples gave an
intense monomer band but no
oligomer band

SpeedVac samples resulted in

no hands
5 0.1 0.5 60 Torch No No Silver stain | No bands
525101 0.5 60 Torch No No Silver stain | Monomer and potential

oligomer bands for 25 uM gel
Monomer bands only for5 pM

5 0.1 0.5 60 Torch Yes No Silver stain | Potential oligomer bands
(Lyophilisation) although bands unclear

25 0.05,05 01,1 (10,30 Torch vs. No Yes Silver stain | Potential oligomer bands
room light although bands unclear

50 0.05, 0.5 01,1 10 Torch No No Silver stain | Very feint oligomers bands

100 (0.5 1 10 Torch No Yes Silver stain | Clear oligomer bands but too

much protein

50 0.5 1 10 Torch No Yes Coomassie | Clear oligomers bands

50 0.5 1 10 Torch No No Coomassie | Clear oligomer bands

50 0.5 1 10 Torch No Yes Coomassie | Clear oligomer bands
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Alongside the optimisation of PICUP, other methods to explore oligomerisation state of A3
throughout aggregation were explored. Initially, the potential of an alternative cross-linking
agent, Glutaraldehyde, was explored with limited success (data not shown as no bands

presented on gel) (Fadouloglou, Kokkinidis and Glykos, 2008).
Size Exclusion Chromatography

Additionally, the potential to monitor the distribution of AB oligomers throughout aggregation
using Size Exclusion Chromatography (SEC) was explored and demonstrated some
promise. SEC was run at various timepoints throughout AR aggregation with the hope to
capture the different oligomeric species present within the sample, represented as various
peaks within the SEC profile. For this assay, a sample of A was incubated under quiescent
conditions at 37 °C and, at various timepoints from TO to T35 minutes, an aliquot taken to
run on SEC using the usual SEC protocol.

The potential to monitor AB aggregation alone was encouraging, particularly when
observing the monomer peak as this was seen to decrease as aggregation proceeded,
indicative of progression through aggregation. In terms of oligomer peaks, there are small
peaks observed throughout the SEC profile that are heavier than the monomer, however
these are not clear peaks (Figure 7 (a)). The inability to capture the oligomeric species
present within these samples may be due to the transient nature of oligomers throughout
aggregation meaning that capturing a single oligomeric species is difficult. Additionally, as
there are many forms of oligomer present within a sample of AB, one conformer may not
present a high enough concentration to elicit a high enough absorbance on the SEC profile
for identification, with higher sensitivity required. Despite this, the change in monomer
profile is valuable and may be useful in determining if the peptide may alter the aggregation
of AB, with a reduction in loss of monomer peak in the presence of a peptide potentially
translating to a slowing of aggregation. Therefore, the SEC experiment was repeated in the
presence of the PCAH2 peptide. Standardisation between the two SEC traces is required,
or a repeat of the experiment, to fully analyse the results as the profiles differ with the
peptide sample trace dipping. However, a slight change in oligomer presentation and in the
monomer peak is potentially evident between the two traces, but further optimisation is
certainly required before drawing conclusions from this experiment to allow for confident
comparison between AB SEC profiles obtained in the presence and absence of the peptide
(Figure 7 (b)). The latest eluting peak on all SEC profiles (apart from the peptide only peak)
is thought to be breakdown product from AR aggregation as this peak demonstrates no 280
nm absorbance and results in no bands following SDS-PAGE analysis yet appears to

increase as A aggregation proceeds (Figure 5 (b)).

Although this method demonstrated potential, for each experiment large volumes of AB

samples were required. The expression and purification of AB was time consuming and
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yielded small volumes compared to what was required for this experiment. Additionally,
upon returning to the laboratory following Covid-19, the previously optimised protocol for
AP purification was no longer successful and, despite exploring exhaustive explanations for
this (described above), AB was eventually purchased to overcome this obstacle.
Simultaneously, PICUP had been successfully optimised within the laboratory and, as the
PICUP method used very little protein sample and provided a quick and convenient
technique to analyse oligomeric status, PICUP was ultimately the preferred method for

assessment of oligomerisation throughout this study.
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a) Size Exclusion Chromatography throughout A aggregation
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Figure 7: Timepoint Size Exclusion Chromatography (SEC) to explore oligomeric
species in AB aggregation. The potential to analyse the distribution of oligomers
throughout AB aggregation was explored by incubating (37 °C, quiescent) AB alone and in
the presence of PCAH2 at equimolar amounts and running aliquots through SEC at various
timepoints. a) An overlay of the SEC profiles obtained by AB alone at various timepoints
from O minutes (TO) to 35 minutes (T35). b) An overlay of the SEC profiles obtained at the
endpoint of aggregation, 35 minutes (T35), in the presence and absence of a PCAH2. The
monomer peak is denoted by *, various possible oligomer peaks marked with @, the
peptide only peak (confirmed by a peptide only control (data not shown) is represented by
# and the breakdown product peak by Wl .
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Optimisation of a cell-based toxicity assay to assess AB-induced toxicity

Following biophysical characterisation of the peptide hits identified by PCA and TBS using
ThT aggregation assays, CD, PICUP and TEM to reveal the potential of PCAH2 and TBSH1
to alter AB aggregation, as discussed in detail in the following chapters, the study next
sought to explore how this affected Ap-induced toxicity in neuronal cells. A cellular AB
toxicity assay needed to be established and optimised within the laboratory with this being
conducted in the neuroblastoma cell line SH-SY5Y which is a human-derived, immortal line.
The work towards production and optimisation of this assay has been presented and
described throughout this chapter with the application of the optimised assay described
within chapters Three and Four to reveal the potential of both PCAH2 and TBSH1 to alter
AB-induced toxicity. As this was an interesting line of study, the optimisation of this assay

has been written up in the style of a paper but is not intended for publication.
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Optimisation of an AB1-42-induced toxicity assay in differentiated
SH-SY5Y cells

Abstract

Alzheimer’s Disease (AD) is the most common form of dementia with around 520,000
individuals currently diagnosed in the UK. The misfolding and aggregation of the peptide
Amyloid-B (AB) is thought to be the trigger behind AD pathology. Toxic oligomeric forms of
AB initiate a cascade of downstream events that eventually lead to neuronal cell death,
contributing to the neurodegeneration observed in AD. This devastating disease lacks
successful treatment options, and robust, reproducible AB toxicity assays are therefore
needed to contribute towards effective pre-clinical screening of anti-AB targeted
therapeutics. This study developed a cellular AB toxicity model to assess the potential of
prospective peptide drug candidates to block AB-induced toxicity in AD. Exploring the
potential of the human-derived neuroblastoma cell line (SH-SY5Y) provided a successful
protocol for studying AR toxicity, particularly following differentiation of the SH-SY5Y cells.
Chronic exposure to monomeric AB induced a concentration-dependent reduction in cell
viability in differentiated, but not undifferentiated cells. Cell viability was measured using an
MTT assay alongside morphological examination. The study has successfully established
an Ap toxicity model that is sensitive to low micromolar AR, in particular differentiated cells
exposed to monomeric peptide, providing a screening platform for testing activity of blocking

peptides.

Introduction

Alzheimer’s Disease (AD) is a neurodegenerative disorder that presents as extracellular
amyloid plaques and intracellular neurofibrillary tangles (NFT) composed of Amyloid-f (AB)
peptide and Tau, respectively. The Amyloid Cascade Hypothesis (ACH), which is generally
accepted, states that A is the initiator of AD. The hypothesis stipulates that production of
AB142 through [-secretase-mediated cleavage of the transmembrane protein
Amyloidogenic Precursor Protein (APP), leads to AP misfolding, aggregation and
neurotoxicity. The precise molecular mechanisms driving neuronal cell loss are not well
defined, but the cascade of toxic events likely involves hyperphosphorylation of Tau and the
subsequent formation of NFTs (Hardy, J.A. and Higgins, 1992; Bloom, 2014; Amar et al.,
2017).

Whilst it is uncertain which precise species of AR is the most toxic to neurons it is widely
accepted that a small soluble oligomeric form of AR is most likely responsible. These
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oligomers have been suggested to act via multiple pathways to initiate synaptic toxicity
mainly by interacting with and disrupting cell membranes, binding to cell surface receptors
or creating pores in the membrane to form ion channels (Agrawal and Skelton, 2019).
Synapses appear to be particularly vulnerable to AB toxicity which is likely due to Ap
oligomers interacting with ligand-gated ion channels, such as N-methyl-d-aspartate
receptors (NMDAR) and a7-nicotinic receptors, to modulate calcium levels within the cell.
The resulting influx of calcium potentially activates kinases to phosphorylate Tau, induces
mitochondrial stress leading to the production of Reactive Oxygen Species (ROS), initiates
pro-apoptotic caspase pathways, causes neuroinflammation and eventually leads to

synaptic failure and neuronal cell death (Marin et al., 2000; Calvo-Rodriguez et al., 2020).

Over 520,000 individuals are currently diagnosed with AD in the UK (Society, 2022a) and
with the aging population this figure is likely set to increase. Between the years 2000 and
2019, deaths caused by AD increased by 145 % (Association, 2021) and the disease ranked
7" leading cause of death globally (WHO, 2020). Despite years of research there are
currently no disease modifying therapeutics for AD, and only symptomatic treatments are
available including the cholinesterase inhibitors, donepezil, rivastigmine and galantamine
and the NMDAR antagonist, Memantine.

The absence of successful drug candidates may result in part from a lack of relevant
research models to explore the mechanisms of A toxicity and assess the potential of drug
candidates across both in vitro and in vivo studies. It is reported that up to 99 % of
prospective AD drugs progressing to clinical trials fail to reach their endpoint targets despite
promising preclinical data, potentially due to the inability of the preclinical studies to
sufficiently represent AD pathology relevant to humans (Veening-Griffioen et al., 2019;
Slanzi et al., 2020). This study explores the potential of the human neuroblastoma cell line
SH-SY5Y as a method to explore A toxicity as relevant for AD. SH-SY5Y cells are a thrice
subcloned product of the original SK-N-SH line which was derived from the bone marrow
transplant of a four-year-old female in 1970 diagnosed with a metastatic neuroblastoma.
SH-SY5Y cell cultures contain both substrate adherent (S-type) and neuroblast (N-type)
cells despite successive cloning efforts towards the N-type cell (Forster et al., 2016). These
neuroblast cells harbour non-polarised cell bodies and lack neurite outgrowths (Kovalevich
and Langford, 2013).

As mentioned above, AB exerts much of its toxicity towards neuronal cells specifically, yet
many cellular studies use systems that are poorly representative of neurons. For example,
according to Krishtal et. al., over 81 % of studies utilising the SH-SY5Y line used
undifferentiated cells (Krishtal et al., 2017). These undifferentiated cells lack crucial
neuronal features required for A toxicity such as neurites, dendrites and neuronal network

connections and also do not express relevant neuronal markers, therefore failing to fully
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represent differentiated neurons and thus show resistance to AB-induced neurotoxicity
(Agholme et al.,, 2010; Xie, Hu and Li, 2010). A previous study by Krishtal et. al.
demonstrated an increased susceptibility to AB-induced toxicity upon differentiation of SH-
SY5Y cells likely due to the development of axons, dendrites and synapses required for AR
to exert neuronal damage. This addressed a crucial gap within the field and provided a good
human cell line in which to study AP toxicity, which had previously been lacking (Krishtal et
al., 2017). Further work also demonstrated that the differentiation route, determining the
neurochemical phenotype of the cells, influenced sensitivity to AB, with cholinergic
phenotypes presenting greater vulnerability to AB-induced toxicity compared to more
resistant dopaminergic-like cells (Krishtal et al., 2019). This demonstrates the critical
importance of selecting the appropriate growth factors and protocols for driving
differentiation to the desired phenotype.

Although the lack of neuronal features and morphology of undifferentiated SH-SY5Y cells
can be overcome by differentiation of the cell line there is further benefit to differentiating
the line. SH-SY5Y cells often possess a heterogenous mix of S- and N-type cells at varying
stages of the cell cycle which continue to divide throughout cellular assays, impeding the
ability to reliably assess cell numbers (Xie, Hu and Li, 2010; Kovalevich and Langford,
2013). However, exposure of the cells to Brain-derived Neurotrophic Factor (BDNF) upon
differentiation can hinder proliferation and align the cell cycles negating this issue (Encinas
et al., 2000).

Whilst differentiation and exposure to growth factors to slow proliferation can be applied to
overcome these drawbacks, an additional issue for consideration is the heritage of the cells.
SH-SY5Y cells are derived from a cancerous cell line so potentially harbour genetic
abnormalities and properties that alter the behaviour of the cells, raising questions as to
their ability to fully mirror the normal physiology of human neurons (Xicoy, Wieringa and
Martens, 2017; Slanzi et al., 2020). Despite these limitations, their benefits far outweigh the
disadvantages with good accessibility, cost-effectiveness and relatively labour light culture
protocol that harbours a robust cell line. Furthermore, there is no requirement for animal
sacrifice with the immortal SH-SY5Y line that can be continuously passaged and expanded.
This easy expansion of cell number is also useful for large scale experiments where cell
numbers can be increased prior to differentiation. Finally, despite conservation of post-
synaptic densities observed between mammals (Bayés et al.,, 2011) enabling mouse
neuronal cells to stand as an effective model of human neurons, the post-transcriptional
landscape demonstrates vast differences between species, meaning that rodent models fail
to fully reflect the human system (Somel et al., 2011; Kovalevich and Langford, 2013;
Goldie, Barnett and Cairns, 2014) (Table 1). The human-derived SH-SY5Y cells better

represent the AD disease model compared to rodent options (Krishtal et al., 2019) and
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allows for better extrapolation of results towards human diseases with a similar genetic
context (Goldie, Barnett and Cairns, 2014).
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Table 1: Advantages and disadvantages of SH-SY5Y cell line as a model for neuronal
diseases. The SH-SY5Y cell line has been utilised to model several neurodegenerative
diseases including Parkinson’s and Alzheimer’s disease, with differentiation presenting
greater potential by increasing the cells resemblance towards neurons. Within this table the
advantages and disadvantages of using the line have been demonstrated. Information
collated from the following references (Agholme et al.,, 2010; Xie, Hu and Li, 2010;
Kovalevich and Langford, 2013; Xicoy, Wieringa and Martens, 2017; Slanzi et al., 2020).

Advantages and Disadvantages of SH-SY5Y cells

Advantages

No animal sacrifice is required with the
immortal SH-SY5Y cell line which presents
fewer ethical issues

There is the potential to differentiate the
cells towards a neuronal-like phenotype
and SH-SY5Y cells can be exposed to
varying differentiation protocols towards
different phenotypes including cholinergic,
adrenergic and dopaminergic

The capacity for large scale expansion of
cell culture prior to differentiation and
assay to easily scale up experiments

Cells are robust and have a straightforward
culture/handling protocol

Cost-effective model in comparison with
iPSCs and primary neuronal sources

They are a human-derived line, meaning
they represent/produce human proteins
that may not be the case in rodent models

Disadvantages
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The need for a robust and reliable cellular model to assess AR pathology is clear. Here we
assessed AP toxicity in this SH-SY5Y human neuroblastoma cell line and also compared
vulnerability between differentiated and non-differentiated cells. Sequential differentiation
of SH-SY5Y with Retinoic Acid (RA) and BDNF conferred vulnerability to AR as previously
described [10,11], although at a lower concentration than reported by Krishtal et al.. The
study also demonstrates varying levels of AB toxicity resulting from different preparations
and sources of the peptide along with the aggregation state. Application of primarily
monomeric AR samples induced greater toxicity than applying fully aggregated forms of Ap
to cells. The optimised model described provides a robust platform by which to study the

potential of AB-targeted drugs.

Materials and Methods

Expression of pET-Sac-AB (M1-42). The pET-Sac-AB (M1-42) plasmid was a gift from
Dominic Walsh (Addgene Plasmid # 71875; http://n2t.net/addgene:71875;
RRID:Addgene_71875) (Walsh et al., 2009). pET-Sac-AB (M1-42) was transformed into
electrocompetent BL21 (DE3) (streaked from NEB: C257H chemically competent BL21
(DE3) cells). A single transformed colony was picked and used to inoculate 50 ml LB media

(with 250 pM Ampicillin) for an overnight culture at 37 °C. The next day 10 ml of this
overnight culture was transferred in to 1 L LB media (with Amp) and incubated at 37 °C,
shaking at 250 rpm, until the ODeoo reached a value of 0.6. At this point IPTG was added to
a final concentration of 1 mM and the cultures incubated at 37 °C for a further 3.5 hours.
The cells were harvested by centrifugation at 5,000 rpm for 15 minutes and the pellet
resuspended in 50 ml 10 mM Tris/HCI pH. 8.0, 1 mM EDTA buffer with one cOmplete mini
Protease Inhibitor Cocktail Tablet (Roche; Cat. No.: 04693159001). This was frozen at -20
°C.

Sonication of BL21 (DE3) containing pET-Sac-AB (M1-42). The frozen cells froma 1L
culture were defrosted and diluted to a total volume of 40 ml in 10 mM Tris/HCI pH 8.0, 1
mM EDTA containing protease inhibitor. The cells were sonicated (MSE, Soniprep 150
Plus) for 2 minutes (14 Amps) on ice and subsequently centrifuged at 18,000 g for 10
minutes, 4 °C. The supernatant was removed, and the cells resuspended in 40 ml 10 mM
Tris/HCI pH 8.0, 1 mM EDTA containing protease inhibitor and sonication followed by
centrifugation repeated as above. This was repeated a third time and the resulting cell pellet
was resuspended in 40 ml 8 M Urea, 10 mM Tris/HCI pH 8.0, 1 mM EDTA to solubilise the
inclusion bodies containing AB (M1-42). The cells were sonicated as above, and the

resulting solution was filtered with a 0.22 pym filter. When sonicating the cells for 2 minutes,
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every 30 seconds the sonication was paused, and the probe moved up the tube to ensure

complete sonication of all cells.

Purification of AB (M1-42). Following urea solubilisation of inclusion bodies containing Ap
(M1-42) the resulting solution was diluted to a total volume of 50 ml with 10 mM Tris/HCI
pH 8.0, 1 mM EDTA and applied to a DEAE-Cellulose column. The purification was carried
out using a gradient elution on AKTA Pure. During the gradient elution increasing volumes
of Buffer B (10 mM Tris/HCI pH 8.0, 1 mM EDTA, 500 mM NaCl) was added to Buffer A (10
mM Tris/HCI pH 8.0, 1 mM EDTA) from 0 % Buffer B to 99 % Buffer B to allow for separation
of proteins within the sample. Fractions containing solutions which gave observable Azs hm
peaks were run on a 20 % SDS-PAGE gel to observe which fractions contained AR (M1-
42).

Size Exclusion Chromatography (SEC) to isolate monomeric AB (M1-42). Fractions
containing AB as observed on SDS-PAGE gel were pooled and subjected to SEC to isolate
monomeric AB. For one round of SEC, 5 ml sample was loaded on to a HiLoad 16/600
Superdex 75 pg column (GE Healthcare: Cat. No.: 28989333) equilibrated in 20 mM Sodium
Phosphate pH 8.0, 200 uM EDTA. The SEC was run at 0.5 ml/min and protein eluted in 20
mM Sodium Phosphate pH 8.0, 200 uM EDTA. Resulting peak fractions were run on a 20
% SDS-PAGE gel to confirm presence of monomeric AR (M1-42). Concentration of resulting
AB (M1-42) was calculated by measuring Absorbance at 280nm using Varian Cary® 50 UV-
Vis Spectrophotometer and applying Beer Lambert’'s Law with a € value of 1280. AR stock
solutions were snap-frozen and stored at -80 °C. Identity of protein produced was confirmed
using intact MS-MS.

Commercial AB 1-42 (Stratech). In addition to purification of AB (M1-42) in the laboratory,
recombinant ABi.s2 was also purchased. Beta-Amyloid (1-42), Ultra Pure, NH,OH was
manufactured by rPeptide and purchased via Stratech (Stratech: Cat. No.: A-1167-2-RPE).
Peptide was resuspended in 20 mM Sodium Phosphate pH 8.0, 200 uM EDTA to a stock

concentration of 100 pM, aliquoted and flash frozen.

Culture of E15 primary cortical neurons. Preparation and culture of cortical neurons from
E15 mouse embryos was carried out by Kim Morris prior to toxicity assays. All procedures
were carried out in accordance with the United Kingdom Animal (Scientific Procedures) Act
1986 and were approved by the Bath Animal Welfare and Ethical Review Body. Protocol
for preparation of cortical neurons as described previously by Hole et. al. (Hole et al., 2021).
Briefly, Poly-D-Lysine (PDL) (Gibco, Cat. No.: 15230-147) at 20 pg/ml was used to precoat
plates with 0.5 ml dispensed to each well of a 24 well plate. Plates were incubated at 37 °C,
5 % CO; for 30-60 minutes. PDL was aspirated and wells washed twice with 0.5 ml distilled
water. Wells were then washed with PBS (Gibco, DPBS (10x), Cat. No.:14200-067) and

finally 0.5 ml Neurobasal media (Gibco, Cat. N0.:12348-017) containing 5 % Heat
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Inactivated Fetal Bovine Serum (FBS) (Gibco, Cat. N0.:10500) was added to each well.
Plate was incubated at 37 °C, 5 % CO;and serum media aspirated before plating of cells.
Dissociated mouse embryonic cortical tissue from E15 brain was re-suspended in serum-
free neurobasal media (with supplement B27) and dispensed into each well of the 24 well
plate. The cell culture plate was incubated at 37°C, 5 % CO; and used at 7-8 DIV when

cells were >95% differentiated neurones.

ThT toxicity assay on E15 primary cortical neurons. In order to test the potential to use
AB samples directly from ThT aggregation assays to define the aggregation status of AR
applied to the cells the effect of ThT on cells first needed to be determined. ThT solutions
were prepared at 10 X concentration in 20 mM Sodium Phosphate buffer, 200 uM EDTA,
pH 8.0 and diluted 1:10 into each culture well (50 ul added to 0.5 ml well) to achieve the
following final ThT concentration ranges 0.5 uM, 1 uM, 2 uM, 5 uM and 10 pM with a buffer
only control included. Each condition was replicated across three wells. ThT was incubated
with cells for 24 hours at 37 °C, 5 % CO, and an MTT assay carried out to assess cell

viability.

MTT assay to assess cell viability. MTT assays are used as an indirect measure of cell
viability, by measuring the conversion of MTT to formazan by mitochondrial enzymes. For
the MTT assay, a 1 mg/ml MTT (in complete media) solution was prewarmed. The growth
medium was aspirated, replaced with 500 yl MTT media and incubated at 37 °C, 5 % CO:
for 1 hour. Following this, the media was removed and 650 ul Isopropanol added and mixed
to solubilise the remaining formazan dye. 200 pl was transferred to a single well of a clear
plate in triplicate and the absorbance measured at 595 nm using a microplate reader
(BioRad, Model: iMark).

Culture and differentiation of SH-SY5Y cells. Preparation and differentiation of SH-SY5Y
cells was carried out with assistance from Kim Morris. SH-SY5Y, purchased from Public
Health England’s European Collection of Authenticated Cell Cultures (ECACC), were
seeded on to Nunc ™-treated cell culture plates (ThermoScientific: 142485) in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 with Phenol Red (ThermoFisher 42430082)((1:1
ratio DMEM/F12 media), 10 % FBS, 5 % Pen/strep, 5 % L-glutamine) and this stock was
maintained at 37 °C, 5 % CO- until 80 % confluency reached. At this point cells were
passaged, and this repeated up to a maximum of 20 passages at which a fresh batch of
cells were used. For assay, the cell stock was seeded at 1 x 10° cells/ml in a 24 well plate
with 0.5 ml culture per well and incubated for 24 hours at 37 °C, 5 % CO.. For assays
utilising undifferentiated cells, AB was applied at this point. For assays requiring
differentiated SH-SY5Y cells the following differentiation protocol was performed. Following
the 24 hour culture of SH-SY5Y cells as described above, the culture media was removed
and replaced with Serum-free DMEM/F12 with Phenol Red ((1:1 ratio DMEM/F12 media),
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5 % Penl/strep, 5 % L-glutamine) media and 10 uM Retinoic Acid (RA) (Sigma: R2625). The
SH-SY5Y cells were incubated in RA media for 3 days until the RA media was removed
and replaced with Neurobasal-A media (ThermoFisher: 12349015) (1 % L-Glutamine, 1 %
penicillin/streptomycin, 1 % N2 neuronal supplement) and 1.85 nM Brain-Derived
Neurotrophic Factor (BDNF) (Merck: B3795) and incubated for a further 4 days. After 7 days
the SH-SY5Y cells were fully differentiated and ready to use. To optimise the differentiation
protocol, the initial seeding density of the SH-SY5Y cells was halved and the cells were
seeded at 5 x 10% cells/ml for these assays. In addition, for one experiment the presence of
serum in the initial culture of the SH-SY5Y cells before differentiation was tested with serum
removed following splitting of the SH-SY5Y cells and subsequent washing with serum-free
media before cell plating in serum-free DMEM media containing 5 % Pen/strep, 5 % L-

glutamine.

Optimisation of AB-induced toxicity in SH-SY5Y cells. For all assays ABi42 was
prepared in the laboratory as described with sequential anion exchange and SEC or
purchased from Stratech. Upon defrosting, the AB was either directly used to achieve as
close to monomeric species as possible or was incubated at 37 °C under quiescent
conditions for pre-aggregation. Initially, undifferentiated SH-SY5Y cells were used in which
50 ul Ap samples, prepared at 10 X final concentration for dilution into the assay well, were
applied to cells following 24 hour incubation from the initial seeding. See Table 2 for
concentrations tested. For assays requiring differentiated SH-SY5Y cells, the differentiation
was performed and on day 7 following start of differentiation protocol the A samples were
added in the same way. Following addition of AB, culture plates were incubated at 37 °C, 5
% CO: for 48 hours. See Table 2 for details of conditions tested. Following the required
incubation period, an MTT assay was conducted to assess cell viability. In addition, cells

were imaged using an Evos Cell imager (Auto 2) for visual observations of morphology.

Table 2: Conditions tested for optimisation of AB..4> toxicity upon SH-SY5Y cells. The
following assay conditions were carried out to explore the potential of A to induce toxicity
in SH-SY5Y cells.

A
Differentiation AB concentrations ¥ _
Aggregation Serum presence tested
status tested (UM)
status
Undifferentiated 0,1,2 Monomeric No
Monomeric and
Differentiated 0,1,2,5 pre-aggregated Yes
tested at 5 uyM AR
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Results and discussion

In order to evaluate the ability of peptide hits to protect against A pathology within a cellular
environment, an A toxicity assay was required. The potential to utilise SH-SY5Y cells was

explored, and the differentiation protocol is outlined below (see Figure 1).

Culture and differentiation protocol for SH-SY5Y cells established. As discussed
above, differentiation of the SH-SY5Y cells enables the model to overcome many of the
shortcomings associated with the undifferentiated line. As observed in Figure 1 (a), without
differentiation the resulting SH-SY5Y cells have limited morphology and lack neuronal-like
phenotype as shown by visual observations of morphology. There are many studies
exploring the differentiation of SH-SY5Y cells using various methods. Here, an approach
similar to that described by Forster et. al. (Forster et al., 2016) was adopted to assess the

potential to produce AB sensitive neuronal-like cells.

Overall, the resulting differentiation protocol utilised an initial seeding density of 5 x 10*
cells/ml with an overnight culture in serum-supplemented media. The serum media was
removed and replaced with RA media to initiate the differentiation process and incubated
for 3 days before removal of the media. Subsequently, the cells were treated with BDNF, to
enhance the differentiation of the cells, for a further 4 days as outlined in Figure 1. Treatment
with RA, a vitamin A derivative, inhibits cell growth and proliferation whilst promoting
differentiation towards cholinergic neuronal phenotypes (Melino et al., 1997; Kovalevich and
Langford, 2013). Selection to sequentially differentiate with the addition of the BDNF step
(some studies only apply a RA differentiation step (Oguchi et al., 2017; Mairuae et al., 2019;
Chen et al., 2021; Paik et al., 2021)) presents multiple advantages. SH-SY5Y cells present
a small subset of S-type cells. These cells are not sensitive to RA treatment alone and
continue to proliferate, eventually over-populating the culture. Addition of BDNF enhances
effects initiated by RA but also withdraws the S-type cells from the proliferative state to
facilitate successful N-type differentiation towards neuronal-like cells. Although, only the N-
type cells are sensitive to RA/BDNF induced differentiation (Encinas et al., 2000).
Differentiation with these growth factors drives SH-SY5Y cells towards a neuronal-like
differentiation so that they better represent neuronal cells, as demonstrated in the

morphology analysis (Figure 1 (b)).

The study adopted various optimisation stages that aimed to improve overall differentiation
of SH-SY5Y cells. Poorly or undifferentiated cells in the culture could reduce the overall
sensitivity towards A as these cells do not represent neurons to a great extent. A drawback
of SH-SY5Y cells is their continued proliferation throughout differentiation. Removing serum

from the initial growth culture medium could potentially slow the proliferation rate of these
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cells, thus increasing efficiency of differentiation. However, this was not observed and the

presence of serum did not alter susceptibility to AB toxicity (Figure S1).

A further attempt to improve overall differentiation of the cells was to alter the initial cell
seeding density. This was decreased from 1 x 10° to 5 x 10* cells/ml to provide greater cell
distribution towards the final stages of differentiation (by day 7). At the previous cell seeding
density of 1 x 10° cells/ml, the cells appeared crowded with some presenting apoptotic-like
cells bodies and less defined differentiation upon morphology analysis (Figure 2 (a)). When
reducing the density, it is important to allow a high enough confluency for cells to
communicate and continue to grow whilst allowing them to spread and efficiently
differentiate to better present neuronal-like cells. This was achieved at half density in which,
upon observation of morphology, the SH-SY5Y cells were better distributed and displayed
more effective differentiation towards neuronal cells (Figure 2 (b)). Whilst not explicitly
tested but rather upon observation throughout the study, the initial seeding density of SH-
SY5Y cells may have an impact on susceptibility towards AB-insult. Toxicity experiments
carried out at the lower seeding density generally presented a greater reduction in cell
viability following exposure to AR compared to cells seeded at a higher density. This may
result from the enhanced differentiation of SH-SY5Y cells seeded at half density, thus better

representing neurons.

To extend this study further it would be pertinent to stain the undifferentiated and
differentiated cells for specific neuronal markers to fully characterise the development and
phenotype of the cells following differentiation. Undifferentiated cells present markers
relevant for proliferating cells and immature neurons, such as proliferative cell nuclear
antigen (PCNA) and the cell-cycle dependent marker, nestin, which is present during
division of the cell (Cuende et al., 2008; Lopes et al., 2010; Kovalevich and Langford, 2013).
These markers have been shown to decrease as differentiation proceeds and are
substituted for neuronal markers including Neuron Specific Enolase (NSE), neuronal nuclei
protein (NeuN), synaptophysin, Microtubule-associated protein (MAP) and Tau (Lopes et
al., 2010; Xie, Hu and Li, 2010).
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SH-SYS5Y cells seeded at 5 x
10"4 cells/ml in DMEM/F12
(+Phenol Red + FBS) to a well
volume of 0.5 ml from stock
culture and incubated for 1 day.
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ready for toxicity assay.

Following 3 days treatment with
RA, media was aspirated and
—— replaced with Neurobasal-A

containing RA and incubated for media containing BDNF and
3 days. incubated for a further 4 days.

Figure 1: SH-SY5Y cell culture protocols for undifferentiated and differentiated cells.
a) Protocol for assay utilising undifferentiated cells. Here, the SH-SY5Y cells are seeded at
a density of 5 x 10* cells/ml in to a 24-well cell culture plate in DMEM/F12 media with Phenol
Red and Fetal Bovine Serum (FBS). The culture plate is incubated at 37 °C, 5 % CO- for
24 hours, after which the cells are ready for assay. b) The SH-SY5Y cells were subjected
to sequential treatment with Retinoic Acid (RA) and Brain Derived Neurotrophic Factor
(BDNF) to influence progression towards more neuronal-like morphologies. Initially, cells
were seeded at 5 x 10* cells/ml in DMEM media containing Phenol Red and FBS and
incubated overnight as usual. The following day, the culture media was aspirated and
replaced for Serum-free DMEM/F12 media containing Phenol Red with 10 uM RA. The plate
was subsequently incubated for 3 days at 37 °C, 5 % CO.. Following 3 days incubation the
RA media was aspirated and replaced with Neurobasal-A media containing 1.85 nM BDNF
and incubated for a further 4 days at 37 °C, 5 % CO..

For differentiation, media was
replaced for serum-free
DMEM/F12  (+Phenol  Red)
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Figure 2: Cells seeded at half density present clearer differentiation. Morphological
analysis captured to explore quality of differentiation at different initial seeding densities
prior to differentiation. a) SH-SY5Y cells were seeded at a higher density (1 x 10° cells/ml)
prior to differentiation with RA/BDNF. b) To explore whether differentiation of the SH-SY5Y
cells could be more efficient, the cells were seeded at half density (5 x 10* cells/ml) with
subsequent differentiation with RA/BDNF.
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Differentiation of SH-SY5Y cells increases sensitivity to AB-induced toxicity. For initial
experiments undifferentiated SH-SY5Y cells were utilised and following direct application of
monomeric AB up to a final well concentration of 2 uM for 48 hours, no significant toxicity
was observed with a reduction in cell viability of only ~ 4 %. In detail, within the
undifferentiated SH-SY5Y cells, no significant toxicity was observed with a non-significant
4 % +/- 0.90 SEM reduction in cell viability at a final well concentration of 2 uM and only 0.4
% +/- 2.11 SEM for 1 uM compared to vehicle control (Sodium Phosphate buffer only)
(Figure 3 (a)).

However, differentiation of SH-SY5Y cells increased vulnerability of the cells to Ap
compared to undifferentiated cells, consistent with previous reports (Krishtal et al., 2015,
2017). An increased sensitivity to AR was observed upon differentiation of SH-SY5Y cells
in which a significant reduction in cell viability of up to ~ 28 % was observed following
exposure for 48 hours to a final AB concentration of 2 uM. Due to concurrent optimisation
of AR purification, assay conditions could now test up to 5 uM AB. A concentration-
dependent cell death was observed in which exposure of 5 uM AR upon differentiated cells
reduced cell viability by ~ 52 % (Figure 3 (b)). This concentration-dependent reduction in
cell viability was revealed by the dose-dependent reduction in cell viability of 20.80 % +/-
6.70 SEM, 27.50 % +/- 7.51 SEM, 51.50 % +/- 5.21 SEM for 1 uM, 2 pM and 5 pM,
respectively. Following a one-way ANOVA with subsequent Tukey’s post-hoc multiple
comparison test, both 2 yM and 5 uM AP incurred significant reduction in cell viability
compared to vehicle control where * = P<0.05; and *** = P<0.001.

The quantitative MTT measurement of cell viability is corroborated by morphology analysis.
Here, differentiated SH-SY5Y cells without exposure to AR display healthy neuronal
structures, whilst the differentiated SH-SY5Y cells with 5 uM A treatment resulted in visibly
shortened, degenerating neurites and apoptotic cell bodies (Figure 3 (c)). The increased
sensitivity of SH-SY5Y cells to AR upon differentiation is likely due to formation of neuron-
like morphology such as axons, dendrites and synapse formation/communication between
cells which were absent in undifferentiated cells (Figure 3 (c)). AB is thought to exert toxicity
at neuronal synapses, which may account for differences in toxic insult between
differentiated and undifferentiated cells which do not harbour neuronal structures and
presents further evidence to suggest that AR interaction sites required for toxicity are located

at the synapses of neurons.
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Figure 3: Differentiated SHSY5Y cells are more susceptible to AB-induced toxicity
than undifferentiated cells. Monomeric AB:.4> was applied to both undifferentiated and
differentiated SH-SY5Y cells for 48 hours and cell viability measured by MTT assay. a)
Either 1 yM monomeric AB, 2 yM monomeric AB or a Sodium Phosphate buffer only vehicle
control was applied to SH-SY5Y cells and incubated for 48 hours. To measure cell viability,
an MTT cell viability assay was subsequently conducted. b) A range of monomeric AB
concentrations were applied to the cells and incubated for 48 hours. To measure cell
viability, an MTT assay was conducted. Following a one-way ANOVA with subsequent
Tukey’s post-hoc multiple comparison test, both 2 yM and 5 uM A incurred significant
reduction in cell viability compared to vehicle control where * = P<0.05; and *** = P<0.001.
Error bars represent SEM for a) and b). For each condition n = 3 with each experimental
repeat containing three technical repeats. ¢) Morphology analysis was conducted to explore
morphological changes in SH-SY5Y cells following exposure to AB. Healthy neuronal
structures are denoted by black arrowheads, whilst indication of cell stress including
shortened neurites and apoptotic cell bodies as shown by red arrowheads.
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Source of AB and aggregation state is important for toxicity. Towards the final stages
of the study recombinant Af was also purchased from Stratech. To confirm that similar
levels of toxicity were observed upon addition of commercial AR to SH-SY5Y cells, a dose
response of AB from a final well concentration of 1 uM to 5 uM was conducted. A dose
dependent reduction in cell viability was observed with 32.30 % +/- 2.85 SEM, 56.75 % +/-
1.81 SEM, 59.24 % +/- 1.37 SEM following treatment with 1 yM, 2.5 yM and 5 uM AR,
respectively (Figure 4 (a)). Overall, recombinant AR purchased from Stratech induces
toxicity, or reduction in cell viability, in differentiated SH-SY5Y cells to a greater degree
compared to AB expressed and purified in house (Figure 4 (a) & Figure 3 (b)). The reduction
in cell viability by the Stratech AB protein at 2.5 pM was shown to be significant where
P<0.0001 following an unpaired standard student’s t-test. The decision was made to
conduct toxicity assays utilising the Stratech AB protein at 2.5 uM, which provided ~ 57 %
loss in cell viability, comparable to that of 5 uM for the in house produced AB. This provides
the benefit of a lower concentration of peptide required to observe a similar level of
significant toxicity. This concentration is lower than seen across multiple studies within the
literature which usually quote between 5 and 50 uM to achieve a similar level of toxicity as
presented here (Krishtal et al., 2017; Krishtal et al., 2019; Litwiniuk et al., 2020; Chen et al.,
2021; Feng et al., 2021; Paik et al., 2021).

The source of the AB peptide, whether cell-derived, synthetic or recombinant and its
subsequent preparation can influence the degree of toxicity observed (Finder et al., 2010;
Reed et al., 2011; Benilova, Karran and De Strooper, 2012). Both experiments described
above utilised recombinantly produced AB following different preparation protocols. The
higher toxicity obtained with the Stratech A3, compared to the laboratory produced A, may
be due to the presence of particular oligomeric species within the sample as a result of the
different preparation protocols. The exact species of AB oligomer that confers toxicity is not
fully understood however it is believed to result from multiple different conformations of
oligomer. AB preparations contain a heterogenous mix of AB isoforms and the various
species populating the sample may determine the toxicity of that sample. Due to the
different preparation protocols between the two protein sources, the Stratech samples may
populate more toxic oligomers resulting from the preparation procedure which may
encourage production of particular oligomers that present greater toxicity (Benilova, Karran
and De Strooper, 2012).

To further explore the potential of varying states of AB to confer toxicity, the potential of AR
in different aggregation states was explored. A was applied to differentiated SH-SY5Y cells
either as a pre-aggregated sample or as close to a monomeric sample as obtainable in the
laboratory. Pre-aggregated AR was incubated at 37 °C, quiescent conditions for 3 hours to
ensure full aggregation concomitant with previous ThT aggregation assays (Chapter Three).

Toxicity was observed with both samples, however AB provided a greater reduction in cell
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viability when applied with no pre-aggregation with ~ 26 % +/- 2.25 SEM reduction in cell
viability compared to ~ 18 % +/- 1.59 SEM following treatment with pre-aggregated samples
(Figure 4 (b)). This enhanced toxicity may occur due to the ‘monomeric’ protein aggregating,
thus forming toxic oligomers, in the presence of the cell. At points during the aggregation
the toxic oligomeric species must populate a high percentage of the sample which may
incur greater toxicity. Whereas pre-aggregated samples have already by-passed this crucial
stage of aggregation and toxic oligomers exist in an equilibrium with fibrillar AB at a lower

concentration.
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a) AB-induced toxicity upon differentiated
SH-SY5Y cells
100
= 80
2
= 60
o
)
> 40 >
]
© 2
0
Vehicle 1 25 5
Concentration (M)
b) Monomeric AR evokes greater toxicity
compared to pre-aggregated AR
100
'6? 80 I
2
= 60
©
2
> 40
o
o
20
0
Vehicle monomeric AB aggregated AR

Figure 4: Oligomerisation state of AB influences toxicity. Differentiated SH-SY5Y cells
were exposed to AB in various states of aggregation and sources of AB protein. a) Following
previous optimisation of the differentiation protocol for SH-SY5Y cells to enhance
susceptibility of the cells towards AR insult, the source of AR was altered. Here, recombinant
AB purchased from Stratech was utilised. A range of monomeric AR concentrations was
applied to the cells and incubated for 48 hours with an MTT assay conducted to obtain cell
viability. Following subsequent repeats of the 2.5 uM AB condition where n = 3 experimental
repeats with each repeat providing 3 technical repeats, the reduction in cell viability was
shown to be significant where P<0.0001 following an unpaired standard student’s t-test. b)
Effect of aggregation status of AR was studied in which AB following 3 hours of quiescent
incubation at 37 °C was applied to cells and compared to application of monomeric AB. Both
were applied to a final well volume of 5 pM and, following incubation for 48 hours, cell
viability was measured using MTT assay. Error bars represent SEM in a) and b). Both a)
and b) are from a single experiment with 3 technical repeats as this was a confirmatory
experiment following previous optimisation, with the exception of the 2.5 pM condition in
which n = 3.
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Thioflavin T (ThT) induces neurotoxicity as measured by MTT assay. Following the
observation that aggregation state may alter the toxicity induced between different Ap
samples, the study explored the potential to apply AB directly from ThT aggregation assays
such that AR aggregation could be monitored before application to cellular assays. Using
AB directly from ThT experiments allows for greater knowledge of the aggregation state of
AB that would subsequently be applied to the neuronal cells, as ThT fluorescence measures
production of amyloid fibrils. Initial control experiments were conducted with ThT alone to
assess whether ThT presented toxicity towards neuronal cells. Substantial neuronal cell
death was observed upon application of ThT to the cells, even at the lowest concentration
of ThT tested and as the concentration of ThT increased, cell viability decreased (Figure 5).
Therefore, the potential to measure the aggregation state of AR prior to application to

neurons is not possible using ThT.

ThT confers toxicity towards primary
cortical neurons
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Figure 5: ThT is toxic to primary cortical neurons. Following 24 hr. incubation with
varying concentrations of ThT (0.5 uM to 10 uM final well concentration), cell viability was
measured using MTT assay in which absorbance at 595 nm reflects cell viability. Error bars
represent SEM and data is from one experiment with three technical repeats.
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Conclusions

Despite the various advantages of using SH-SY5Y cells over other commonly applied
models including cost, accessibility and the human-derivation of the line, a drawback of the
SH-SY5Y cell is that they are a single-cell type monolayer culture which is unable to fully
represent the complexity of the human brain. Multiple cell types are involved within a 3D
system in the human disease setting that cannot be recreated within a monolayer culture.
Future research should be focused on developing models that better represent the complex

environment of the brain.

One such study has enhanced the use of SH-SY5Y cells in this direction by pairing RA
treatment with subsequent culture upon an Extracellular Matrix (ECM) gel containing
several differentiation and growth factors to produce neuron-like cells within a 3D system
(Agholme et al.,, 2010). Another exciting line of research in the pipeline sees groups
developing 3D models of the human brain (neurospheroids) using human-derived stem cells
(Cairns et al., 2020). These studies enable replication of the complex 3D environment
provided by the use of in vivo mammalian models without the need for the sacrifice of an
animal, with the added benefit of the human genetic component owing to the use of human-
derived cells. The use of neurospheroids produced from neural progenitor and iPSCs grown
upon a 3D ECM have been demonstrated to undergo neurite formation and, when
genetically modified to contain AD mutations, produce both AR and Tau pathologies. These
stand as very exciting and promising models by which to study AD pathology within a 3D
environment relevant to, and derived from, human cells (Jorfi et al., 2018). Furthermore,
there is potential to further enhance these models by considering other AD influencing
factors. Kelava and Lancaster suggest incorporation of the vascular component of AD within
these neurospheroids by developing the system upon vascular networks that would further
expand the potential for this model to represent AD in the human system (Kelava and
Lancaster, 2016). Co-culturing organoid models of the brain may also allow for mimicking
of the Blood Brain Barrier (BBB) which is a crucial component of the human brain
environment (Slanzi et al., 2020). Many prospective AD therapeutics are hindered by their
inability to cross the BBB and developing an in vitro model to imitate this structure would be

invaluable to pre-clinical studies.

The use of 3D organoid models to replicate the human AD system may allow for the
acceleration of successful AD therapeutics, with preclinical studies potentially harbouring
greater translatability in to the clinic (Slanzi et al., 2020). However, these cellular systems
remain difficult to reproduce and reliably scale up to allow for drug-screening purposes
(Kelava and Lancaster, 2016). Although, exciting work has begun to surface regarding 3D
printing of small, spinning bioreactors to allow for cost-effective culture of these cerebral

organoid systems (Qian et al., 2016).
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In the meantime, however, SH-SY5Y cells present a cheaper, easily scaled and convenient
model to study AD therapeutics. This study has reiterated the importance of differentiation
of SH-SY5Y cells for evaluating toxicity induced by AR, as previously proposed by Krishtal
et. al. (Krishtal et al., 2017). Previous studies have demonstrated that application of RA
inhibits proliferation and induces outgrowth of neuronal-like axons and dendrites (Cheung
et al., 2009), increases Acetylcholinesterase (AChE) activity (Sidell, Lucas and Kreutzberg,
1984), enhances synaptic vesicle formation (Sarkanen et al., 2007) and increases the cells
sensitivity to the neurotrophic factor BDNF which enhances final differentiation and
maturation towards cholinergic phenotypes (Cheung et al., 2009; Goldie, Barnett and
Cairns, 2014). The optimised differentiation and subsequent toxicity assay protocol
presented here allows for SH-SY5Y sensitivity to AB at just 2.5 uM following 48 hours AR
incubation which is an improvement upon the 5-50 pM concentration commonly described
that achieve a similar level of toxicity (Krishtal et al., 2017; Krishtal et al., 2019; Litwiniuk et
al., 2020; Chen et al., 2021; Feng et al., 2021; Paik et al., 2021). Another study has
described A toxicity upon differentiated SH-SY5Y cells using 2.5 pM concentration with
around 40 % loss in cell viability, as measured by MTT, compared to the 57 % described
here (Oguchi et al., 2017).

Previous studies had shown treatment with 10 yM AR to provide greater toxicity compared
with 20 uM. A lower concentration of Af allows for slower aggregation of the peptide, thus
may enable longer exposure to the toxic oligomeric species as opposed to higher
concentrations which aggregate faster, potentially reducing contact with intermediate
oligomers as aggregation proceeds (Krishtal et al., 2019). Furthermore, Oguchi et. al.
described a similar finding in which 2.5 uM AR gave a similar level of toxicity compared to 5
MM and 10 pM (Oguchi et al., 2017). This study has corroborated this notion that less may
be more by presenting greater levels of toxicity at just a quarter of the protein concentration
following 48 hour incubation. The higher degree of toxicity may also occur due to lower
concentrations better representing physiological conditions and allows for more translatable
assessment of A toxicity in a relevant human-derived cell line, as opposed to saturating
the system with higher concentrations of protein. The final concentration of A within the
assay accounts for the total protein concentration in the sample which contains a
heterogenous mix of AB isomers in various states of aggregation. Realistically, just a
fraction of the AR sample will represent the toxic species which will therefore be present at

a considerably lower concentration.

Applying exogenous AR directly to SH-SY5Y cell cultures is not reflective of physiological
conditions in which A is cleaved from the cell membrane and released extracellularly.
Instead, SH-SY5Y cells could be modified to endogenously produce the protein. This has
been demonstrated by various groups in which the SH-SY5Y cell line has been stably

transfected with APP. The APP sequence may represent the wild-type sequence or harbour
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the Swedish mutation resulting in overexpression of AB. Either way, these models provide
an endogenous source of AB in SH-SY5Y cells, greater reflecting the AD setting (Jamsa et
al., 2011; Sun et al., 2014). The addition of a Green Fluorescent Protein (GFP) tag to
endogenously produced AB has also been conducted to aid with assessment of Ap
aggregation and folding, where AR aggregation hinders GFP fluorescence (Chang et al.,
2016; Huang, C.C. et al., 2021).

In conclusion, the protocol developed here presents a promising opportunity to successfully
assess AP toxicity and the potential to explore prospective AB-targeting compounds within
our laboratory. However, the current study only explores the use of the MTT assay as a
measure of cell viability. Queries have been raised regarding the validity of MTT used to
measure amyloid toxicity due to suggestions that the proteins may artificially decrease
production of the MTT formazan product. The MTT assay relies on the reduction of the
soluble tetrazolium salts to insoluble formazan crystals within the cell. The reduced MTT
crystals are then displayed on the surface of the cell and, following solubilisation with
isopropanol, the respective absorbance can be measured. Viable cells produce higher
levels of formazan thus provide a higher readout. Reports have suggested that AR can
falsely decrease this readout by enhancing exocytosis of the formazan crystals from the
cells, thus falsely portraying cell death (Liu, Y., 1999; Wogulis et al., 2005). It is therefore
desirable to coincide MTT with a visual observation of morphology (as done so here) along
with a scrambled AB peptide control. Also, to further corroborate these findings and fully
reveal the success of this study an additional cell-based assay would ideally be conducted.
Work has begun to establish a Propidium lodide-Hoe (PIl/Hoe) double staining assay as an
additional measure of cell viability within the laboratory. The Pl/Hoe staining provides an
additional measure to corroborate MTT cell viability results whilst standing as a more
appropriate guantification of cell death using membrane permeable and impermeable stains
to reveal apoptotic cells as opposed to mitochondrial stress, assumed to be indicative of

viability as measured by in MTT (Molina-Holgado et al., 2008).
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Supporting Information

Supporting Results

Effect of serum upon A -induced toxicty in
differentiated SH-SY5Y cells
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Figure S1: Presence of serum in initial growth culture media of SH-SY5Y has little
effect on AB-induced toxicity following differentiation. Ap was applied to SH-SY5Y cells
at varying concentrations following differentiation with RA and BDNF to present more
neuronal-like characteristics. In this assay, effect of serum in the initial growth culture
medium of SH-SY5Y cells prior to differentiation was tested. AB-induced toxicity was
measured using MTT cell viability assay and presence of serum was shown to hold no major
effect. Perhaps serum presence in the growth culture medium prior to differentiation may
slightly increase susceptibility to AB compared to buffer only vehicle control. However,
following One-way ANOVA analysis with subsequent Tukey’s multiple comparison test no
significance was observed between serum and serum-free conditions.
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Chapter Conclusions

Throughout the process of this study, multiple stages of optimisation have been required to
allow for progression throughout the various steps from library cloning, building, screening
and characterisation. A large proportion of time has been dedicated to altering laboratory
processes to maximise the efficiency and success of the study to ensure that the peptide
libraries can be confidently and successfully screened and that multiple, corroborating
techniques could be applied to sufficiently characterise the peptides in the form of ThT,
PICUP, CD, TEM and cell-based evaluations. Without these efforts, the subsequent
chapters Three and Four would not be possible and so it was deemed important to expand
on these efforts, as outlined in Chapter Two, to demonstrate the difficulties encountered
within the laboratory, as well as the publishable, positive results described in the
subsequent paper drafts, that these efforts have contributed towards. The finalised,
optimised protocols applied can be found in the materials and methods of the succeeding
chapters.

This section of the study has also enabled the development and optimisation of an Ap
toxicity assay within the differentiated SH-SY5Y cell line. In line with current literature, the
study demonstrated an increased sensitivity towards AB upon differentiation as opposed to
undifferentiated cells, owing to greater resemblance of neurons. Subsequent optimisation
revealed the potential for the assay to induce significant toxicity at just 2.5 uM AB. This low
concentration of protein allows for better translation towards physiological conditions with
the toxic oligomeric species representing a very small population of the overall sample. The
optimised protocol for this Ap-induced toxicity assay allows for future use towards the
investigation of Ap pathological mechanisms within AD and the ability to explore prospective
AB-targeting therapies, as has been successfully demonstrated with the peptides described
in previous chapters. Future directions of the cell-based evaluation of AB toxicity would
include endogenous production of AR within SH-SY5Y cells and the development of the

system upon a 3D matrix to allow for greater translatability towards the human AD setting.
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Chapter Three: Identification of In-
cell derived peptide inhibitors of AR
aggregation and toxicity
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Chapter Introduction

Within this study, large peptide libraries were screened through the Protein Fragment
Complementation Assay (PCA) to identify functional peptide hits against AB. PCA functions
by recombining an artificially split murine survival gene Dihydrofolate Reductase (MDHFR),
which is essential for synthesis of purine Deoxyribonucleic Acid (DNA) bases. One half of
the gene is fused to the AP target and the other to the peptide library. If a given peptide
does not bind to AR then mDHFR fragments remain isolated and cell survival is not possible.
However, upon binding of a peptide to the AB target, the mDHFR is reconstituted and cell
survival permitted (Figure 1). Endogenous bacterial DHFR is selectively inhibited by
incorporation of the inhibitor Trimethoprim (TMP) such that survival of the cell depends
solely on the reconstitution of MDHFR as a result of peptide binding to target. A key point
is that due to the intracellular nature of PCA, hit sequences that are selected must not only
bind to AB but should also detoxify the target in order for the cells to express them and the
oligomer/conformers they ultimately populate. Additionally, peptide hits will potentially
exhibit favourable drug-like characteristics such as low toxicity, protease resistance, target
selectivity, and solubility within a cellular environment. If sufficiently small they will also be
unlikely to be immunogenic since they fall below the threshold for major histocompatibility
complex (MHC) presentation, aiding their potential development as therapeutic agents
against AD.

As alluded to in the previous optimisation chapter, purification of the PCAH1 peptide was
complicated and remained unsuccessful. However, concurrent characterisation of the
PCAH2 sequence was promising and the decision was made to advance with
characterisation of this hit within a range of biophysical and cell-based assay to reveal the
potential of this peptide as an AD therapeutic.
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Figure 1: Mechanism of PCA Assay. Protein Fragment Complementation Assay (PCA) is
a protein-interaction assay to identify peptides that bind to target proteins. A Dihydrofolate
reductase enzyme (DHFR), required for survival of the cell, is cleaved in half. One half is
tagged to the peptide library members with the other being tagged to the protein target AB.
If no interaction between peptide and AB occurs the DHFR is not reconstituted, and the cell
cannot survive. Endogenous bacterial DHFR is inhibited by Trimethoprim (TMP). If a
peptide interacts with AB, DHFR is reconstituted allowing cell survival due to return of
function of DHFR allowing conversion of Dihydrofolate (DHF) to Tetrahydrofolate (THF),
which is an essential co-factor in the synthesis of purine bases. Image created using
BioRender.com.
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An in-cell derived peptide inhibitor of AB aggregation and toxicity

Abstract

Alzheimer’s disease is characterised by aggregation of the amyloid-g (AB) peptide with
high-resolution structural information on the precise architecture of amyloid fibres now
emerging from solid-state NMR (ssNMR) and cryo-EM approaches. Here we utilise a
recently identified high-resolution structure as our design guide onto which we built and
screened a peptide library using an intracellular Protein-fragment Complementation
screening approach. In particular, we focus our efforts on a key -strand that is instrumental
in the formation of a Greek key motif common to the majority of high-resolution structures
of AB1-4011-42. We utilise ThT fluorescence aggregation experiments supported by CD, TEM
and photoinduced crosslinking experiments to demonstrate that PCA derived peptides are
able to impact upon AB aggregation. Finally, we demonstrate that the peptide sequence

identified can rescue AB-induced toxicity using SH-SY5Y cells at low uM concentration.

Introduction

Over 50 million individuals are affected by dementia worldwide, with Alzheimer’s disease
(AD) presenting as the most common form of dementia, accounting for around 70 % of
cases (WHO, 2021a). With such high AD case numbers, the impact is enormous in terms
of both those increasingly diagnosed with dementia and the informal carers who tend to
them. It is estimated that around 16 million family members act as informal carers for loved
ones diagnosed with dementia, with the disease costing around $1 trillion globally
(Association, 2018; Patterson, 2018). Currently there is no AD cure, but rather a select few
drugs that can mitigate symptoms, particularly in the earlier stages. Owing to the enormous
social and economic impact of the disease globally, it is clear that research towards an AD
therapeutic is essential (WHO, 2020).

However, AD has a complicated disease progression that is ultimately thought to be caused
by the misfolding and aggregation of two proteins, Amyloid- (AB) and Tau, which result in
the production of extracellular plaques and intracellular neurofibrillary tangles (NFT),
respectively. Both proteins are considered valid, yet difficult, drug targets for AD. Although
tau deposition typically better correlates with AD progression, it is long thought that AB
aggregation acts upstream, initiating a cascade of events that, among others, eventually
leads to Tau hyperphosphorylation and to its dysregulation and aggregation to form NFTs
(Larson et al., 2012; Bloom, 2014; Amar et al., 2017; Kwak et al., 2020). Therefore, AR may
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ultimately regulate Tau hyperphosphorylation, as one of many pathological pathways
activated by AB. This phenomenon was dubbed the Amyloid Cascade Hypothesis (ACH)
and was proposed by Hardy and Higgins in 1992 (Hardy, J.A. and Higgins, 1992).

The AR peptide is a cleavage product of the transmembrane Amyloid Precursor Protein
(APP) and is produced by sequential cleavage by the B- and y-secretases. AB is then
released extracellularly and due to non-specific cleavage by y-secretase can vary in length
from ~ 36 to 43 amino acids. In a heathy brain, ABi1.40is the principal species with this shifting
towards more production of, or a high ratio of, AB1-42 which can self-assemble and aggregate
more readily than ABi-40, deeming it the more toxic isoform (Esbjérner et al., 2014). Ap
deposition correlates poorly with AD progression and whilst it is not fully understood which
precise oligomer or even conformer of oligomer is toxic, it is agreed that the culprit is likely
to exist as a low-n oligomer that is soluble and therefore difficult to detect using conventional
imaging approaches (Mroczko et al., 2018). There are various forms of oligomer, each of
which exert several toxic effects ranging from blocking long term potentiation (LTP),
microglia activation and the prevention of glutamate reuptake, leading to excitotoxicity
(Yang, T. et al, 2017; Brinkmalm et al., 2019). It is thought there are three main
mechanisms by which oligomers promote toxicity; i) binding cell surface receptors to
activate a cascade of downstream events, ii) creating pores in the membrane or iii)
interaction of aggregates of AB with the membrane that alter its property, such as fluidity
(Agrawal and Skelton, 2019).

The recognised role of AB in AD pathology has led to three decades of research to target
it. However, AR misfolding into amyloid is formed by a multitude of protein-protein
interactions that have been historically considered ‘undruggable’ using conventional small
molecule approaches. These are increasingly intractable aggregates as the oligomers
increase in size and stability. The lack of successful drugs arising from AB research has
therefore raised the question as to whether it is an appropriate drug target for AD, with many
other lines of investigation being pursued, including Tau-directed therapies and drugs to
prevent neuroinflammation. However, the recent Food and Drug Administration (FDA)
decision to fast-track approval of Aducanumab in the United States (US) has reignited the
argument that AR is a legitimate target. Indeed, although not without controversy,
Aducanumab stands as the first approved drug to address the cause of AD by directly

targeting AB to reduce plaque burden.

Recent improvements to a peptides half-life, stability and selectivity has led to a revival in
their use as therapeutics over the last few decades with over 60 approved peptides on the
market, 150 currently in clinical development and over 200 in preclinical development
(Henninot, Collins and Nuss, 2018; Lau and Dunn, 2018; Armiento, Spanopoulou and

Kapurniotu, 2020). The use of peptides as drugs was previously limited due to their
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susceptibility to proteases, poor bioavailability and rapid clearance (Leithold, L.H. et al.,
2016; Armiento, Spanopoulou and Kapurniotu, 2020). However, peptide mimetics can now
be employed to overcome such shortcomings to allow the production of more drug-like
candidates that evade issues such as cell penetrance and protease susceptibility (Ryan et
al., 2018). Compared to small molecules and antibodies, peptides provide a middle-ground
between size and specificity by providing a high specificity at a smaller size than antibodies
whilst presenting low toxicity, a lack of immunogenicity (owing to their smaller size
compared to antibodies) and low production costs along with providing the scope to develop

and screen large, diverse libraries (Mason, 2010).

In order to target AR, a high resolution cryo-EM structure was utilised. We applied a semi-
rational approach to design a library against the outer -sheet strand incorporating residues
10-22 (Figure 1 (a)) (Gremer et al., 2017). Most recent amyloid structures hold an overall
Greek key motif with an S-shaped fold validating the current design structure against recent
amyloid structures despite slight variations between them (Figure 1 (a-e)) (Paravastu et al.,
2008; Colvin et al., 2016; Walti et al., 2016; Kollmer et al., 2019; Gallardo, Ranson and
Radford, 2020; Sawaya et al., 2021). ABi.4 fibrils derived from human brain have been
shown to twist in opposing directions compared to in vitro AB, with in vitro derived AB
presenting a left-hand twist whilst brain derived AB are right hand twisted. In addition, the
interaction between two monomers shown is suggested to present as a C-shape with four
B-strand regions (B1-B4) (Kolimer et al., 2019). Despite these differences between brain
derived and in vitro AB described by Koller et. al., the region that the library is designed
against, residues 10-22, is still incorporated in the folding and binding of monomer and
dimers in this brain-derived structure, with the main interacting strand (83 between residues
15 — 19 which interacts with 34 of opposing monomer) standing at the precipice of the dimer
interface. Furthermore, a recent study of human-brain derived AB1.42 did present differences
between structures but suggested similar S-shaped folds presenting an overall Greek-key
like motif in which residues 10-22 remain important for folding of the protein (Yang, Y. et
al., 2022). This study indicated differences between A structure derived from patients with
Sporadic AD and Familial AD (FAD), yet both presented an overall S-shape structure. AR
structures vary depending on source, whether ex vivo or in vitro, and type of AD, familial vs.
sporadic, yet it is reassuring that the study confirms relevance of the library design in human
derived AB from sporadic AD. Ultimately, despite various other structures having been
revealed where the gross topology changes, most structures harbour this S- or C-shape
(for brain derived or ABi-40) meaning that the beta-strand structure is maintained, providing

a firm justification for the library design on this region.

In particular we utilise Protein Fragment Complementation Assay (PCA) to identify
sequences that can bind to AB in the complex environment of the cytoplasm. PCA has been

successfully applied within the Mason group across a range of disease therapeutic areas
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to screen peptide libraries and identify successful peptide sequences. It has previously
identified peptide inhibitors of both AB and a-synuclein with the aim to prevent toxicity
associated with the neurodegenerative disease AD and Parkinson’s Disease and also to
identify peptides with potential as therapeutics against cancer (Acerra, Kad and Mason,
2013; Acerra, N. et al., 2014; Acerra, Nicola et al., 2014; Cheruvara et al., 2015; Baxter et
al., 2017; Yu, M. et al., 2021).

This study presents the successful development and screening of a large peptide library to
identify a functional peptide hit that has been shown to alter AB aggregation, validated using

a range of biophysical techniques, and rescue AB-induced toxicity in cellular assays.

Materials and Methods

For comprehensive materials and methods see supporting information.

Library Cloning. A self-annealing primer was designed using semi-randomised codons
that corresponded to library options within the peptide such that all library members were
incorporated. Following initial Polymerase Chain Reaction (PCR) it was confirmed that the
primers were self-annealing to produce two inverted inserts of approximately 120 bp (Figure
S1 (a)). The dimer inserts were next digested with Nhel and Ascl to form two separate
library inserts of approximately 60 bp (Figure S1(b)). The 60 bp band observed was next
extracted from the gel to provide the pure library insert band and the DNA ready for ligation

with the vector.

Library ligation and transformation into NEB-108 cell line. A p230d-alpha-synuclein-
DHFR1 plasmid was digested with Nhel and Ascl to remove the alpha-synuclein insert. This
was successfully ligated with the library inserts produced by PCR and the resulting plasmid
transformed into NEB-10B Escherichia coli (E.coli) cells since these are optimised by NEB
to provide high transformation efficiencies for larger plasmids and high-quality plasmid
preparations resulting from the deletion of Endonuclease | (EndAl) from the strain. A control
with no insert was also conducted to indicate the level of background vector present during
transformation. Taking this background into account the number of colonies obtained
representing the library was used in the following calculation to ensure sufficient coverage

of both libraries (equation 1) (Denault and Pelletier, 2007):
E = 100*(1-(1/n))™
Equation 1: Library coverage where E = % of library missing, n = theoretical library size

and m = colony forming units from transformation (experimental).
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The colonies were harvested from the library building transformation plates and used to
prepare glycerol stocks. From these glycerol stocks, the library DNA was mini-prepped and
used to screen the library in the PCA assay. The library coverage was also confirmed by
sequencing of library pools to ensure the ligation had been successful and all library
members were fairly represented. Additionally, individual colonies were sequenced to
ensure correct presentation of the library and sufficient variation at library scrambled

positions across multiple sequences.

PCA Single Step Selection. BL21-Gold cells containing pREP4 plasmid (Kanamycin
(Kan)) were electroporated (as described in SlI) with a p300d plasmid (Chloramphenicol
(Cm)) containing the target protein sequence (AB1.42 Arctic mutant). The cells were made
electrocompetent before being transformed with the cloned p230d-library members
(Ampicillin (Amp)) via electroporation. Recovered cells were spread across three plates: i)
a set of serially diluted positive control plates on Lysogeny Broth (LB) Agar containing 250
MM Amp, 100 uM Kan and 100 yuM Cm were used to confirm effective transformation and
library coverage (50 pl taken from 1 ml and serially diluted to achieve up to 200,000 x
dilution), ii) a 20x diluted (50 pl plated of the 1 ml recovery media) M9 negative control
plate containing Kan, Amp, Cm (to the same concentrations as listed above) and 2 uM TMP
but lacking Isopropyl 3-D-1-thiogalactopyranoside (IPTG) to serve as a negative control. iii)
Finally, an M9 assay plate containing Kan, Amp, Cm, TMP (all same concentrations as
listed above) and 1mM IPTG to induce expression of both target and library members, which
the remaining library members were plated upon. LB Agar plates were incubated at 37°C
overnight and colonies subsequently counted to ensure sufficient library coverage by the
screen. All M9 plates were incubated at 37°C until colonies appeared (this typically occurred

within two weeks).

PCA Competition Selection. M9 media with appropriate antibiotics was used to harvest
colonies from PCA single step selection. During passaging, 50 ml of M9 liquid media
(containing Amp, Cm, Kan, IPTG, and TMP) was inoculated with colonies pooled from the
single step (P0) selection plate to a starting ODsqo Of less than 0.01. The liquid culture (P1)
was next incubated at 37 °C, shaking at 250 rpm, until ODsgo = 0.4 with both the pool and
individual colonies sequenced. Next, 50 ul of the P1 culture was used to inoculate fresh M9
media with appropriate antibiotics (now P2). Passaging continued until a ‘winning’ sequence
had been identified as verified from one clean sequence within both the pool and individual
colonies. M9 media lacking IPTG was used as a control in which no growth was observed
and TMP levels optimised to accommodate the growth rate of the cells at 4 pM for liquid

culture.
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Thioflavin T (ThT) aggregation Assays. AB and peptide aggregation experiments were
probed using ThT fluorescence studies at a range of AR and peptide concentrations. All
assays were measured using a ClarioStar Microplate reader (BMG LabTech) with
incubation at 37 °C under quiescent conditions. All proteins and peptides were suspended
in 20 mM Sodium Phosphate Buffer, 200 yM EDTA at pH 8.0 for AR and iABsand pH 5.8
for PCAH2 to allow for complete dissolution of the peptide into the buffer. Corning™ 96-well,
non-binding, Flat Bottom, Half-area microplates (Corning: 3881) were used with 100 pl
sample per well. All plates were sealed using adhesive plate foils (ThermoFisher: AB0626).
Samples were prepared in triplicate containing varying volumes of protein and peptide to
obtain desired concentrations (5 uM for AB and 0.5, 1.25, 2.5, 3.75, 5, 10 and 50 uM for
peptide), 20 uM ThT (0.4 pl of 5SmM stock per well) and made up to final volume with 20
mM Sodium Phosphate, 200 uM EDTA, pH 8.0. 100 ul of sample was transferred to each
well and fluorescence measured. The focal height was set to 4.2 mm and the gain
adjustment to 1200. Fluorescence was measured using an excitation filter of 440 nm, an
emission filter of 480 nm and read using the bottom optic with 15 flashes per well on a spiral
average with a cycle scan time of 90 seconds.

Circular Dichroism (CD) experiments. To determine changes in the global secondary
structure of AB in both the presence and absence of peptides circular dichroism (CD)
experiments were conducted. These were either as end-point experiments following
complete aggregation of A or were undertaken in a timepoint nature in which the structure
was monitored using CD throughout the AB aggregation time-course. This was achieved by
capturing samples of A at various timepoints from To to the aggregation endpoint, when
the ThT signal had plateaued. All samples were suspended in 20 mM Sodium Phosphate
buffer, 200 uM EDTA, pH 8.0 or pH 5.8. CD measurements were undertaken using a
Chirascan™ V100 (Applied Photophysics) with the sample chamber set to 37 °C for
timepoint experiments or 20 °C for endpoint experiments. A 1 mm path length quartz cuvette
was used (Hellma Analytics; Cat No.: HL110-1-40) with the scan ranging from 190/200 nm
- 280 nm with a 1 nm bandwidth. Three scans for each sample were taken and an average

obtained.

Transmission Electron Microscopy (TEM) of aggregated AB. Following full aggregation
of 50 uM AB, samples were collected and used for TEM assessment of AR fibril morphology.
TEM was carried out with the help of the University of Bath Physics Department. A drop of
the aggregated AB sample was applied to a glow discharged Formvar/carbon coated, 200
mesh, copper grid and incubated at room temperature for 1 minute. The grids were then
dabbed with filter paper to dry and washed twice with milli-Q water with a 1 second
incubation between each wash. The sample was then stained by applying a drop of Uranyl
Acetate Zero stain (Agar Scientific) and incubated for 30 seconds. Excess stain was

removed by dabbing the grid with filter paper and the grids left at room temperature to air
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dry for 2 hours. The samples were then applied to the Transmission Electron Microscope

(JOEL; 2100 Plus) which was operating at an accelerating voltage of 200 kV.

Photo-induced Cross-linking of unmodified proteins (PICUP). PICUP protocol was
adapted from Rahimi et. al. (Rahimi, Maiti and Bitan, 2009) and requires careful optimisation
to work successfully for any given protein. Firstly, stock solutions of 20 mM Ammonium
Persulphate (APS) and 10 mM Tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(RuBpy) (Sigma: Cat No.: 224758) were prepared in 20 mM Sodium Phosphate, 200 uM
EDTA, pH 8.0 buffer. Both timepoint and endpoint PICUP assays were conducted in
accordance with data from across the ThT monitored time-course. PICUP experiments were
carried out at 50 uM AB and with varying molar ratio of peptides (AB:PCAH2 1:1, 1:0.5,
1:0.25, 1:0.1). For the cross-linking procedure, 1 pl 10 mM RuBpy and 1 yl 20 mM APS
were pipetted to the opposite sides of the bottom of an Eppendorf tube. 18 ul of sample was
next added to the tube and gently agitated to facilitate mixing. The tubes were then
subjected to 10 seconds of light and 1ul 1 M Dithiothreitol (DTT) solution subsequently
added to quench the reaction. The cross-linked samples were next separated by Sodium
dodecyl-sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (150 V for 45 minutes) to

distinguish different sized species of AB present.

Quantification of gel bands using Imaged. Using ImageJ 1.53e software

(http://imagej.nih.goVv/ij), an image of the gel was opened in the software and a rectangular

box drawn around the desired band. This was designated the first lane in the gels
subheading under the analyse tab. The box was then dragged to the next well band, so that
the size of the box remains constant, and this selected as the next well under gels
subheading. This was repeated until all desired bands were highlighted. In the gels
subheading, under the analyse tab, the intensity of the lanes were then plotted. Each band
will result in a peak and the boundary of each peak is drawn by connecting a straight line
across the base of the peak. The wand tool was then used to click within each peak to
provide a reading of the area for that peak. This reading was used to roughly quantify the
band intensity between lanes and the data exported to excel to calculate relative

percentages of band intensities.

Preparation and Differentiation of SH-SY5Y cells. Cells were differentiated as described
by Forster et. al.(Forster et al., 2016). SH-SY5Y (ECACC 94030304) cells, purchased from
Public Health England’s European Collection of Authenticated Cell Cultures (ECACC), were
seeded on to Nunc ™-treated cell culture plates (ThermoScientific: 142485) in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 with Phenol Red (ThermoFisher 42430082)((1:1
ratio DMEM/F12 media), 10 % Fetal Bovine Serum (FBS), 5 % Penicillin (Pen)/Streptomycin
(Strep), 5 % L-glutamine) at a density of 5 x 10* cells/ml and incubated at 37 °C, 5 % CO;

for 1 day. Following this, the media was removed and replaced with Serum-free DMEM/F12
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with Phenol Red ((1:1 ratio DMEM/F12 media), 10 % FBS, 5 % Pen/strep, 5 % L-glutamine)
media and 10 yM Retinoic Acid (RA) (Sigma: R2625). The SH-SY5Y cells were incubated
in RA media for 3 days until the RA media was removed and replaced with Neurobasal-A
media (ThermoFisher: 12349015) (1 % L-Glutamine, 1 % penicillin/streptomycin, 1 % N2
neuronal supplement) and 1.85 nM Brain-Derived Neurotrophic Factor (BDNF) (Merck:
B3795) and incubated for a further 4 days. After 7 days the SH-SY5Y cells were fully

differentiated and ready for use in assay.

Cell viability assay by MTT. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
(MTT) assays stand as an indirect measure of cell viability, probing mitochondrial function
by measuring the conversion of MTT to formazan by mitochondrial enzymes. For the MTT
assay, a 1 mg/ml MTT (in complete media) solution was prewarmed. The assay media was
aspirated, replaced with 500 pl MTT media and incubated at 37 °C, 5 % CO. for 1 hour.
Following this, the media was removed and 650 pl Isopropanol added and mixed to
solubilise the remaining formazan dye. 200 pl was transferred to a single well of a clear
plate in triplicate and the absorbance measured at 595 nm using a microplate reader
(BioRad, Model: iMark).

Results

We report an intracellular PCA peptide library screening approach to identify those
members of the peptide library that are able to bind and detoxify the ‘arctic’ mutant form of
ABi42. The E22G arctic mutant was chosen as the target to provide greater selection
stringency, since this form of the protein is known to considerably accelerate AD pathology
by directly leading to the population of toxic AR oligomers that do not typically progress into
mature fibres (Nilsberth et al., 2001; Cheng et al., 2004). Following PCA, selected hits were
characterised using a range of biophysical techniques that included ThT aggregation
assays, circular dichroism (CD) and cross-linking methods as well as cell-based assays to
demonstrate that the peptide binds AB to modulate aggregation as well as the potential to
impact upon AB-induced toxicity.

Library designs built using a cryo-EM A structure. The library was designed using a
B-strand region within ABi..> as a template, since it is important in formation of the overall
Greek-key topology (Figure 1 (a)), and therefore for folding and binding of AR to form larger
Protein-Protein Interaction (PPI) complexes, towards the greater goal of hindering formation
of toxic oligomers (Gremer et al., 2017). In particular, the library was designed using the
outer, solvent-exposed B-strand that is common to many AB structures. Sidechains facing
inward towards the hydrophobic AB core were semi-scrambled whilst those facing outward

into the solvent on the surface of the fibril template were unchanged to create a two-sided
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peptide with a hydrophobic surface and a polar surface. Overall, the library resulting from
this sequence was 655,360 peptides in size (Figure 1 (f)). Following extensive optimisation
of molecular cloning techniques, the library was sufficiently built and confidently represented
following transformation into NEB10B to obtain 6,295,109 colonies, providing 99.99 %

coverage of the theoretical library following the library building process (see eqgn. 1).
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Figure 1: Library design, AB structures and residue options for library members. a)
Cryo-EM structure of AB1-42 was created with PyMol (PDB ID 50qv). The red box represents
regions of AB that the library is designed against using residues 10-22 (Gremer et al., 2017).
b) Magic-angle spinning (MAS) NMR structure of ABi.42 shown in green (PDB 5kk3) (Colvin
et al., 2016). c) Solid-state NMR (ssNMR) structure of AB1-42 shown in purple (PDB 2nao)
(Walti et al., 2016). d) ssNMR structure of AB1.40 shown in blue (PDB ID 2lmn) (Paravastu
et al., 2008). e) Cryo-EM structure of ABi.40 derived from human AD brain tissue shown in
orange (PDB ID 6shs) (Kollmer et al., 2019). a-f) structural images were formed in PyMol
using the respective PDB ID codes and residues 10 and 22 are marked on each. f) Library
design based on ABi0-22 presenting options at each residue. The top row is the original 10-
22 sequence and residues marked in red are those facing into the hydrophobic core and
are therefore deemed important for folding of AB. The residues in red have been scrambled
and encompass a range of potential residues at each of the altered positions with *
representing 16 possible residues as listed, and ” representing NNK coding for all 20 amino
acid residues.
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AB interacting peptides identified by PCA. Intracellular PCA screening of the library was
conducted to identify interacting peptides that not only bound to arctic AB1-42, but that also
detoxified the target protein within the complex intracellular environment of the assay. The

library was successfully screened using PCA.

Following single step PCA selection, numerous colonies were observed. TMP
concentrations were optimised for this step with the final concentration of 2 uM for the M9
agar plates obtained. Concomitant controls that lacked IPTG required for induction of
protein expression within the assay were also conducted and presented no colonies, as
expected. PCA colonies were next pooled and progressed further into competition selection
to identify the peptide hit that provided the greatest growth advantage in liquid culture. The
sequence, YAVFHPKTVFFVE, of this hit is shown in Figure 2.

a) Y A V F H P K T V F F Vv E
f\
oA WAAAAAA J\U\ /Lj\_/ ‘JLAJ\_
\ IS —— A\
Y TN~ Y
Nhel PCAH2 Ascl
b) G9 sg

s
C N 11 LIMVPTAHQ | ET1A Hydrophilic E (negative charge) may interact

! 1
:/Hé NKDERSG with positively charged H surrounding.
J 3 Selection of A (no charge) potentially
F1

disrupts fold between residues 8-13.

H14 \ 633 13 NNK H13F Positively charged H has also been selected
3 against in place of neutral F.
: 15 LIMVPTAHQ | Q15P P is more hydrophobic than Q which may
K16 \ NKDERSG allow for favourable binding of the peptide.
17 LIMVPTAHQ | L17T T is a polar residue compared to non-polar
vig NKDERSG forL.
19 FY F Original residue option was selected for here
F20 lkely due to F presentng more
hydrophaebicity comparedto Y.
3 826 21 AVIT AZ1V V is more hydrophaobic than A. May help
E22 L V4 peptide’s favourable binding. V is more
o G25 Residues branched, may sterically hinder fold between
selected for in residues 21-27.
D23 PCAH2
sequence

Figure 2: PCAH2 sequence resulting from PCA screening of Library 10-22. a)
Following PCA screening, resulting hits were miniprepped and sent for LightRun
sequencing. b) Residues selected for in PCAH2 sequence overlaid with AB structure (PDB:
50qv). Residues selected against are highlighted in purple box with selected peptide option
in place and suggestions as to the property of each selection has been speculated in the
table.
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PCAH2 impacts upon AP aggregation and total endpoint fibrilisation. Biophysical
characterisation of the PCAH2 peptide hit provides broad insight into how it interacts with
AB to impact upon the aggregation process. To increase the stringency, the PCA screen
was carried out against the arctic Api142 (E22G) mutant. However, to translate the selected
peptides towards physiological disease conditions, the proceeding characterisation of the
peptide hit employs wild type AB. PCAH2 was synthesized by solid-phase peptide synthesis
(SPPS) and purified by HPLC (Figure S2) to allow for progression into biochemical
exploration. Initial ThT fluorescence monitored aggregation assays were conducted and
revealed a modified AB aggregation profile in the presence of PCAH2 relative to AB in
isolation at a concentration of 5 pM (Figure 3 (a)). Aggregation was also measured in the
presence of an iABs peptide control (LPFFD) (Figure 3 (a)). Additionally, peptide only
controls were conducted to ensure that the peptide alone did not alter ThT fluorescence,
and these presented as flat lines as expected (data not shown).

Measuring AB aggregation using the ThT fluorescence assay revealed that, in the presence
of the PCAH2 peptide, the lag-phase of AB aggregation is delayed. In particular, the mid-
point of the ThT monitored aggregation profile confirmed PCAH2 increases the time taken
to reach the sigmoidal midpoint by ~ 180 % at a ratio of 1:10 (Figure 3 (a)), although this
elevated stoichiometry ultimately led to an increased ThT fluorescence profile within the
stationary phase.

However, at an equimolar ratio, a delay to the midpoint time of ~ 41 % is observed along
with a decrease in endpoint ThT fluorescence of ~ 24 %. These data provide evidence that,
overall, PCAH2 is effective at both slowing aggregation and lowering overall amyloid load
at equimolar molar ratios compared to super-stoichiometric ratios like 1:10 and 1:2.
Moreover PCAH2 does so more than the iABs control which delays the midpoint of
aggregation by ~ 20 % and decreases the stationary phase signal intensity endpoint
(indicative of less fibrilisation) by ~ 20 % at a ratio of 1:1 (Figure 3 (a)).

Overall, although peptide ratios above 1:1 prolong the AR aggregation lag phase, over
longer periods the peptide also resulted in an increase in overall ThT signal (Figure 3 (a)).
To understand these results further and to expand upon the peptides potential, a lower
stoichiometry was deemed required to further evaluate the ability to impact upon AR

aggregation.

PCAH2 impacts upon AP aggregation and total endpoint fibrilisation at lower
stoichiometries. To investigate the activity of the PCAH2 peptide at lower concentrations,
ThT aggregation experiments were conducted at 5 yM AR with equal to sub-stoichiometric
ratios of peptide (Figure 3 (b)). Due to differences in time to prepare plates between
experiments and the rapid aggregation time of AR (minutes), differences in lag-phase and

midpoints may be observed between separate experiments meaning that comparisons
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between experiments is not always appropriate, but rather is relevant in the context of each
set of replicates. Reassuringly at sub-stoichiometric concentrations the fluorescence
intensity at the stationary phase was found to be significantly lower unlike that for super-
stoichiometric peptide ratios as described above (Figure 3 (b)). In addition, PCAH2 was
found to maintain a prolonged lag-phase of aggregation, with the midpoint values increasing
up to ~ 17 % (for 1:0.1), with a reduction in the fluorescence intensity of ~ 25 % (for 1:0.1)
relative to AR in isolation. Although the peptide ratio of 1:1 led to the most significant
midpoint increase (~ 22 %), the reduction in fluorescence intensity at the aggregation
endpoint was less than for that of 1:0.1, suggesting that PCAH2 may be more beneficial at

lower stoichiometries as opposed to equimolar amounts.

Following ThT monitored AR aggregation experiments, subsequent exploration was
required to reveal further insight into how the peptide interacts with AB. Towards this goal
we additionally studied AB secondary structure using CD and fibril formation via TEM, and
also monitored for the presence of oligomeric species using PICUP. Ideally, all experiments
would be carried out at 2.5 uM using the same sample to minimise errors to reflect
downstream cell-based toxicity experiments. Unfortunately, this low concentration cannot
be translated to CD, TEM and PICUP which has had to be scaled up to 50 uM for sufficient

signal to noise, precluding direct comparison of matched samples with ThT.
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Figure 3: ThT Aggregation assays explore PCAH2 effect on AB aggregation. a) ThT
aggregation assay with 5 uM AR alone (red) and in the presence of peptide ranging from
AB:PCAH2 ratios from 1:10 to 1:0.5 (blue) and AB:iABs ratios from 1:10 to 1:0.5 (green). b)
Following revelation that molar excess of peptide results in increased overall aggregation,
a range of equimolar and sub-stoichiometric ThT aggregation assays were conducted.
Midpoints for both a) and b) were calculated by fitting curves to a sigmoidal fit using Origin
software to reveal midpoint values in time. Endpoint values are ThT fluorescence at plateau
of sigmoidal curve. Differences in time taken to prepare plates for assay accounts for
differences in lag-phase length between a) and b).
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Circular dichroism studies revealed that PCAH2 reduces global B-sheet content and
rate of conversion. CD spectra was monitored upon addition of PCAH2, highlighting a
change in the extent of 3-sheet structure relative to A alone at the endpoint of aggregation
(Figure 4 (a)). As observed from aggregation experiments, the overall fibrilisation at ThT
endpoint is lower upon addition of PCAH2 at stoichiometries of 1:1 and below. This is

supported by CD via a corresponding reduction in the 218 nm minima.

AB adopts a B-sheet structure upon aggregation and measuring the formation of the 218
nm peak (characteristic of B-sheet) could provide a better indication of how the peptide
alters AB throughout its aggregation. This time-course approach may be more relevant to
understanding the peptides inhibitory effects throughout aggregation rather than at the
stationary endpoint. Timepoint CD scans of A indicate a sustained delay in formation of
the 218 nm peak upon addition of PCAH2 (Figure 4 (b-d)). Initially, the peptide appears to
enhance 218 nm peak formation, but over the course of the aggregation observed by CD

the rate at which B-sheet forms is lower in the presence of the peptide at a ratio of 1:1.
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Figure 4: Circular Dichroism scan shows change in extent of B-Sheet structure of A
aggregation in the presence of PCAH2. a) Endpoint CD Scan of A following aggregation
in the presence of varying stoichiometries of PCAH2. Following full aggregation of 50 uM
AB in the presence of PCAH2 at varying stoichiometries a CD scan was taken to reveal the
B-sheet structure of the protein. b) Timepoint CD scan throughout A aggregation at various
timepoints. ¢) Timepoint CD scan of AB aggregation in the presence of PCAH2 at equimolar
amounts. d) Timepoint CD scans were used to determine peptide’s ability to reduce
formation of B-sheet fold as demonstrated by circular dichroism value at 218 nm.

Transmission Electron Microscopy suggests altered levels of AR fibrils in the
presence of PCAH2. TEM was conducted to determine whether the peptide alters the
appearance/morphology of AB. Samples containing either ~ 50 uM AR alone or with two
ratios of PCAH2 (1:1 and 1:2) were imaged. Samples containing PCAH2 appeared to
contain more disperse fibrils with a lack of more mature, amyloid aggregates than observed
in the AB only sample (bottom panel of Figure 5). This suggests a reduction in AR
aggregation in the presence of the peptide (Figure 5 (a-c)). Regarding the precise fibril
structures, no noticeable difference was observed by TEM at the endpoint of A aggregation
(Figure 5). Samples containing peptide only were also imaged and presented blank grid

images (data not shown).

Imaging of these samples presented dense aggregates of AB (classified here as regions

too thick for clear image due to inability of electrons to pass through the sample as shown
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in the bottom two panels of Figure 5 (a)) in AR alone samples which were not observed in
the samples containing the peptide. No dense plaques were found in samples containing
the peptide. No differences were observed in AR presentation between the two peptide

stoichiometries.

a) AB Only b) AB:PCAH2 1:1 c) AB:PCAH2 1:2

NNy
ot 5

Figure 5: Transmission Electron Microscopy of end-point aggregated AB in the
presence of PCAH2. Following aggregation of ~ 50 uM AR in the presence of PCAH2 at
ratios of 1:1 and 1:2 the samples were imaged using TEM to determine changes in fibril
structure as a result of PCAH2. a) AB only b) AB with 1:1 PCAH2 and c¢) Ap with 1:2 PCAHZ2.
The red arrows represent dense aggregations of Af in which the sample is too thick for a
clear image due to the inability of electrons to pass through the sample. The images are
ordered vertically in order of magnification for each sample type. During sample collection,
there was no image obtained for 1 um for ApB to peptide ratio of 1:1.
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Photo-induced cross-linking of AB demonstrates that PCAH2 alters monomer and
oligomer status during AB aggregation. To further corroborate the potential of PCAH2 to
slow the aggregation of AB, PICUP experiments were carried out. SDS-induced artefacts
are observed as expected (Bitan, G. et al., 2005; Rahimi, Maiti and Bitan, 2009), however
these do not affect the observation of cross-linked oligomers, or the conclusions drawn from
PICUP. 50 uM AB was aggregated in the presence of varying ratios of PCAH2 and PICUP
conducted to reveal any oligomeric species present in the samples at an endpoint of 120
minutes. An increase in intensity of monomeric AB, a single band at ~ 4.5 kDa, was
observed at an AB:PCAH2 ratio of 1:1 (Figure 6 (a)). Monomer band intensity was seen to

increase by ~ 12 % in the presence of PCAH2 when quantified using ImageJ software.

A potential diffuse oligomer band is also present at ~ 21.5 kDa (tetramer/pentamer) which
again is more intense in the presence of equimolar PCAH2, compared to AB alone, and

dose dependently decreases as the peptide ratio decreases (Figure 6 (a)).

Additionally, a higher molecular weight oligomer band is observed towards the top of the
gel, ranging from ~ 100-200 kDa in accordance with the marker, upon A aggregation
across all T120 wells. This oligomer does not appear overly altered in the presence of
PCAH2 and presents with around the same intensity across all endpoint wells with 1:1 again

presenting the highest intensity band (Figure 6 (a)).

Subsequent timepoint PICUP experiments were conducted in which individual snapshots,
relevant to the ThT-monitored A aggregation time course, were captured in the presence
and absence of the PCAH2 peptide.

When timepoint PICUP was carried out using a 1:1 ratio of Ap to PCAH2, the monomer
band was found to be present at higher intensity in those wells containing PCAH2 across
the timepoint aggregation. At TO the monomer band was roughly the same intensity for Ap
alone and with PCAH2 present, then as time proceeds the monomer band is diminished in
AB only wells relative to those containing PCAH2. Band quantification of monomer at TO vs.
T120 using ImageJ demonstrated a reduction in monomer intensity of ~ 64 % for AB only
compared to ~ 50 % for AB aggregated in the presence of PCAH2, indicating a slowing of
aggregation (Figure 6 (b)).

The oligomer band at ~ 21.5 kDa marker fades quicker in the AB only wells compared to
those containing PCAH2. Additionally, the higher molecular weight oligomer band (~ 100-
200 kDa) is not present in either AR only or A with PCAH2 wells and then, as aggregation
proceeds, appears more readily in the AB only wells relative to PCAH2 wells. This higher
molecular weight oligomer band remains low across the time course of the experiment for

AB in the presence of equimolar PCAH2 , with a potential decrease after T60 (Figure 6 (b)).
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Photo-induced cross-linking of AB demonstrates that PCAH2 also alters monomer
and oligomer status during AB aggregation at lower stoichiometry. When observing
AB timepoint aggregation with the sub stoichiometric ratio of PCAH2 at 1:0.5, the monomer
band at ~ 4.5 kDa fades much quicker for AR only wells as time proceeds compared to
those where the peptide is present. For the A with PCAH2 the monomer band remains at
a higher intensity compared to AB only at each timepoint, with the greatest distinction
observed at T120 with AR alone presenting an ~ 83 % loss of monomer against TO A
compared to just ~ 7 % as observed when PCAH2 is present (Figure 6 (d)). This further
corroborates the notion that PCAH2 is slowing the aggregation of AB, even more so than

the above timepoint PICUP at equimolar amounts of PCAH2.

The oligomer smear is also present in this gel at ~ 21.5 kDa. Similar to 1:1, the oligomer
smear is more intense in AB with PCAH2 than AR alone and is only present in Af alone at
T20 where it rapidly disappears across the timepoints as aggregation proceeds. The fading
of this oligomer smear across the timepoints is slower when the PCAH2 peptide is present,

suggesting that the aggregation is slowed.

121



a) Protein cross-linking following A aggregation in b) Protein cross-linking throughout A aggregation in
the presence of PCAH2 the presence of PCAH2 at 1:1
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c) Protein cross-linking throughout AB aggregation in d) Image J quantification of AB:PCAH2 1:0.5 timepoint
the presence of PCAH2 at 1:0.5 for change in monomer band intensity

T0 TO T20 T20 Teé0 T60 T120 T120
TO TO T20 T20 60
- + - + - - +

a
=3
=3

kDa
200.0
116.3
97.4

©
=3

Change in band intensity (%)
S o
=3 =]

N
o

o

+ + + + 120
T T60 T120 T120
+

Figure 6: Photo-Induced Cross-linking of Unmodified Proteins (PICUP) of AB at
various aggregation states with PCAH2. a) Following aggregation of 50 uM A with
varying stoichiometries of PCAH2, PICUP was carried out and samples run on 16 % SDS-
PAGE gel to separate the various oligomeric species of AB present within the samples. A
no RuBpy control was conducted in Lane 2 and an SDS-Buffer only sample in Lane 9. b)
PICUP was carried out at various timepoints throughout aggregation of 50 uM AR in the
presence of 1:1 AB:PCAH2 to create a snapshot of oligomeric species present throughout
the aggregation process. A no RuBpy control was conducted in Lane 2 at TO and Lane 12
at T120 whilst Lane 11 represents PCAH2 only at T120. Samples marked + contain PCAH2
and those with — are AB alone. c¢) Timepoint PICUP samples of 50 uM AB aggregation with
1:0.5 AB:PCAH2 to explore how PCAH2 alters AB throughout aggregation as opposed to
endpoint. A no RuBpy sample is represented for TO in Lane 3 and T120 in Lane 12. A
peptide only sample at T120 is also shown in Lane 11. Samples marked + contain PCAH2
and those with — are AP alone. For each PICUP gel the band intensity at each
monomer/oligomer band was quantified using ImageJ software (all data not shown). A dark
stain on the 1:0.5 gel means that quantification of any higher weight oligomer for this gel
was not possible (c). Across all gels, arrow 1 marks the 4.5 kDa band, arrow 2 marks the
approximately ~ 21.5 kDa band and arrow 3 marks the ~ 100-200 kDa band. d) An example
of ImageJ quantification analysis for c) of the monomer band using TO AB only as 100 %
control. Samples marked + contain PCAH2 and those with — are Ap alone. The rate at which
monomer band intensity decreases is less in the presence of PCAH2.
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AB induces toxicity to differentiated but not undifferentiated SH-SY5Y cells as
determined by visual observations of morphology and MTT turnover (see chapter
Four). Following in vitro experiments that monitored broad aggregation profiles (ThT),
secondary structure (CD), fibril morphology (TEM) and oligomeric state observed over the
ThT-monitored time course (PICUP), we next sought to evaluate the ability of PCAH2 to
protect neuronal cells against AR pathology. To do so an AB toxicity assay was optimised
using the neuronal SH-SY5Y cell line using MTT assays. First, monomeric AR was directly
applied to undifferentiated SH-SY5Y cells which provided only a limited toxicity profile
(Figure S3 (a)). However, in agreement with Krishtal et. al., it was observed that, upon
differentiation, SH-SY5Y cells were more sensitive to AB-induced toxicity, providing a
promising platform in which to evaluate the potential of peptides to rescue cell viability
(Krishtal et al., 2015, 2017). Treatment with monomeric AB at a final well concentration of 1
- 5 uM on to differentiated SH-SY5Y cells provided a clear observable dose response with
up to ~ 57 % toxicity (48 hrs, 2.5 pM AB) using MTT as a measure of cell viability. This
provided a sufficient toxicity window in which to evaluate the potential of PCAH2 to rescue
cell viability (Figure 7 (b)). The quantitative measurement of AB toxicity on differentiated
SH-SY5Y cells using MTT assays is further supported with analysis of cell morphology
where there is firm evidence of cell stress, for example visibly shortened neurites and

apoptotic cell bodies following 48 hr incubation with AR compared to no AB control (Figure

7 (b)).

Co-application of PCAH2 partially rescues AB-induced toxicity in differentiated SH-
SY5Y cells. Following optimisation of the AB toxicity assay, PCAH2 was next applied to
cells at various ratios to evaluate the ability of the peptide to restore MTT monitored cell
viability. Cell-based assays were conducted at both 2.5 uM and ~ 5 yM AR (Figure S3 (b))
to allow for consistency with ThT analysis which was run at 5 yM AB. Unfortunately, ThT
lacks the sensitivity of MTT so running ThT at 2.5 yM AR provided too much noise.
Therefore, to confirm a similar pattern is observed, concurrent with the 5 uM ThT data, both
concentrations were run in MTT assay with the 2.5 uM data taking precedence. Both 5 uM
and 2.5 yM A provide similar levels of toxicity (Figure 7 (b)) and both experimental designs
demonstrate recovery in cell viability upon application of peptide however, the lower

concentration of AB applied to cells is preferable.

PCAH2 was added at the same time as the monomeric AB (pre-combined) such that AR
aggregates in the context of the cell in the presence of PCAH2 and reflects the ThT setup,
yet at the lower concentration of 2.5 uM AB. PCAH2 rescued cell viability by ~ 12.5 % for
the optimal AB:PCAH2 ratio of 1:0.25 following treatment with 2.5 uM AB (Figure 7 (c)). For
ratios of 1:1, 1:0.5, 1:0.25 and 1:0.1 cell viability was rescued by ~ 9 %, ~ 10.4 %, ~ 12.5 %

and 9 %, respectively. This implies an inverse relationship between cell rescue and
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concentration of peptide between ratios or 1:1 and 1:0.25, with 1:0.1 resulting in reduced

cell rescue at this very low concentration.
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Figure 7: AB induces toxicity upon differentiated SH-SY5Y cells that is partially
rescued in the presence of PCAH2. a) Morphometric assessment of SH-SY5Y prior to
differentiation and post-differentiation with sequential treatment with RA and BDNF. b)
Monomeric AB was applied to differentiated SH-SY5Y cells at varying concentrations
including 1.0 pM, 2.5 pM and 5.0 pM, and, following incubation at 37 °C for 48 hours, an
MTT assay conducted to evaluate cell viability. c) Co-application of monomeric 2.5 uM AR
(final well concentration) with PCAH2 at varying ratios was applied to differentiated SH-
SY5Y cells and, following a 48 hour incubation, cell viability was measured using an MTT.
Cell viability bar chart shows one repeat of an assay due to varying toxicity windows
between each repeat. Error bars represent SEM. The percentage recovery table has been
calculated for assay repeats with each assay standardised to the toxicity window. For
vehicle, AB:PCAH2 [1:0], [1:1] and [1:0.5] n=3, for AB:PCAH2 [1:0.25] and [1:0.1] n=2 with
each experimental repeat containing three technical repeats. Following a one-way ANOVA
with subsequent Tukey’s post-hoc multiple comparison test on the compiled data set,
significant rescue of cell viability was observed for A to PCAH2 ratios of 1:1, 1:0.5 and
1:0.25 compared to AB only where * = P<0.05 and ns =P>0.05.
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Discussion

In order to screen for peptide inhibitors of A a peptide library was constructed based upon
a recent cryo-EM structure of the protein. The library design incorporated a degree of
scrambling at some residues that enabled residue options to remain open towards the N-
terminus of the peptide. Due to the self-recognition element of residues 16-22 (KLVFF),
important for AB self-recognition and assembly (Watanabe et al., 2001), this region was
subjected to a more rational approach with incorporation of mostly hydrophobic residues
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towards the C-terminus of the peptide. This was to preserve this hydrophobic binding region

that is crucial for AB recognition and aggregation that is essential for the peptide to bind AB.

Following the PCA screen, residues selected within the resulting peptide sequence
(YAVFHPKTVFFVE) at given positions were found to confer varying characteristics. For
example, some positions led to the selection of more benign residues like that of Ala at
position 11 (E11A). This was selected for from a largely scrambled pool that included the
wildtype Glu. The benefit of presenting an Ala over Glu may serve by hindering charge
interaction presented by the charged Glu. On the other hand, some positions selected
residues with enhanced hydrophobicity like that of residue 21 in which Val was selected for
over Ala (A21V). This was observed patrticularly at the C-terminal end of the peptide and
may enhance the self-recognition properties within this region of the A sequence. The
increased hydrophobicity presented by Val may serve to guide the PCAH2 peptide in to
preferentially binding to a central, hydrophobic core within the AR peptide. Additionally, the
branched-chain Val may present higher steric hinderance within the fold of the protein as
opposed to Ala present in the wild-type sequence. Interestingly, a central Pro (Q15P) was
also selected for within a pool of largely scrambled residue options, potentially serving as a
B-sheet blocker in a similar mechanism as that proposed for iAB5 (Wood, Stephen J. et al.,
1995; Soto et al., 1998) (Figure 2). The above suggestions regarding precise properties of
amino acid selections are currently speculative since the properties of each residue has not
been specifically explored using high resolution structural techniques.

Additionally, the peptide sequence identified by the PCA screen has selected for a c-
terminal sequence similar to that of the Ap (KLVFF) motif that has been identified as a key
region for AB self-recognition and subsequent aggregation (Tjernberg et al., 1996). PCAH2
harbours the VFF motif followed by the library conserved Glu that may confer optimal
recognition of the AB target. Tjernberg. et. al. (1996), adopted an Alanine scan to identify
the crucial residues within this sequence motif and revealed residues 16, 17 and 20 as
highly influential. The conservation of residue 20 within PCAH2 may therefore be important
for peptide recognition towards the AB sequence. Further studies also revealed that
applying the KLVFF motif as a pentapeptide against AR aggregation presented the
possibility to reduce AP aggregation, with the incorporation of d-amino acids providing an
additional peptide that preserved the potential to reduce AB aggregation but also allowed
for greater protease stability (Tjernberg et al., 1996; Tjernberg et al., 1997). In addition, two
peptides based upon the KLVFF motif, OR-1 and OR-2, along with the subsequent RI-OR2
which presents a retro-inversed version of OR-2, also contain this VFF motif and all
demonstrate promising potential to inhibit AB aggregation, with OR-2 and RI-OR2 also
presenting the ability to rescue AB-induced toxicity within cells (Austen et al., 2008; Taylor,
M. et al., 2010). The sequence similarity between the KLVFF based peptides and the C-

terminus of PCAH2 presents optimism towards the peptides potential.
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Biophysical characterisation of the PCAH2 peptide hit was subsequently conducted to
explore how the peptide interacts with AB to impact upon the aggregation process. The PCA
screen utilised the arctic AB1-42 (E22G) mutant to increase the selection stringency of the
screen and identify peptides that are able to detoxify this aggregation-prone mutant form.
Selected peptides against this more toxic form are predicted to increase assay stringency
with potential for increased effectiveness against the wild-type sequence. Therefore, the

proceeding characterisation of the peptide hit employed wild type AB.

ThT fluorescence monitored aggregation assays were conducted, alongside the control
peptide iABs, and revealed a modified AR aggregation profile in the presence of PCAH2
relative to AB (Figure 3 (a)). The iABs peptide was identified by the Soto group where they
incorporated the -sheet breaker residue, Proline, throughout the self-recognition motif of
the AB sequence (residues 16-20) (Soto et al., 1996). iABs has previously been shown to
inhibit AR aggregation both in vitro and in vivo and is capable of dissolving preassembled
AB fibres in vitro (Soto et al., 1998).The use of this control peptide is a suitable reference
point for PCAH2 due to its ability to perturb aggregation and misfolding of AR as monitored
by ThT, as well as a similarity in the presence of a central Pro residue that was speculated

to be important in functioning as a ‘B-sheet breaker.’

Not only did PCAH2 effectively slow the aggregation of AR and lower overall amyloid load
at equimolar molar ratios, it did so more than the iABs control applied within our assay.
Although the original iABs study documented a greater reduction in ThT fluorescence than
was achieved here, with ~ 55 % reduction at the endpoint, this paper applied an outdated
approach towards ThT measurements and utilised a super-stoichiometric amount of
peptide, so direct comparison is difficult (Soto et al., 1996). The aforementioned KLVFF
based peptides have also been applied to ThT aggregation assays to monitor their effect
on AP aggregation. Austen at. al., applied KLVFF as a control peptide in their exploration of
the novel OR-1 and O2-1 peptides. Here, KLVFF presented no effect on A aggregation at
any concentration (Austen et al., 2008). However, the OR-1 and OR-2, including the retro-
inversed R1-OR2, peptides presented complete inhibition of AB aggregation across
comparable AB:peptides ratios over a 12 day period, considerably longer than applied within
this study for PCAH2 (Austen et al., 2008; Taylor, M. et al., 2010). Additionally, various other
peptide inhibitors have been explored using ThT and demonstrated apparently more
effective reductions in ThT aggregation profiles than for the PCAH2 peptide, including the
RD2 and D3 peptides (van Groen et al., 2008; Brener et al., 2015) (van Groen et al., 2017).
ThT assessment for these peptides were carried out following a 6 day incubation with a final

endpoint read, utilising AB:peptide ratios ranging from 1:1 up to 1:100.

Comparison between the ability of PCAH2 to alter AR aggregation as assessed by ThT is

important, however none of the alternative peptides mentioned above have currently
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progressed further in to clinical trials and an alternative approach may be what is required
for the success of a peptide as a therapeutic. Potentially, the lessened prevention of Ap by
PCAH2, as measured by ThT, may provide an advantage over complete elimination of
aggregation due to the proposed native function of AR oligomers within healthy,
physiological conditions. Additionally, each ThT experiment carried out alternative methods,
for example, for the peptides described above, each had an extended incubation time, with
some up to 12 days, as opposed to the short incubations utilised in this study and many
were conducted with high concentration of peptide. Therefore, direct comparison between
the peptides is difficult and perhaps the most reliable way to compare the ThT aggregation
profile with previous peptide sequences is through the concomitant iABs peptide control
undertaken within this study, of which PCAH2 presents greater potential to alter the ThT
aggregation profile.

Interestingly, the effect by PCAH2 is most promising at sub-stoichiometric conditions which
provides promise for future therapeutic applications (Figure 3). Although the alteration in A
aggregation is relatively small in relation to the AR aggregation profile, it is important to note
the large impact that delaying onset by just a small amount of time may have in a disease
setting. It is predicted that by 2050, 9.1 million individuals in the US will have AD. By
delaying the onset by just one year it is thought this number could be decreased by 14 %,
while delaying onset by five years could decrease this number by 41 % (Zissimopoulos,
Crimmins and St Clair, 2014). Therefore, even small delays to A aggregation could impact

significantly upon AD progression.

Applying both endpoint and timepoint CD to identify the global secondary structure of A
also provided additional evidence that PCAH2 can impact upon AB aggregation throughout
aggregation and at the endpoint (Figure 4). The CD spectra also revealed that the 218 nm
minima red-shifts towards 200 nm in the presence of PCAH2 which has been suggested to
be due to an increase in 3-strand twists. The preceding aggregation experiments revealed
that AB has the greatest potential to reduce the overall fibrilisation at the endpoint at sub-
stoichiometric levels as opposed to equimolar amounts (Figure 3). However, in endpoint
CD experiments the 1:1 ratio appears to reduce B-sheet formation to the greatest extent
(Figure 4 (a)). For acceptable signal to noise, CD scans were taken at 50 yM AB compared
to 5 uM for ThT which may account for differences observed. Reassuringly though, the
overall trend that PCAH2 alters formation of B-sheet during A aggregation, is confirmed by
both ThT and CD.

In addition, TEM suggests a reduction in AR aggregation in the presence of PCAH2 with no
change in fibril morphology (Figure 5 (a-c)). It is important to note that there could be
potential bias in selection of images and the inability to cover the full sample whilst searching

for fibrils to image as not every species on the grid can be observed and represented.
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Therefore, alack of the dense AB aggregates in peptide samples relative to A only samples
does not provide firm evidence of a more dispersed fibrillar presentation, but rather an
observation obtained upon imaging. In future TEM studies, capturing a snapshot of Ap fibrils
in the presence of PCAH2 at relevant time-points throughout the early stages of aggregation
would be more beneficial in observing if the peptide alters the morphology of AR fibril
formation and will better correlate with the ThT curves observed in which the peptide has

greater effect in prolonging the lag-phase to exponential transition.

An interesting element of this study was the application of protein cross-linking studies.
PICUP experiments demonstrated an increase in monomer band in wells containing
AB:PCAH2 compared to the sample lacking PCAH2 at the endpoint and throughout
aggregation (Figure 6). This suggests that the presence of PCAH2 is slowing the
aggregation of AB as there is more monomer present at the endpoint compared to sample
lacking PCAH2 and this band was shown to decrease slower throughout aggregation when
the peptide was present, perhaps due to less monomer being pulled in to aggregates of AR,

suggestive of a slower aggregation.

For the AB aggregation at endpoint PICUP experiment, there was also a diffuse oligomer
band at ~ 21.5 kDa (potentially a tetramer/pentamer) observed that is also more intense in
the presence of equimolar PCAH2 when compared to A in isolation. This band also dose
dependently decreased as the peptide ratio decreased for the endpoint PICUP gel (Figure
6 (a)). According to ThT and cell toxicity data, sub-stoichiometric ratios of PCAH2 provide
the greatest reduction in endpoint aggregation and cell viability rescue, raising the question
as to which species is the toxic oligomer. 1:1 shows increased intensity of the monomer
and oligomer bands whilst this is not observed to the same extent in the lower
stoichiometries. One possibility is that, at a ratio of 1:1, aggregation is slowed but somehow
provides more toxicity compared to lower stoichiometries (yet still less overall compared to
no peptide) by stabilising this oligomeric species. In contrast it is possible that lower, sub-
stoichiometric concentrations of peptide, somehow avoid stabilisation of this oligomer whilst

still slowing overall aggregation.

For the timepoint PICUP at AB:PCAH2 1:1, the oligomer band parallel to the ~ 21.5 kDa
marker fades quicker in the AB only wells, corroborating the notion that PCAH2 is slowing
the aggregation of AR as it takes longer to pass through monomer to oligomer and
eventually past this oligomeric phase to higher-n species. This is also corroborated by the
higher molecular weight oligomer band (~ 100-200 kDa) which appears more intense in the
AB only wells as it reaches these higher molecular weight oligomers more rapidly than when
peptide is present, potentially as a result of reduced aggregation rate. When observing this
higher oligomer band at TO, it is not present in either A only or AR with PCAH2 wells and

then develops rapidly in the A only wells across the timepoints relative to PCAH2 wells.
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Interestingly, for AB in the presence of equimolar PCAH2 the intensity of this band remains
low across the timepoints and even appears to decrease after T60 (Figure 6 (b)). One
possible explanation of ThT/CD/PICUP interpreted collectively therefore is that the peptide

may function by reducing/slowing the production of these higher weight oligomers.

Ultimately, PICUP corroborates the previous ThT and CD data in that the peptide appears
to be altering the aggregation of AB. Pinpointing the exact oligomeric species of AB targeted
is difficult since it appears to vary with AB:peptide ratio. However, collectively the

experiments demonstrate that PCAH2 does impact upon AR aggregation.

In order to translate this biophysical characterisation of PCAH2 towards use as a potential
AD therapeutic, a cell-based toxicity assay was established within the laboratory to explore
the potential of the peptide within a neuronal cell like context. Initial cell-based experiments
demonstrated an increase of susceptibility of SH-SY5Y cells to AR upon differentiation of
the cell line using sequential treatment with RA and BDNF, in accordance with recent
studies by the Tdugu group (Krishtal et al., 2015). The lack of toxicity observed in
undifferentiated SH-SY5Y cells could be due to a lack of relevant cell morphology since
differentiated cells feature better defined axons and dendrites. This lack of cell morphology
was observed for the undifferentiated SH-SY5Y following morphology analysis within this
study (Figure 7(a)). AB is thought to exert its pathology at synapses, which undifferentiated
SH-SY5Y cells lack. Upon cell differentiation, SH-SY5Y cells consequently better represent
neurons, by presenting neurites and forming interneuronal networks as observed following
a visual observation of morphology, providing a platform for probing AR toxicity (Figure 7
(a)). Consequently, AB induces toxicity upon differentiated SH-SY5Y cells, as confirmed by
MTT cell viability assays and morphology analysis, when applied to cells as monomer
(Figure 7 (b)).

Following co-application of AB alongside PCAH2, the peptide demonstrated potential to
rescue cell viability within the AB-induced toxicity experiment. Interestingly, at equimolar
stoichiometries of PCAH2 the cell rescue was lower than that observed for sub-
stoichiometries (Figure 7 (c)). This is in agreement with ThT assays where higher
stoichiometries were found to result in increased ThT signal at the stationary phase
compared to sub-stoichiometric concentrations of peptide, suggesting higher fibrilisation at
the endpoint. Additionally, endpoint PICUP experiments revealed that at a peptide ratio of
1:1 a diffuse oligomer band level with a 21.5 kDa marker band (tetramer/pentamer)
presented at a higher intensity than for lower stoichiometries (Figure 6 (a)). Consistent with
ThT and PICUP experiments therefore, although the peptide at 1:1 was shown to slow
aggregation, providing more cell recovery than in the absence of peptide, it may ultimately
populate this oligomer to a greater extent than at lower peptide concentrations. This may

ultimately hinder the ability of PCAH2 to rescue cell viability from AB-induced toxicity relative
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to lower stoichiometries of PCAH2. Overall, the peptide demonstrated greater efficacy in
MTT experiments at lower stoichiometries, which is clearly beneficial in terms of dosage for

potential downstream applications.

Many previous peptides identified as potential inhibitors of AR aggregation, applied super-
stoichiometric ratios of AB:peptide in order to elicit an improvement in cell viability. The D3
peptide identified by the Willbold group following a mirror-image phage display, applied MTT
to assess cell viability of PC-12 cells following treatment with an AB:peptide ratio up to
1:100, with 200 uM D3 providing complete rescue (van Groen et al., 2008; Brener et al.,
2015). The ensuing RD2 peptide also presented significant rescue of cell viability in both
PC-12 and SH-SY5Y cells at a ratio of 1:5 (van Groen et al., 2017). Although the extent of
cell rescue within these studies is greater than that observed by PCAH2, both have been
carried out at higher, super-stoichiometric ratios than that for PCAH2, which shows the
greatest potential at sub-stoichiometric conditions. The lower concentrations of PCAH2
required may provide greater translatability towards a therapeutic agent with smaller doses
potentially required compared to these previous peptides, despite the modest cell rescue in
comparison. The above mentioned RD2 study utilised undifferentiated SH-SY5Y cells, as
did that by Austen et. al. for the study of OR-1 and OR-2 (Austen et al., 2008). The
undifferentiated line poorly represent neuronal cells and the application of differentiated SH-
SY5Y cells within this study may further improve the translatability of PACH2 towards a
more disease-like setting.

The interesting revelation that the OR-2 peptide, specifically, is capable of rescuing cell
viability following AB insult, compared to OR-1 that lacks this quality, corroborates the
design of the PCA screen and the likely selection of PCAH2 that potentially prevents dimer
formation (Austen et al., 2008). Although only speculative, library 10 — 22 was built upon a
recent cryo-EM structure of AB and hoped to target dimer formation to prevent the formation
of the toxic oligomeric species of AB. Whilst both OR-1 and OR-2 demonstrated the ability
to reduce AP aggregation, only OR-2 was capable of altering oligomer production,
demonstrating the importance of targeting AR oligomers in order to protect against AB

induced toxicity (Austen et al., 2008).

Peptide mimetic techniques may be applied in the future to increase the efficacy of the
peptide to rescue cell viability following AB insult. Previous studies have demonstrated an
increased potential for peptides to rescue cell viability in MTT assays upon retro-inversion
in which peptides, specifically KAT, L2P1 and L2P2, were converted to their D-amino acid
counterparts and the sequence reversed to maintain the topology and biological activity of
the peptides whilst presenting greater protease resistance, allowing for greater efficacy
within cell-based assays (Acerra, Nicola et al., 2014). This may be an exciting prospect to

explore in future studies to improve the ability by which PCAH2 can rescue cell viability.
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Conclusions

This study presents successful application of the intracellular library screening assay PCA
to identify a winning peptide sequence (PCAH2) that binds to and detoxifies arctic AB1-42
within E.coli cells. The library was based upon a recent cryo-EM structure of Af targeting
the outer 3-sheet strand between residues 10 and 22 (Gremer et al., 2017). The validity of
the selected hit has been supported by biophysical exploration of the peptide using ThT
aggregation assays, CD, TEM and PICUP which all demonstrate interaction between wild
type ABi4 target and PCAH2. Each portray the overall trend that PCAH2 slows the
aggregation of AR and also reduces the overall amyloid load at the endpoint. The
biophysical characterisation of the peptide translates nicely into cell-based assays in which
the success of the peptide is further corroborated by evidence of PCAH2 rescuing ApB-
induced toxicity in a differentiated SH-SY5Y cell line. An interesting observation across the
experiments is that PCAH2 appears to be most efficient at lower stoichiometries which will
enhance the potential of PCAH2 as a prospective therapeutic, owing to lower costs and less
risk of toxicity due to potentially lower dosages. Biophysical and cell-based exploration of
PCAH2 against the arctic AR (E22G) would be an interesting addition to the study. The
PCAH2 was selected for against this mutant form of AB within the initial screening process.
Therefore, the peptide may present greater inhibition towards arctic AR as opposed to the

wild-type sequence.

The sequence of PCAH2 harbours a central Pro residue that is reminiscent of the classic
‘beta-sheet breaker’ peptide, iABs (Soto et al., 1998), providing a potential mechanism for
the peptide. Whilst suggestions have been made as to the properties of each residue and
this central proline these are just speculation. Although the design of the peptide assumed
interruption to the fold of AR by mimicking B-sheet residues 10-22 with preferred
characteristics, such as increased hydrophobicity being selected for, PCA and subsequent
characterisation carried out in this study cannot reveal how the peptide binds or to which
species of AB. PCA simply reveals peptides that bind and detoxify the Ap target and future
characterisation of hits, such as with computational programs like InterPep that collates
known protein interactions from the Protein Data Bank (PDB) to predict protein-peptide
interaction (Johansson-Akhe, Mirabello and Wallner, 2019), are needed to reveal likely

mechanisms of action.

Whilst the in vivo nature of PCA presents many adavantages in identifying peptide hits that
present favourble drug-like properties within the bacterial system it may be prudent to
explore the potenital of translating the current PCA system in to a mammalian cell line,
preferably neuronal (Remy, Campbell-Valois and Michnick, 2007; Acerra, Nicola et al.,

2014). This will increase the therapeutic relevance of the peptide screening platform and
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enhance the translatabilty of the resulting peptide hits towards successful drug candidates

where they will present within human neuronal cells.

Overall, not only does the selected PCAH2 peptide sequence provide an exciting peptide
that modifies A aggregation and toxicity in itself, there’s potential also for the hit to act as
a precursor for second generation libraries to identify other potent peptide sequences.
There is currently no cure for AD and despite controversy surrounding AR it stands as a
promising target such that the above research and future research surrounding peptide
inhibitors of AR are not just exciting but needed.
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Supporting Information

Supporting Materials and Methods

PCR to produce library inserts for PCA. PCR was carried out using the forward primer

as the template for the library DNA with annealing temperatures of 47 °C. Primers,

Polymerase, dNTPs and Buffer were added to Eppendorf’s in the following amounts:

Table S1: PCR reaction reagent volumes.

Volume (pl)
Reagent PCR Control
5 x Buffer 10 10
10mM dNTPs 1 1
Forward Primer (100uM) 2
Polymerase 1 0
ddH20 36 37
Total 50 50

PCR Tubes were then run through the following PCR:

Table S2: PCR Run cycles to achieve successful PCR bands.

x35 cycles

Stage Temperature (°C) Time (s)
Preheat Lid 105 n/a
Initial Denaturation 98 60
Denaturation 98 20
Annealing 47 60
Extension 72 60

Final Extension 72 300
Final Hold 4 o0

Reagents used:

dNTPs: BioLine (Cat. No.: BIO-39044)

Polymerase and Buffer: NEB (Cat. No.:M0530S)
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The following primers were ordered from Sigma-Aldrich:

Table S3: PCR primers ordered to achieve library insert sequences from PCR.

Primer Sequence
AB Library (10-22) AAAGCTAGCTACVNKGTGNNKCATVNKAAAVNKGTGTW
Forward Primer TTTTRYHGAAGGCGCGCCAAAA
AB Library (10-22) TTTTGG CGC GCC

Reverse Primer

Restriction sites Nhel (F primer only) and Ascl (F and R primers) are highlighted in bold.

PCR Purification. If a single PCR band was obtained the QIAquick PCR Purification Kit
(Qiagen; Cat No.: 28106) was used to purify PCR products. Five volumes (one volume is
the volume of PCR Product) of Buffer PB (provided with kit) was added to the PCR mix. 10
Ml of 3 M Sodium acetate added if solution is violet or orange, as opposed to yellow. DNA-
Buffer mix applied to a QIAquick spin column (supplied in kit) and centrifuged at 13,000 rpm
for 1 minute on a table-top centrifuge. 750ul Buffer PE applied to the spin column and spun
in centrifuge to wash DNA. Spin column centrifuged dry to remove residual buffer and spin
column placed in a sterile Eppendorf. DNA eluted by adding 20-50 ul sterile ddH-0,
incubated at room temperature for 1 minute, then spun in a centrifuge. DNA concentration

was measured using NanoDrop Spectrophotometer.

If more than one band resulting from PCR, QIAEXII Gel extraction Kit (Qiagen; Cat. No.:
20051) was used to extract the required band. For bands requiring extraction by QIAEXII,
PCR products were run on a 1.5% Agarose Gel at 140 V for 45 minutes and appropriate
bands extracted for purification using QIAEXII Gel Extraction Kit (Qiagen; Cat. No.: 20051).
6 volumes Buffer QXI (supplied with kit) was added to each gel slice (1 volume is weight of
gel slice (mg)). Incubated at 50 °C for 10 minutes then x pl of silica resin (provided with Kit)
added (dependent on amount of DNA purifying) and Eppendorf vortexed to resuspend the
silica. Buffer-DNA-silica solution incubated at 50 °C for at least 5 minutes, with vortexing
every 2 minutes. The solution was then centrifuged for 30 seconds at 13,000 rpm and
supernatant removed. Pellet washed with 500 ul Buffer PE (provided with kit) by applying
the buffer, vortexing to resuspend pellet, then centrifuging and removing the supernatant.
This process was repeated twice. Resulting pellet was air-dried at 50 °C for 10 minutes.
Once dry, the pellet was resuspended in approximately 20 ul ddH.O and incubated at 50
°C for 5 minutes. Following this, the DNA solution was centrifuged for 30 seconds and
supernatant, containing the DNA, kept. The concentration of resulting DNA was measured

using NanoDrop.
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Figure S1: Library 10-22 PCR dimer insert products and resulting digest products. a)
Following PCR, the forward primers self-annealed to produce library insert dimers at 120
bp. Lane 2 shows PCR reaction whilst Lane 3 represents no Polymerase control. b)
Subsequent digestion with Nhel/Ascl resulted in cleavage of the dimer PCR product and
only single library insert bands remain at around 60 bp.

NanoDrop. NanoDrop 2000 (Thermofisher: Cat. No.: ND2000) was used to measure DNA

concentrations. 2 pl sample was loaded for measurement.

Restriction Digestion. Restriction digest was carried out with appropriate restriction
enzymes (Nhel/Ascl). The following digestion mix was used as a guideline for digestion of
PCR products and plasmid DNA:

Table S4: Restriction Digest reagent volumes.

Reagent Volume (pl)
DNA (=2ug)

CutSmart Buffer

Restriction enzyme 2 (=10 U)

X
2
Restriction enzyme 1 (=10 U) 1
1
X

ddH>O
Total 20
X depends on the concentration of DNA, or the volume required to make total volume up to
20 pl.

Digestion mix was incubated at 37 °C for 3-5 hours.

Dephosphorylation of vector backbone. Following digestion of vector backbones by
restriction digest enzymes, the vector backbone was dephosphorylated using the FastAP™

Thermosensitive Alkaline Phosphatase (Thermo Scientific: Cat. No.: EF0651). To a typical
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digest mix the following components were added (the volumes were scaled depending on

digest mix volume and amount of DNA — 1 ul of enzyme for each 1 ug of DNA):

Table S5: Reagent volumes for dephosphorylation of vector backbone.

Reagent Volume (pl)
Restriction Digest Mix (1ug DNA) X

10 x FastAP™ Reaction Buffer 2

FastAP™  Thermosensitive Alkaline | 1
Phosphatase

ddH-20 X

Total 20

x depends on volume of digest mix and ddH»O required to bring volume up to total.
The reaction was incubated at 37 °C for 10 minutes minimum.

The vector backbone was then extracted using illustra GFX DNA Extraction kit (PCA

vector).

illustra GFX DNA Extraction. Following restriction digest the DNA was separated on 1 %
Agarose Gel at 140 V for 45 minutes and appropriate bands extracted for purification with
illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare; Cat. No.: 28903471).
To each gel slice, 500 ul Capture Buffer (provided with kit) was added and incubated at 60
°C for 30 minutes with frequent vortexing. The melted agarose-buffer solution was loaded
onto a GFX Spin column (provided with kit), incubated at room temperature for 1 minute
and centrifuged at 11,000 rpm for 1 minute. The column was washed with 500 pl Wash
Buffer (provided with kit) and centrifuged. The column was then dried by centrifuging for 1
minute. Spin column placed in sterile Eppendorf and 15 upl ddH.O applied to the column.
This was incubated at room temperature for 2 minutes and then centrifuged at 13,000 rpm
for 2 minutes. Subsequent elutions were repeated to obtain highest yield. The resulting DNA

concentration was measured using NanoDrop.

QIAGEN QIAquick Gel Extraction. Following restriction digest the DNA was separated on
1 % Agarose Gel at 140 V for 45 minutes and appropriate bands extracted for purification
with QIAGEN QIAquick Gel Extraction Kit (Qiagen: Cat. No.: 28704). To each gel slice,
three volumes Buffer QG (provided with kit) was added to one volume gel (100 mg = 100
). Buffer QG/Gel slice mix was incubated at 50 °C for 10 minutes, shaking at approximately
600 rpm. Once the gel is fully dissolved, if the colour of the mixture was orange or violet (as
opposed to the expected yellow) 10 pl of 10 M Sodium Acetate could be added to return
the buffer colour back to yellow. The sample was then applied to a QIAquick spin column in

the collection tube (both provided with kit) and centrifuged at 13,000 rpm for 1 minute (all
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following centrifugation steps are carried out as described here) and flow-through
discarded. 750 pl Buffer PE (provided with kit) was then spun through the column and the
flow-through discarded. To dry the column, the column was then centrifuged. 30 ul of ddH,O
was applied to the spin column at the centre of the membrane and left to stand for 2 minutes
and DNA eluted by centrifuging for 2 minutes. DNA concentration was measured using

NanoDrop.

Plasmid preparation with Miniprep. Various plasmids were prepared using GenelJet
Plasmid Miniprep Kit (Thermofisher Scientific; Cat. No.: K0503). Escherichia coli (E. coli)
previously transformed with desired plasmid was streaked to provide a single colony. A
single colony was picked and used to inoculate 5-10 ml LB media containing the required
antibiotic and incubated at 37 °C overnight, shaking at 250 rpm. The overnight culture was
centrifuged at 4,500 rpm for 10 minutes and resuspended in 1 ml ddH2O per miniprep and
transferred to an Eppendorf. Cell suspension centrifuged in table-top centrifuge for 2
minutes at 8,000 rpm and supernatant removed. 250 ul resuspension buffer (provided with
kit) added to pellet and vortexed to resuspend. 250 ul lysis buffer (provided with kit) added
and Eppendorf tube inverted at least 6 times. Finally, 350 pl neutralisation buffer added and
tube inverted at least 6 times. Solution was centrifuged at 13,000 rpm for 5 minutes. The
supernatant was removed and applied to a spin column (provided with kit) which was
centrifuged at 13,000 rpm for 1 minute (all subsequent centrifugation as described here
unless stated). 500 ul wash buffer (provided with kit) applied to the column and centrifuged.
This wash procedure was repeated twice with a subsequent centrifugation to dry the
column. The DNA was eluted using ddH>O (volume dependent on prep) by applying the
ddH»0 to the centre of the column and incubating for 2 minutes followed with a 2 minute

centrifugation at 13,000 rpm. Resulting DNA concentration measured using NanoDrop.

Ligation. Ligation was carried out using Electroligase (NEB: Cat. No.: M0369S) at various
vector:insert ratios depending on optimised ratio. Following addition of the insert and vector
the volume was made up to 5 ul with ddH2O and 5 pul of 2x Reaction Buffer added. 1 pl
Electroligase enzyme was added, and the ligation mix incubated at 25 °C for 1 hour. The
reaction was then inactivated by incubating at 65 °C for 15 minutes.

Preparation of electrocompetent cell lines. For library building NEB10B (NEB; Cat. No.:
C3020K) cells were used. For library screening BL21-Gold cells were used. Cell line to be
made competent was streaked on LB Agar plate containing necessary antibiotics and a
single colony picked to inoculate 5 ml LB Broth with antibiotics which was incubated
overnight at 37 °C, shaking at 250 rpm. 50 ml 2xyt media was pre-warmed at 37 °C with
appropriate antibiotics. This 50 ml starter culture was inoculated with approximately 1 ml
(starting ODsoo should not be more than 0.1) of the overnight culture. This was then grown

up until ODego = 0.6-0.8. Once sufficient growth had occurred the culture was incubated on
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ice for 30 minutes with frequent inversion. The cell culture was centrifuged at 5,000 rpm for
7 minutes at 4 °C (as for all following centrifugation steps). Pellet was resuspended in 50
ml cold ddH20 and centrifuged. Supernatant removed and pellet resuspended in 25 ml cold
ddH»0 and centrifuged. Supernatant removed and pellet resuspended in 50 ml cold 15 %
Glycerol and centrifuged, supernatant removed, and pellet resuspended in 25 ml cold 15 %
Glycerol. A final centrifugation was carried out and the pellet resuspended in necessary
volume for aliquots required (often resuspended in residual glycerol from pellet to obtain
high cell density to increase transformation efficiency). Aliquots were mostly used directly
for transformation to increase transformation efficiency or were snap-frozen in liquid

nitrogen and stored at -80 °C.

Electroporation of DNA in to electrocompetent cells. Transformations were carried out
the same for all cell lines. 990 pl 2xyt with 10 yl 100x transformation salts (0.25 M KCI, 1
MgCl,) prewarmed at 37 °C. X ul DNA sample added to 80 pl cell aliquot (X dependent on
DNA concentration and amount of DNA needed) and kept on ice. Cell-DNA mix transferred
to electroporation cuvette and transformation was carried out on BioRad GenePulser I
electroporation machine at 1.8 kV, 25 pyF capacitance and between 200-700 Q. Following
transformation, cells were recovered in 2xyt media with electroporation salts for
approximately 75 minutes and plated on M9 or LB Agar plates dependent on assay with
appropriate antibiotics at suitable dilutions.

Harvesting library colonies from transformation plates. 2-10 ml LB media (or M9 if
harvesting from PCA Assay plates), containing appropriate antibiotics, was applied to agar
plates and the cells scraped from the surface. This step was repeated to wash the plate and
ensure sufficient collection of cells. The cells were harvested into a flask and incubated at
37 °C, shaking at 250 rpm, for approximately 1 hour. The cell culture was centrifuged at
4500 rpm for 10 minutes and the pellet weight used to determine number of miniprep
repeats required. The DNA was prepped using the miniprep protocol as described above.

Harvesting library colonies from glycerol stocks (used for library). A glycerol stock
obtained during harvesting of library colonies from transformation plate was defrosted on
ice and 50 ml 2xyt media (containing appropriate antibiotic) was pre-warmed at 37 °C. The
glycerol stock was transferred in to the 2xyt media and incubated at 37 °C for 60 minutes,
shaking at 250 rpm. The cell culture was then centrifuged at 4500 rpm for 10 minutes and

the DNA prepared from the pellet in accordance with the usual miniprep protocol.

Expression of pET-Sac-AB (M1-42). The pET-Sac-Ap (M1-42) plasmid was a gift from
Dominic Walsh (Addgene Plasmid # 71875; hitp://n2t.net/addgene:71875;
RRID:Addgene_71875) (Walsh et al., 2009). pET-Sac-AB (M1-42) was transformed in to
electrocompetent BL21 (DE3) (streaked from NEB: C257H chemically competent BL21

(DE3) cells) (prepared as per protocol for preparation of electrocompetent cells previously
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described). A single transformed colony was picked and used to inoculate 50 ml LB media
(with Amp) for an overnight culture at 37 °C. The next day 10 ml of this overnight culture
was transferred in to 1 L LB media (with Amp) and incubated at 37 °C, shaking at 250 rpm,
until the ODeoo reached a value of 0.6. At this point IPTG was added to a final concentration
of 1 mM and the cultures incubated at 37 °C for a further 3.5 hours. The cells were harvested
by centrifugation at 5,000 rpm for 15 minutes and the pellet resuspended in 50 ml 10mM
Tris/HCI pH. 8.0, ImM EDTA buffer with one cOmplete mini Protease Inhibitor Cocktalil
Tablet (Roche; Cat. No.: 04693159001). This was frozen at -20 °C.

Sonication of BL21 (DE3) containing pET-Sac-AB (M1-42). The frozen cells from 1 L
culture were defrosted and diluted to a total volume of 40 ml in 10 mM Tris/HCI pH 8.0, 1
mM EDTA containing protease inhibitor. The cells were sonicated (MSE, Soniprep 150
Plus) for 2 minutes (14 Amps) on ice and subsequently centrifuged at 18,000 g for 10
minutes, 4 °C. The supernatant was removed, and the cells resuspended in 40 ml 10 mM
Tris/HCI pH 8.0, 1 mM EDTA containing protease inhibitor and sonication followed by
centrifugation repeated as above. This was repeated a third time and the resulting cell pellet
was resuspended in 40 ml 8 M Urea, 10 mM Tris/HCI pH 8.0, 1 mM EDTA to solubilise the
inclusion bodies containing AB (M1-42). The cells were sonicated as above, and the
resulting solution was filtered with a 0.22 ym filter. When sonicating the cells for the 2
minutes, every 30 seconds the sonication was paused, and the probe moved up the falcon
to ensure complete sonication of all cells.

Purification of AR (M1-42). Following urea solubilisation of inclusion bodies containing AR
(M1-42) the resulting solution was diluted to a total volume of 50 ml with 10 mM Tris/HCI
pH 8.0, 1 mM EDTA and applied to a DEAE-Cellulose column. The purification was carried
out using a gradient elution on AKTA Pure. During the gradient elution increasing volumes
of Buffer B (10 mM Tris/HCI pH 8.0, 1 mM EDTA, 500 mM NaCl) was added to Buffer A (10
mM Tris/HCI pH 8.0, 1 mM EDTA) from 0 % Buffer B to 99 % Buffer B to allow for separation
of proteins within the sample. Fractions containing solutions which gave observable Azg hm
peaks were run on a 20 % SDS-PAGE gel to observe which fractions contained AR (M1-
42).

Size Exclusion Chromatography (SEC) to isolate monomeric AB (M1-42). Fractions
containing AR as observed on SDS-PAGE gel were pooled and subjected to SEC to isolate
monomeric AB. For one round of SEC, 5 ml sample was loaded on to a HiLoad 16/600
Superdex 75 pg column (GE Healthcare: Cat. No.: 28989333) equilibrated in 20 mM Sodium
Phosphate pH 8.0, 200 uM EDTA. The SEC was run at 0.5 ml/min and protein eluted in 20
mM Sodium Phosphate pH 8.0, 200 uM EDTA. Resulting peak fractions were run on a 20
% SDS-PAGE gel to confirm presence of monomeric AR (M1-42). Concentration of resulting

AB (M1-42) was calculated by measuring Absorbance at 280 nm using Varian Cary® 50
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UV-Vis Spectrophotometer and applying Beer Lambert’s Law with a € value of 1280. Ap
stock solutions were snap-frozen and stored at -80 °C. Identity of protein produced was

confirmed using intact MS-MS.

ABi142 purchased from Stratech. In addition to purification of AR (M1-42) in the lab,
recombinant ABi142 was also purchased. Beta-Amyloid (1-42), Ultra Pure, NH4OH was
manufactured by rPeptide and purchased via Stratech (Stratech: Cat. No.: A-1167-2-RPE).

Peptide Synthesis. All Peptides were synthesised using Fmoc Solid Phase Synthesis
using a Liberty Blue Automated Microwave Peptide Synthesiser (CEM: Cat No.: 925602)
with the N-terminal remaining unmodified and C-terminal amidated. The peptide was built
upon an H-Rink amide ChemMatrix resin (Sigma: Cat No.: 727768) with PyBop (Matrix
Innovation: 1-025-0001) used as the activator base (26 g PyBop in 100 ml DMF). The
deprotection reagent used was 20 % Piperidine in DMF.

The peptide was cleaved from the resin using a Trifluoroacetic acid (TFA) cleavage mix
composed of 95 % TFA, 2.5 % Triisopropylsilane (TiPs), 2.5 % ddH,O. 10 ml of cleavage
mixture was added to the resin and incubated, shaking, at room temperature for 4 hours.
Following this, the resin was filtered off with the TFA solution dripping into ice cold
diethylether to precipitate the peptide. The diethylether/precipitated peptide mix was
centrifuged at 7,800 rpm for 10 mins at -11 °C and supernatant poured off. Ice cold
diethylether was added and the solution briefly vortexed and centrifuged again. This was
repeated for three rounds and the final remaining peptide pellet was air-dried at room

temperature overnight and then stored at -20 °C until purification by HPLC.

Purification of peptides. Peptides were purified using High Performance Liquid
Chromatography (HPLC) using the C12 Jupiter® 4 um Proteo 90 A, LC semi-preparative
Column or preparative column (Phenomenex: Cat No.: O0G-4396-N0/O0G-4396-P0-AX).
Dried pellets obtained following purification were dissolved and loaded on to the column
with automatic injection by AKTA Pure HPLC system (GE Healthcare). Solvent A consisted
of 0.1 % TFA in ddH2O whilst Solvent B is 0.1 % TFA in Acetonitrile (ACN). Peptides were
separated and eluted by applying a linear gradient between 5 % and 90 % Solvent B
(optimised for each peptide) and fractions containing the peptide were collected with the
identity of the peptide confirmed using MS. Fractions containing the peptide were lyophilised
and the resulting powder stored at -20 °C until resuspension into desired buffer.
Concentrations of the peptide following resuspension were confirmed using the Varian
Cary® 50 UV-Vis Spectrophotometer to determine the Ago for peptides containing Tyrosine
with an extinction coefficient of 1280 Mt cm™ or the Azs; of Phenylalanine for peptides that

lacked a Tyrosine with an extinction coefficient of 390 M cm™ (two phenylalanine residues).
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Supporting Results
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Figure S2: PCAH2 Purification by HPLC and species confirmation by Mass
Spectrometry. PCAH2 was successfully produced by Fmoc solid-phase peptide synthesis
(SPPS) and subsequent HPLC purification. SPPS was utilised to build the PCAH2 peptide
which was subsequently cleaved and purified using a single step of HPLC. The peptide
eluted with a retention time of 27.55 minutes at 32.48 % Solvent B and Mass spectrometry

revealed the correct peptide had been produced. a) HPLC trace of PCAH2 purification. b)
Mass Spectrometry peaks to identify PCAH2.
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Figure S3: Optimisation of AB-induced toxicity upon SH-SY5Y cells and concurrent
PCAH2 data with 5 uM AB. a) Following treatment of undifferentiated SH-SY5Y cells with
varying concentrations of AB, no significant toxicity was observed. b) Alongside the main
treatment of SH-SY5Y cells with 2.5 yM A this concurrent assay was conducted in which
differentiated SH-SY5Y cells were treated with ~5 yM AR to determine whether similar
trends were observed upon addition of PCAH2. PCAH2 is shown to rescue AB-induced
toxicity by around 20 %.
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Chapter Conclusions

The study presents the successful application of the intracellular screening assay, PCA, to
identify potent, functional inhibitors of AB-induced toxicity as demonstrated through various
cell-based and biochemical assays. The 655,360 member peptide library was successfully
screened to identify the winning peptide sequence from PCA, PCAH2. Given the
intracellular nature of PCA this was envisioned to be effective in lowering AB-driven
cytotoxicity within the context of the cell. This hit was characterised and shown to hold
potential for future therapeutic applications due to its ability to alter AR aggregation, as
demonstrated by CD, PICUP, TEM and ThT aggregation experiments, and to reduce AB-
induced toxicity in a differentiated SH-SY5Y cell line. In addition, the generated peptide
sequence holds potential as a base for second generation libraries to generate more potent
inhibitors of AR aggregation.

On the other hand, Library 28-42 presented limited progression despite its intriguing design
targeting the dimeric interface of AR in order to theoretically thwart oligomer formation.
Peptide sequences resulting from this library screen were difficult to handle throughout
purification. Due to the library design targeting the central, hydrophobic core region of AR,
the resulting peptide was very hydrophobic and insoluble following synthesis. Despite
efforts to enhance solubilisation within a range of solvents and the addition of the CPP TAT
tag, successful solubilisation was not achieved. Therefore, progression with
characterisation of PCAH1 was not possible. Perhaps, second-generation libraries based
upon the PCAH1 peptide sequence, modified to provide greater solubility, would be of
benefit here. However, increased solubility may interfere with the ability of this peptide to
target within this hydrophobic core region which is something that would need to be
addressed.

To further build upon the potential to screen for peptide inhibitors of AB aggregation to
identify sequences that likely prevent oligomer formation at the earliest stage, the study next
sought to develop an alternative screening assay. A novel intracellular screening assay was
developed that, theoretically, targets dimer formation in the form of the Transcriptional Block

Survival assay, as described in the following chapter.
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Chapter Four: Establishing a
Transcription Block Survival
screening assay to identify
functional peptide antagonists of
A toxicity
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Chapter Introduction

Following successful application of PCA screening we next sought to develop a novel
intracellular screening assay towards specifically identifying peptides that are capable of
blocking AB dimer formation. This was performed using a newly developed Transcription
Block Survival (TBS) assay. To establish a proof-of-principle for the TBS assay several
control experiments were conducted. Following this, a peptide library was screened within
the TBS platform to explore the potential for this assay to identify ‘functional’ peptide hits

that can impact on early A misfolding events.

Library 28-42 holds an interesting design to be tested within this TBS assay since it maps
to aregion of AB1.42 that is located at the interface of fibrils. It also incorporates residues 41-
42 that are known to be critical in converting the AB peptide to a sequence that aggregates
more readily and that are strongly implicated in pathology. However, due to the significant
size of the library and difficulty in synthesis and purification of the previous PCAHL1 peptide
along with the extensive optimisation that may be required for potential hits from this library,
the decision was made to initially screen Library 10-22 as a test screen within this assay.
This initial proof-of-principle screen explored the potential for the TBS platform to identify
peptide sequences that can impact upon AB-induced toxicity by preventing the earliest
events in the aggregation pathway. Following the initial screen, it may be worth revisiting
Library 28-42 in the future. The development of this novel intracellular TBS assay, its proof
of concept and application to identify peptide hits from the Library 10-22 screen has been
written and prepared for publication as presented in the next section. The following
manuscript refers to the pervious paper outlined in Chapter Three on various occasions.
The plan would be to publish the Chapter Three paper prior to the following TBS manuscript

and so references would be updated to reflect this as necessary.
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A Transcription Block Survival screening assay to identify
functional peptide antagonists of AB toxicity

Abstract

It is generally accepted that a range of oligomers and their conformers of Amyloid-8 (AB)
impart toxicity in Alzheimer’s disease (AD). Pinpointing the precise species responsible and
blocking their formation has hampered the search for effective antagonists. Therefore,
preventing formation of these species at the earliest point of aggregation, i.e., the formation
of a dimer, to block downstream oligomer formation entirely, holds significant promise in
unlocking potent inhibitors of AD. This study presents a successful proof of concept for the
use of a Transcription Block Survival (TBS) assay to identify effective peptide inhibitors of
AB-induced toxicity, including the use of controls. Successful application of TBS screening
identified a peptide sequence that is expected to inhibit formation of dimers. This study
utiised ThT aggregation measurements, protein cross-linking and circular dichroism to
demonstrate that the peptide identified indeed can impact upon aggregation of AB, and
when applied to cell-based assays reveals the potential of the peptide to rescue AB-induced

toxicity using MTT as a measure of cell viability.

Introduction

Alzheimer's Disease (AD) accounts for around 70 % of dementia cases and effects
approximately 10 % of the population over 60 (Frank et al., 2003; WHO, 2021a). AD ranks
7" leading cause of death and with no cure, only the option of drugs to alleviate symptoms,
it is evident that research towards AD therapeutics are essential to address the concerning
lack of disease-modifying treatments (WHO, 2020).

The lack of successful drug candidates is owing to the complicated disease progression of
AD. Ultimately, the dysregulation and misfolding of two proteins, Amyloid-g (AB) and Tau,
are responsible for the pathologies observed in AD brain by forming extracellular amyloid
plaques and intracellular neurofibrillary tangles (NFT), respectively. Both are important
targets for AD therapy however, since the formulation of the Amyloid Cascade Hypothesis
(ACH) in 1992 by Hardy and Higgins (Hardy, J.A. and Higgins, 1992), much research has

focused on anti-AB therapies.

The search for AB-targeted therapies has proven to be a difficult one facing much
controversy with three decades of research culminating in very few to no successful drug

candidates. However, the recent FDA approval to fast track Aducanumab to Phase IV trials
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in the United States has reaffirmed the potential of AB-targeted therapies and the role of Ap
in causing AD. Aducanumab (Biogen) is dubbed the first drug to address the cause of AD,
to reduce plaque burden, by directly targeting AB. Although controversial, the promise of
Aducanumab indicates the potential of AB-directed therapies and opens up avenues to

explore alternative methods to target AB.

It is generally accepted that the toxic isoform of AR exists as low-n soluble oligomers,
although it is not known which conformer presents the highest toxicity (Mroczko et al., 2018).
One approach against AD pathology is to target and prevent the formation of these
oligomers. This has been attempted with small molecules and antibodies however these
carry high production costs, present toxicity and often lack specificity, all of which can be
overcome by the use of peptides (Mason, 2010). Whilst previous peptide studies lacked
promise due to issues involving short half-life, rapid clearance, protease susceptibility and
poor bioavailability, recent improvements applied to peptide mimetics overcome many of
the above shortcomings and have resulted in a resurgence in research involving peptides
as therapeutics (Leithold, L.H. et al., 2016; Armiento, Spanopoulou and Kapurniotu, 2020).
With a peptides ability to target specific regions of interest of a protein presenting higher
specificity, along with the opportunity to efficiently build and screen large, diverse peptide
libraries the future of peptide therapeutics is exciting (Mason, 2010).

Numerous peptide-based approaches to target AB pathology have been explored,
culminating in a lack of successful peptide drug candidates reaching clinical trials, despite
exciting pre-clinical results that demonstrate alterations in AR aggregation. It is not known
exactly which oligomeric conformer of AR confers toxicity and many studies created
peptides based upon self-recognition elements of AB to theoretically block AR aggregation.
An example of this is the sequence-derived peptides designed around the KLVFF motif,
OR-1 and OR-2 aimed at targeting AB oligomer production. However, following synthesis
and characterisation of the peptides it was revealed that whilst both peptides inhibited fibril
formation, only one, OR2, inhibited production of oligomers. Furthermore, only OR2 rescued
viability following AB-induced toxicity in cells, demonstrating the importance of targeting the
production of oligomers for treatment and their relevance to AD pathology (Austen et al.,
2008). Whilst peptides designed around the sequence of AR are useful tools to design
peptide sequences, they require the assumption that the peptide will work as intended. It is
not until the peptide has had time and money invested that the potential of the peptide is
revealed and whether it influences oligomerisation as expected. Being able to select
peptides for their ability to inhibit oligomer formation or know which species of AB the

peptide interacts with would be of benefit.

The search for successful peptide drug candidates has been conducted within intracellular

screening assays to identify peptide hits that not only bind to AR but must also detoxify it,
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such as that by the Protein Fragment Complementation Assay (PCA). Accera et. al.,
identified the KAT, L2P1 and L2P2 peptides that demonstrated the ability to inhibit and
reverse AB aggregation and their subsequent retro-inversion to aid protease resistance in
mammalian cells (Acerra, Kad and Mason, 2013; Acerra, Nicola et al., 2014). However, with
this PCA approach, whilst the peptide does detoxify the protein target it is not known the
mechanism by which the peptide achieves this. Does it bind monomers or small oligomers
to prevent oligomer formation? Or bind oligomers and push them towards inert plaques, for
example? These are questions that would require exploration following identification of the
hit.

Attempts have been made to screen libraries against oligomeric samples to identify hits that
bind either monomer or small oligomers of ABR. The Willbold group identified the D3 peptide
using mirror-image phase display, an assay that utilises bacteriophage to display peptide
library members on the surface (Wiesehan et al., 2003; van Groen et al., 2008). The
bacteriophage is washed over a surface containing an immobilised target protein in its D-
amino acid conformation. This will identify L-peptide hits that interact with the D-enantiomer
of AB. Subsequent synthesis of the peptide hit sequences containing D-amino acid residues
will allow for interaction with the natural L-conformer of the target protein (Schumacher et
al., 1996). In retrospect, this approach proved successful following characterisation of the
peptide hit using the quantitative determination of interference with AR aggregate size
distribution (QIAD) assay in which density gradient centrifugation was applied to separate
isomers of AB by size. Reverse-phase High Performance Liquid Chromatography (RP-
HPLC) was subsequently employed to quantify the amount of each species and determine
the change in size distribution of AR upon application of the peptide. This revealed the ability
of D3 to specifically reduce AB oligomer levels. However, the design of the assay employed
a ‘low concentration’ of AB in which the study ‘expected’ would result in monomers and
small oligomers dominating the target species, rather than explicitly targeting these species
(Brener et al., 2015). Furthermore, peptide binding to oligomeric samples may be too late
in the aggregation process as the small, low-n oligomers recognised as the toxic conformers
of AB are still allowed to form and potentially present toxicity. Being able to screen for
peptide hits that are known specific binders to monomeric AR to prevent dimer formation
and eliminate the production of any toxic oligomer species entirely would be ideal,

something that this study addresses with the TBS assay.

In particular, the amyloid TBS assay, developed here for the first time, is utilised to screen
for peptide inhibitors of ABi.4> dimerisation specifically. The design of TBS allows
identification of peptide hits that potentially inhibit AB aggregation at the earliest stage,
dimerisation, a novel and interesting prospect (Figure 2 (a)). The ability of the TBS
screening platform to identify peptides that likely inhibit dimer formation holds exciting

promise as successful implementation will allow for identification of peptides that intervene
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before the production of any toxic oligomeric species and provides the potential to
understand the form of AR that the peptide binds (the monomer). Additionally, TBS retains
the intracellular advantage of PCA to provide hits that must detoxify AR to offer a growth
advantage and are more likely to present protease resistance in a cellular environment. This
study presents the successful development of the novel, intracellular AR TBS assay and its
application to identify a peptide hit that alters AR aggregation, as demonstrated by
Thioflavin-T (ThT) aggregation assays, Circular Dichroism (CD), protein cross-linking and

cell-based toxicity assays.

Materials and Methods

For comprehensive materials and methods see supporting information.

TBS Assay proof-of-principle and optimisation prior to library screening.
Electrocompetent BL21-G cells were transformed with a p300d-TRE-mDHFR (Cm) plasmid
and one of either p230d-Ap or p230d-Basic-AB (Amp) and plated on to LB plates (Amp/Cm)
(production of plasmids by PCR and ligation into relevant backbones in Sl). A single colony
was picked for each cell line (untagged AB and Basic-AB) and prepared electrocompetent
with each cell line next transformed with an empty pQEB80 (Kan) plasmid. The addition of
the empty pQE80 plasmid served as a control to provide antibiotic matching to TBS
screening since the library is later cloned in to pQEB8O0 plasmid. Single colonies were picked
for the two BL21-G cell lines containing pQE80-empty (untagged-AB and Basic-AB) and
used to inoculate 10 ml LB (Amp/Kan/Cm) overnights. These were washed the following
day with M9 media and resuspended to a final ODsoo 0f 0.8. Various conditions were tested
in which cell volume plated was altered along with precise concentration of TMP. Conditions

were explored in the following combinations:

Table 1: Combination of conditions tested to optimise TBS platform. Optimisation of

TBS platform to identify optimal library screening conditions.

TMP Concentration (UM) 4 8 16
Volume of cells plated (pl) 50 100 50 100 50 100

Both cell lines were plated in each condition to identify the optimal assay conditions to
provide the greatest assay window for basic-Af binding to TRE sites on mDHFR (loss of
colonies upon addition of the Basic tag to AR compared to untagged AB). Controls lacking
protein induction by IPTG, and therefore not expected to result in cell survival, were also

conducted for each condition to provide further proof that cell survival is contingent upon
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the expression of the component mMDHFR and AB/basic-AB proteins under control of a lac

promotor.

TBS Library Screening using Single Step Selection. Electrocompetent BL21-G cells
(prepared as above) were transformed with a p300d-TRE-mDHFR (Cm) plasmid and a
p230d-Basic-AB plasmid (Amp) and plated on to an LB agar plate (Amp/Cm). A single
colony was picked, and the cells prepared electrocompetent once more. Following library
subcloning (see Sl for details), the pQEB8O0-library plasmid (Kan) was next transformed into
the electrocompetent cell-line. 50 pl of the transformed recovery media was taken for LB
dilution plates (1/20th) to ensure the library was fully covered. The remaining cells were
placed into a total of 10 ml LB (Amp/Kan/Cm) for overnight incubation at 37 °C. The
overnight was centrifuged at 4,500 rpm for 10 minutes and washed twice with M9 media
and resuspended to a final ODeno of 0.8. 50 pl (optimised previously as above) was then
plated on to each M9 plate containing 250 yM Amp, 100 uM Kan, 100 uM Cm, 8 uM TMP
(optimised previously as above) and 1 mM IPTG. A control plate lacking IPTG was also
plated to ensure colonies are only observed upon induction by IPTG. The plates were
sealed with parafilm and incubated at 37 °C for a minimum of 48 hours to allow for colony

formation.

TBS Library Screening using Competition Selection. Liquid culture growth was
optimised separately to single step selection as optimal growth conditions differ between
plate culture and liquid culture. Following optimisation across a range of TMP
concentrations (8 uM, 16 uM, 20 uM) the best growth conditions were identified at a TMP
concentration of 16 yM, otherwise all other antibiotic concentrations remained the same as
for single step selection. M9 media was used to harvest and wash the TBS-active hits from
single step selection M9 plates and glycerol stocks taken. The pool of cells from the harvest
was referred to as Passage 0 (Po). Po pool was diluted so that ODggo = 0.4 and 50 ul used
to inoculate 50 ml M9 media (Amp/Kan/Cm/TMP/IPTG). This was then incubated at 37 °C
until ODsoo = 0.4. Then 50 pl of cells were used to inoculate the next passage, P1, which was
grown until ODsgo = 0.4 and 50 pl used to inoculate P2 and so forth. Concomitant controls
lacking IPTG were conducted to ensure cell survival was reliant on expression of the TBS
system plasmids. After multiple passages volume of cells used to inoculate starter culture
was decreased to 25 pl to increase selection pressure. DNA sequences were monitored
throughout passages to give sequence averages across the clonal population in addition to
individual colonies (by plating onto LB agar). This was repeated until a single, winning
sequence remained in the pool where the average pool sequence provided a clean result

that matched that of the individual colonies.
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ThT aggregation Assays. AB +/- TBS peptide aggregation experiments were probed first
by using ThT fluorescence studies at a range of concentrations. All assays were measured
using a ClarioStar Microplate reader (BMG LabTech) with incubation at 37 °C under
quiescent conditions. AB protein was suspended in 20 mM Sodium Phosphate Buffer, 200
MM EDTA (a metal ion chelator to sequester metal ions and aid stability of the protein buffer)
at pH 8.0, whilst TBSH1 peptide was resuspended in 20 mM Sodium Phosphate Buffer, 200
uM EDTA at pH 5.8 to allow for complete dissolution of the peptide into the buffer. Corning™
96-well, non-binding, Flat Bottom, Half-area microplates (Corning: 3881) were used with
100 ul sample per well. All plates were sealed using adhesive plate foils (ThermoFisher:
AB0626). Samples were prepared in triplicate containing 17.5 yL 100 yM AB and varying
volumes of TBSH1 peptide to obtain desired protein:peptide stoichiometries of 1:10, 1.5,
1:2, 1:1 and 1:0.5 AB:TBSH1, 20 uM ThT (0.4 ul of 5 mM stock per well) and made up to a
final volume of 300 pl (to allow for 3 x 100 ul repeats) with 20 mM Sodium Phosphate, 200
UM EDTA, pH 8.0. 100 ul of sample was transferred to each well and fluorescence
measured. The focal height was set to 4.2 mm and the gain adjustment to 1200.
Fluorescence was measured using an excitation filter of 440 nm, an emission filter of 480
nm and read using the bottom optic with 15 flashes per well on a spiral average with a cycle
scan time of 90 seconds.

CD experiments. To determine changes in the global secondary structure of Ap in both the
presence and absence of peptides CD experiments were conducted. These were either as
end-point experiments following complete aggregation of AB or were undertaken in a
timepoint nature in which the structure was monitored using CD throughout the AR
aggregation time-course. This was achieved by capturing samples of AB at various
timepoints from To to the aggregation endpoint, when the ThT signal had plateaued. All
samples were suspended in 20 mM Sodium Phosphate buffer, 200 uM EDTA, pH 8.0 or pH
5.8. CD measurements were undertaken using a Chirascan™ V100 (Applied Photophysics)
with the sample chamber set to 37 °C for timepoint experiments or 20 °C for endpoint
experiments. A 1 mm path length quartz cuvette was used (Hellma Analytics; Cat No.:
HL110-1-40) with the scan ranging from 190/200 nm - 280 nm with a 1 nm bandwidth. Three

scans for each sample were taken and an average obtained.

Photo-induced Cross-linking of unmodified proteins (PICUP). PICUP protocol was
adapted from Rahimi et. al. (Rahimi, Maiti and Bitan, 2009) and requires careful optimisation
to work successfully for any given protein. Firstly, stock solutions of 20 mM Ammonium
Persulphate (APS) and 10 mM Tris(2,2-bipyridyl)dichlororuthenium(ll) hexahydrate
(RuBpy) (Sigma: Cat No.: 224758) were prepared in 20 mM Sodium Phosphate, 200 yM
EDTA, pH 8.0 buffer. Both timepoint and endpoint PICUP assays were conducted in
accordance with data from across the ThT monitored time-course. PICUP experiments were

carried out at 50 uM AR and with varying molar ratios of AB:TBSH1 of 1:2, 1:1 and 1:0.5.
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For the cross-linking procedure, 1 ul 10 mM RuBpy and 1 pl 20 mM APS were pipetted to
the opposite sides of the bottom of an Eppendorf tube. 18 ul sample was next added to the
tube and gently agitated to facilitate mixing. The tubes were then subjected to 10 seconds
of lightand 1 pl 1 M DTT solution subsequently added to quench the reaction. The cross-
linked samples were next separated by SDS-PAGE (150 V for 45 minutes) to distinguish

different sized species of A present.

Preparation and Differentiation of SH-SY5Y cells. Cells were differentiated as described
by Forster et. al. (Forster et al., 2016). SH-SY5Y (ECACC 94030304) cells, purchased from
Public Health England’s European Collection of Authenticated Cell Cultures (ECACC), were
seeded on to Nunc ™-treated cell culture plates (ThermoScientific: 142485) in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 with Phenol Red (ThermoFisher 42430082)((1:1
ratio DMEM/F12 media), 10 % FBS, 5 % Pen/strep, 5 % L-glutamine) at a density of 5 x 10*
cells/ml and incubated at 37 °C, 5 % CO for 1 day. Following this, the media was removed
and replaced with Serum-free DMEM/F12 with Phenol Red ((1:1 ratio DMEM/F12 media),
10 % FBS, 5 % Pen/strep, 5 % L-glutamine) media and 10 uM Retinoic Acid (RA) (Sigma:
R2625). The SH-SY5Y cells were incubated in RA media for 3 days until the RA media was
removed and replaced with Neurobasal-A media (ThermoFisher: 12349015) (1 % L-
Glutamine, 1 % pen/strep, 1 % N2 neuronal supplement) and 1.85 nM Brain-Derived
Neurotrophic Factor (BDNF) (Merck: B3795) and incubated for a further 4 days. After 7 days
the SH-SY5Y cells were fully differentiated and ready for use in assay.

Cell viability assay by MTT. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
(MTT) assays stand as an indirect measure of cell viability, probing mitochondrial function
by measuring the conversion of MTT to formazan by mitochondrial enzymes. For the MTT
assay, a 1 mg/ml MTT (in complete media) solution was prewarmed. The assay media was
aspirated, replaced with 500 ul MTT media and incubated at 37 °C, 5 % CO- for 1 hour.
Following this, the media was removed and 650 pl Isopropanol added and mixed to
solubilise the remaining formazan dye. 200 yl was transferred to a single well of a clear
plate in triplicate and the absorbance measured at 595 nm using a microplate reader
(BioRad, Model: iMark).

Results

We report and explore the potential of the novel intracellular peptide library screening
approach, TBS. The TBS platform is a DNA binding assay that blocks transcription of an
essential gene required for cell survival. For amyloid-TBS this involves fusing a short basic
DNA binding region (25 amino acids corresponding to the basic region of the cJun bZIP

protein) to the N-terminus of AB1.42, such that the first point of aggregation (i.e., dimerisation)
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aligns basic regions for cognate DNA binding (Figure 1 (a-b)). Thus, in amyloid-TBS one
dimerization domain (a leucine zipper) is replaced with another (AB) in order to bring the
basic regions into alignment for DNA binding. TBS readout works by incorporating 15 TPA
Responsive Element (TRE) binding sites into an essential gene. Here we use murine
dihydrofolate reductase (mMDHFR) enzyme, which is an absolute requirement for the

synthesis of purine bases thus essential for cell survival.

As a transcription factor, cJun forms heterodimers with Fos proteins via leucine zipper
regions. Formation of cJun-Fos dimers brings the basic regions of the proteins together to
allow ‘scissor-gripping’ of DNA at TRE recognition sites (Worrall and Mason, 2011) (Figure
1 (a)). For the AB TBS assay, the leucine zipper region of cJun has been replaced with ARi.
42, meaning that upon AR dimerisation the basic regions align and bind to TRE recognition
sites on the TRE-mDHFR (Figure 1 (b-c)). Endogenous DHFR is selectively inhibited in the
TBS assay using the antibiotic Trimethoprim (TMP), meaning that cell survival is solely
dependent on transcription of this modified TRE-mDHFR. In the absence of a Basic tag, AR
is unable to bind mDHFR, meaning the sequence is available to be transcribed and
translated to form the DHFR protein, allowing for cell survival and colony formation (Figure
2 (a(1))). However, upon addition of the Basic region to AR, the dimeric basic region that is
formed upon AR self-association, can insert into the major groove to selectively recognise
TRE recognition sites thus blocking transcription of the mDHFR, resulting in loss of cell
survival (Figure 2 (a(2))). Consequently, only inhibitors capable of preventing AR from
dimerising and docking with cognate TRE sites within the mDHFR gene will rescue gene
transcription and therefore cell survival (Figure 2 (a(3))).
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Figure 1: Concept of Transcription Block Survival Assay (TBS). a) cJun-cFos
heterodimer scissor-gripping DNA. Image created in PyMol (PDB ID: 1FOS). b) Basic DNA
binding region from cJun used to tag AB (image created using BioRender from Abeta PDB
ID 50QV). c) lllustration of Basic-tagged AB:.42 dimerisation and scissor-griping of DNA.
This is not an accurate representation and AB has been rotated to demonstrate Basic-tag
alignment for illustration purposes. Image created using BioRender.com.
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Addition of a Basic-tag to AB inhibits cell survival in proof-of-principle assays. Prior
to screening libraries using the TBS platform, proof of principle assays were required. First
therefore, the ability of AB to block transcription of the survival gene TRE-mDHFR upon
addition of the Basic-tag to ABi-s2 was tested. In this assay, two cell lines were produced
each containing TRE-mDHFR and either basic-Ap or untagged-Ap and the TBS screening
platform applied. An mDHFR containing no TRE sites as a control has been conducted
within the analogous bZIP TBS system and provides considerable confidence in the system
by demonstrating reliance upon TRE-site recognition and binding to block transcription and

cell survival.

As expected, following optimisation, loss of colonies was observed upon addition of the
basic-tag to AB. The untagged-AB cell line provided an average of 75 colonies on assay
plates whilst basic-AB resulted in an average of just 5 colonies, equating to an
approximately 15-fold reduction and providing a firm proof-of-concept for the AR TBS Assay
(Figure 2 (a(1-2) & c)).

These colonies were produced following optimisation of the assay plate conditions required
to provide the largest assay window for library screening in the single step selection stage
(see Materials & Methods). The optimal screening conditions identified were 8 uM TMP with
50 pl of ODego = 0.8 cell culture incubated at 37 °C for 48 hours.

TBS-active hits identified following screening of AB library 10-22. A high resolution
cryo-EM structure of AB1.42, harbouring a Greek-key motif common to many recent amyloid
structures was used as a template to semi-rationally design a library, which has been
previously discussed and screened using PCA (Chapter Three) (Gremer et al., 2017). A
random sample of 100,000 members of this AR 10-22 library, has been used as a

preliminary test screen to establish the potential of the TBS assay.

Following molecular cloning of the 10-22 library, this 100,000 member library was built and
~ 92 % coverage was achieved and screened through the optimised TBS platform with 100
% coverage (See Equation S1). Upon addition of the library to the TBS system concurrent
untagged-AB and Basic-AB with pQE80-empty controls were repeated in which 81 and 0
colonies were observed respectively, determining the assay window for this screen. In the
presence of the library with Basic-AB, 46 colonies were observed on the small M9 assay
plates (representing 25 % of the total cells plated) whilst the remaining culture (75 %) was
plated on to a large M9 assay plate, both of which were harvested. The presence of 46
colonies in relation to the assay window for this screen (Untagged AR (81) — Basic-AB(0))

provides ~ 57 % recovery (Figure 2 (a & c-d)).
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The resulting colonies from the single-step TBS selection were harvested and taken further
into competition selection in liquid M9 media. Following ten rounds of liquid competition
selection passaging a final sequence was selected: YGVEHRKGVFFVE. This will be
referred to from here on as TBSH1 (Table 1) (Figure 2 (b)).
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Figure 2: TBS Principle and application of the assay to identify a binding peptide hit.
The TBS assay is conducted within BL21-G cells containing a mutated version of the
MmDHFR gene with 15 TPA-Responsive Element (TRE) regions which the basic tag can
recognise and bind to. Presence of the antibiotic Trimethoprim (TMP) in the assay inhibits
endogenous DHFR meaning the cells survival is entirely dependent upon transcription of
the TRE-mDHFR. a) (1) AB alone is unable to recognise and bind at the TRE mutation sites
along the mDHFR sequence. Therefore, transcription is unhindered and mDHFR protein
can be produced, allowing cell survival and colony formation. (2) However, upon addition of
a Basic-tag to AB, dimerisation of the target protein allows for scissor-gripping of the DNA
by the basic regions and blocking of transcription. This results in loss of colony formation
as cell survival is dependent on transcription of this mDHFR gene. (3) Addition of peptides
that block AB dimerisation will prevent the basic tags coming together, releasing the DNA
for transcription of TRE-mDHFR, restoring cell survival. b) Sequence of TBSH1 following
TBS screening of Ap 10-22 library where * represents a stop codon. Resulting base peaks
from LightRun sequencing are shown below the sequence, with codons aligned to relative
residues. ¢) TBS proof-of-concept assays were conducted to observe loss of colonies upon
addition of the Basic tag to AB. Error bars represent SEM. The library screen was conducted
once hence no error bars for this condition. d) Representation of a single experiment to
demonstrate loss of colonies upon addition of the Basic-tag to AB conducted simultaneously
to the library screen to determine the assay window for that screen. Colonies counted on
each assay plate is represented along with the percentage of colonies recovered with
regards to the assay window.
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Table 1: Sequence options throughout competition selection of AR 10-22 TBS screen.
Following single step TBS screening of AR 10-22 library, competition selection was carried
out to identify the strongest TBS hit. At each passaging step the culture was pooled,
miniprepped and resulting DNA sent for sequencing by LightRun. The sequencing peaks
obtained at each step is shown and demonstrates the variation at each position with peak
colours representing different DNA bases. Restriction site bases are lower case with TAA
and TAG coding for stop codons. The library template and settled sequence is shown as
aligned with respective codons for each residue. The library design is shown at the top of
the table where the top line is the wild type ABi0-22 Sequence (included as library members)
and residue options shown beneath where * represents the following 16 amino acids
(LIMVPTAHQNKDERSG) and » denotes NNK which codes for all 20 amino acid residues.
Letters in black are conserved within the library design whilst red letters are altered. For
passage P2 and P4 sequencing errors occurred in which no sequence was displayed, likely
due to primer misalignment during sequencing.
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TBSH1 alters course of AB aggregation as measured by ThT Fluorescence. Following
successful synthesis and purification of TBSH1 (Figure S1), biophysical characterisation to
reveal how the peptide might alter AR aggregation was conducted. Firstly, a ThT
aggregation profile was obtained for the aggregation of 5 uM AR with varying concentrations
of TBSH1 and revealed that the peptide both increases the initial lag phase, thus slows

aggregation, and reduces overall fibrilisation at the endpoint as measured by ThT.

The most effective ratio for delaying the lag phase of AB aggregation is that of 1:10 which
increases the midpoint value by ~ 50 %, however at this concentration of peptide the overall
fibrilisation at the endpoint is not optimal with a reduction of ~ 20 % compared to ~ 35 % for
the 1:5 (Figure 3). Later cell based assays, discussed subsequently, identified the optimal
AB:TBSH1 ratio to stand at 1:2. For this reason, subsequent CD and PICUP experiments

were conducted using an AB:peptide ratio of 1:2.

Aggregation of 5 uM AB in the presence of

680 TBSH1
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Figure 3: TBSH1 alters AB aggregation as measured with ThT fluorescence. ThT
fluorescence was utilised to measure the course of AR aggregation in the presence of
TBSH1. 5 uM AB was aggregated both in the presence and absence of TBSH1 at varying
ratios from 1:10 through to 1:0.5.
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TBSH1 reduces global B-sheet content and rate of conversion of AB to B-sheet as
measured by circular dichroism. CD experiments conducted to reveal the global
secondary structure of AR at the aggregation endpoint show a reduction in the 3-sheet
content of AB by ~ 18 % when TBSH1 is present at a ratio of 1:2 AB:TBSH1 (Figure 4 (a)).

To further explore the ability of TBSH1 to slow the aggregation of AR, as demonstrated by
the prolonging of lag phase in ThT experiments (Figure 3), CD scans were conducted
throughout the aggregation of AB in a timepoint manner. Timepoint CD scans reveal that
TBSH1 consistently reduces the extent of B-sheet formation, as measured by formation of
the 218 nm minima, throughout aggregation by between ~ 13 and 20 % across the

aggregation time course with the distinction increasing as time proceeded (Figure 4 (b-d)).

Concentrations were optimised to allow successful analysis within each assay type so
unfortunately ThT does not hold consistent concentrations with CD and the following PICUP

experiments which were conducted at 50 uM.

a) Endpoint aggregation of 50 uM A with and c) Timepoint CD scans of 50 pM AR in the
without TBSH1 [1:2] presence of TBSH1 [1:2]
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Figure 4: Circular Dichroism scans show change in extent of B-Sheet structure of A
aggregation in the presence of TBSH1. a) CD Scan of endpoint of 50 uM A aggregation
in the presence of varying stoichiometries of TBSH1. b) Timepoint CD scans taken during
50 puM AB aggregation at various timepoints. c) Timepoint CD scan taken during
aggregation of 50 uM AR in the presence of TBSH1 at a protein to peptide ratio of 1:2. d)
218 nm minima values determined by CD scans at various timepoints throughout 50 uM A
aggregation in the presence and absence of TBSH1 reveal peptide ability to reduce B-sheet
fold formation.
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Photo-induced cross-linking of AR demonstrates slower aggregation of A in the
presence of TBSH1. Here, photo-induced cross-linking of unmodified proteins (PICUP)
has been applied to explore the potential of TBSH1 to alter AR aggregation. An artefact
created by the TBSH1 peptide, as shown in the TBSH1 only control, presents a form of
cross-linked product overlapping with the size of monomeric AB at ~ 4.5 kDa. Therefore,

changes in the level of monomeric A upon addition of the TBSH1 is not possible.

There is a dark smear present at around ~ 21.5 kDa, that increases across the timepoints
of AB aggregation when the TBSH1 peptide is present at an AB:peptide ratio of 1:2. At the
endpoint of aggregation, the intensity of the ~21.5 kDa band appears reduced as the peptide
concentration decreases in a dose responsive manner following 120 minutes of aggregation
(T120) (Figure 5).

An additional band, ranging from ~ 55 to 200 kDa, is also present towards the top of the
gel. This band appears to increase in intensity throughout the timepoints as aggregation
proceeds. This increase in intensity for this band appears to be thwarted in the wells
containing AP in the presence of TBSH1 when compared to AB in isolation. For the TBSH1
wells, the intensity of this higher molecular weight band does not appear to change across
the timepoints. At T120 the resulting band is more intense in the AB only well compared to
the AB:TBSH1 well. At T120 no observable difference is observed at the higher weight

oligomer band over the varying peptide (Figure 5).
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Figure 5: Photo-induced cross-linking experiments suggest alteration to oligomeric
species present throughout AB aggregation in the presence of TBSH1. Following
aggregation of 50 uM AR in the presence of varying ratios of TBSH1, PICUP was conducted
to reveal oligomeric conformers of AB present at the endpoint of aggregation. Additionally,
at an AB:TBSHL1 ratio of 1:2, timepoint cross-linking experiments were conducted to gather
shapshots of oligomeric species throughout aggregation. Lane 1 is Mark12 Ladder whilst
Lane 2 contains a no cross-linking agent, RuBpy, control at TO. Lane 12 represents TBSH1
only well at T120 at an AB:peptide ratio of 0:2. Arrow 1 marks the 4.5 kDa band, arrow 2
marks the approximately ~ 21.5 kDa band and arrow 3 marks the ~ 100-200 kDa band.

TBSH1 partially rescues AB-induced toxicity in SH-SY5Y cells as measured by MTT
cell viability assay. Following biophysical characterisation of TBSH1 using ThT, PICUP
CD, the study next sought to investigate the ability of TBSH1 to alter AB pathology in a
cellular environment. The cell viability assay, MTT, was used to measure cell viability with

changes in mitochondrial activity.

Incubation of 2.5 yM monomeric AB for 48 hours provides significant AB-induced toxicity
with cell viability measured using MTT. The difference between vehicle control (treatment
with buffer only) and AB treatment was calculated to standardise the toxicity window and
allow comparison between experimental repeats. For visual representation Figure 6 (a)
represents a single experimental repeat where a reduction in cell viability of ~ 28 % +/- 1.8
SEM was observed with the addition of TBSH1 at 1:2 and 1:1 partially rescuing cell viability
by ~9 % +/- 1.1 SEM and ~ 13 % +/- 1.7 SEM, respectively. At higher concentrations of
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TBSH1, the peptide presents some toxicity demonstrated by a reduction in cell viability by
~ 6 % +/- 1.3 SEM. Across three experimental repeats, upon co-application with TBSH1 the
cell viability was rescued by ~ 14 % +/- 4.0 SEM for the optimal treatment at a 2-fold molar
excess of TBSH1 (1:2) (Figure 6 (b)).

A range of AB:TBSH1 ratios were tested including 1:3, 1:2, 1:1 and 1:0.5. At a ratio of 1:3
the peptide presents toxicity and, although at equimolar amounts TBSH1 provides no
alteration in cell viability at 0.4 % +/- 6.8 SEM, 1:0.5 provides partial cell rescue at ~ 9.7 %
+/- 3.5 SEM recovery.
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a) Cell viability of SH-SY5Y following incubation with
2.5 yM AB with TBSH1
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Figure 6: TBSH1 demonstrates potential to partially rescue AB-induced toxicity in
differentiated SH-SY5Y cells as measured by MTT assay. Due to differences in toxicity
windows MTT values were standardised to the toxicity window and a) represents a single
experimental repeat where, following incubation of A at a final well concentration of 2.5
UM for 48 hours, an MTT cell viability assay was conducted. b) Calculated averages across
experimental repeats following standardisation to the toxicity window for each repeat with
calculated SEM and significance values. Vehicle and AB:TBSH1 1:0 samples do not have
SEM as standardised to 100 and 0, respectively, for toxicity window. Following One-way
ANOVA analysis, no significance was observed between AB only samples and AB with co-
application of TBSH1 samples. For all conditions n = 3 experimental repeats, with the
exception of 1:3 and 0:3 where only one experimental repeat was conducted. Each
experimental repeat has three technical repeats.
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Discussion

Prior to the application of the TBS assay, proof-of-principle experiments were required to
confirm that the assay worked as intended. The design of TBS implies that untagged-AR
would not be expected to recognise the TRE-binding sites on the TRE-mDHFR and so
transcription can continue uninterrupted. In contrast, following basic-AB dimerisation and
resulting interaction of the basic regions with TRE sites within TRE-mDHFR, transcription
would be blocked, impeding cell survival. This was corroborated by the proof-of-principle
assays in which a loss in colonies was observed upon addition of the Basic-AB tag.
Following confirmation that the assay behaved as intended, a peptide library was used to
assess the potential of TBS to identify functional peptide hits.

A high resolution cryo-EM structure of AB1.42 that holds a Greek-key motif that is common
to most recent amyloid structures was used as a template to semi-rationally design the
library 10-22, which has been previously discussed and screened using PCA (Chapter
Three) (Gremer et al., 2017). The outer B-sheet strand, incorporating residues 10-22, was
used as the template for this library and ensured relevance across multiple structures from
both in vitro and in vivo sources of AR (Figure 1 (a-e) in Chapter Three paper). Alternate
residues along the B-strand (residues facing towards the hydrophobic core) were semi-
scrambled to allow for selection of a peptide with potentially stronger binding properties
whilst preventing self-aggregation and retaining solubility by conserving the solvent

exposed residues of the B-sheet strand.

Following addition of library 10-22 to the TBS system, cell survival was recovered by ~ 57
% (Figure 2 (a & c-d)). The colonies that were rescued represent members of the library
that are able to bind and revive cell survival and are therefore TBS-active, i.e., presumably
bind AB to prevent dimer formation and detoxify the target. These library members
underwent competition selection in order to identify a single, strongest winning hit
sequence. The evolution of the sequences to emerge from TBS competition selection
screening has been shown in Table 1, where relative abundance of amino acids through
the selection process is represented by sequencing peaks at each residue option. The
presence of various peaks at codon positions demonstrates variation in the pool for that
position. As shown, the second half of the peptide sequence settled quicker than for the first
half, with peak settling observed within earlier passages than for the residues closer to the
C-terminus. Whilst this region of the peptide had fewer residue options incorporated in the
library this is still of interest as this region is identical to that selected for in the PCA
screening to reveal PCAH2 (Figure 2 (a) in Chapter Three paper). In particular the motif
VFFVE was selected in both assays and potentially demonstrates the importance of this
hydrophobic region for binding to AB, hence the swift settling in competition selection.

Additionally, this VFFVE motif aligns well with the KLVFF sequence identified as crucial for
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AB self-recognition and aggregation (Tjernberg et al., 1996). The associated pentapeptide
incorporating the KLVFF motif has demonstrated the ability to reduce AR aggregation, as
explored by TEM, with the incorporation of d-amino acids in the KLVFF based peptides
providing additional protease stability (Tjernberg et al., 1996; Tjernberg et al., 1997). More
recently, OR-1 and OR-2 have been described, along with the subsequent RI-OR2 that
represents a retro-inversed version of OR-2. These peptides are also built around the
KLVFF peptide and contain the VFF motif observed within both PCAH2 and TBSHL1.
Characterisation of OR-1, OR-2 and RI-OR2 revealed the promising potential of these
peptides to inhibit AB aggregation, with the potential to rescue AB-induced toxicity within
cell-based toxicity assays displayed by both OR-2 and RI-OR2, owing to their potential to
inhibit oligomeric species of AB specifically (Austen et al., 2008; Taylor, M. et al., 2010).
The sequence similarity between the KLVFF based peptides and the conserved sequence
between PCAH2 and TBSH1 corroborate the significance of this region.

Ideally, prior to library screening a known inhibitor would have been tested in the system as
a positive control exemplar. However, due to the lack of peptide inhibitors that are known
to specifically interrupt dimer formation in current literature it was deemed necessary to

continue with the TBS screen without such a control.

Biophysical characterisation of the TBSH1 peptide hit was conducted to explore the
potential of TBS to identify functional peptide interacts that impede the aggregation of AR
aggregation. Initially, ThT aggregation assays were carried out and demonstrated that
TBSH1 was capable of altering the aggregation profile of AB. Whilst saturating the system
with a peptide ratio of 1:10 appears to harbour the most effect in slowing the initial
aggregation compared to lower ratios of peptide applied, it is important to be aware of the
potential of this high concentration of peptide to result in higher overall fibrilisation at the
endpoint compared to the lower ratios. Finding a suitable balance between the two factors
(slowing of lag-phase and decreasing overall amyloid) was important and subsequent cell
based assays, discussed later, reveal the optimum AB:TBSH1 ratio to stand at 1:2 to
provide the balance between peptide toxicity and ability to rescue cell viability.

Efficacy of peptides to prevent AR aggregation encountered from ThT assays vary greatly
between previously described peptides within the literature. Whilst some peptides
presented limited alteration to the ThT aggregation profile of AB, namely the KLVFF based
peptide, KLVFF-NH, alternative peptides such as OR1-1, OR-2 and RI-OR2 demonstrate
almost complete ablation of AR aggregation as demonstrated by a flattening of the ThT
profile (Austen et al., 2008). Assay conditions vary considerably between previous studies
and direct comparison becomes difficult towards the ThT profile encountered here but,
despite the comparably minor alteration of ThT aggregation profile presented by TBSH1, it

is important to note the potentially significant impact of delaying onset by just a minimal time
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may have. It is has been documented that by 2050, 9.1 million individuals in the US are
predicted to have an AD diagnosis. Delaying the onset by just one year could decrease this
number by 14 %, whilst delaying by five years could potentially reduce this number by 41

% (Zissimopoulos, Crimmins and St Clair, 2014).

CD experiments were also conducted to reveal the global secondary structure of Ap at the
aggregation endpoint and reveal a reduction in the B-sheet content of AB in the presence
of TBSH1 (Figure 4 (a)). A reduction in the 218 nm peak minima is indicative of extent of 3-
sheet formation, thus suggests a reduction in fibrilisation. This is concurrent with ThT data
in which the fluorescence signal at the plateau of the ThT aggregation curves is reduced in
the presence of TBSH1 (Figure 3). Additionally, timepoint CD scans corroborate ThT further
by revealing a sustained reduction in 218nm minima throughout aggregation demonstrating

that TBSH1 is successful in slowing the aggregation of AB.

To supplement the ThT and CD experiments, protein cross-linking was conducted to better
explore the oligomeric status of AR throughout aggregation and how this changes in the
presence of TBSH1. Photo-induced cross-linking of unmodified proteins (PICUP) uses the
photolysis of ruthenium (lI) tris-bipyridyl (RuBpy) to aid the formation of Tyrosine radicals
within proteins which can then form covalent bonds with nucleophilic side chains to
successfully cross-link closely associated proteins (Fancy and Kodadek, 1999). This
method can be applied to amyloid proteins to provide a snapshot of different sizes of
oligomer present at a certain timepoint (Rahimi, Maiti and Bitan, 2009). PICUP was utilised

within this study to explore the potential of TBSH1 to alter AB aggregation.

The TBSHL1 only control indicated that the peptide alone provides a form of cross-linked
product, perhaps owing to the initial Tyrosine residue in the sequence of TBSH1, which
overlaps with the size of monomeric AB at ~ 4.5 kDa. For this reason, changes in the level
of monomeric AB upon addition of the TBSH1 could not be confidently analysed. However,
when observing the dark smear around ~ 21.5 kDa, perhaps representing low-n oligomers,
an increase in intensity of this smear was observed across the timepoints of A aggregation
when the TBSH1 peptide is present at an AB:peptide ratio of 1:2. Although we cannot
distinguish distinct species from this broad smear, we can see that overall the rate at which
this oligomer smear faded across the timepoints is quicker in the absence of TBSH1,
suggesting the peptide has slowed the aggregation of AB. Furthermore, at the endpoint of
aggregation, (T120), the intensity of this oligomer band appeared reduced as the peptide
concentration decreased in a dose responsive manner. This suggests that the peptide is
less effective at slowing the aggregation of AB at lower concentrations, concurrent with ThT
data collected where this dose responsive effect is also observed; as the concentration of
peptide increases the aggregation of AB is slowed to a greater extent. It must be noted that
SDS-induced artefacts were observed (Bitan, G. et al., 2005; Rahimi, Maiti and Bitan, 2009)
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in the no RuBpy control lane as expected which slightly overlap with this oligomer smear
(Figure 5).

A higher molecular weight oligomer smear was also present towards the top of the gel
ranging from ~ 55 to 200 kDa. Again, identification of a distinct oligomeric species cannot
be distinguished from this band however an overall trend of these higher-n oligomers can
be observed. When AB aggregates alone, as the lower weight oligomer band faded across
the timepoints the intensity of this higher weight oligomer band increased, concurrent with
progression through aggregation. However, in the presence of TBSHL1 the intensity of this
band appeared approximately the same across the timepoints such that by T120 the higher
weight oligomer band is more intense in the AB only well compared to A aggregated in the
presence of 1:2 TBSHA1, further indicating that TBSH1 has slowed the aggregation of Ap.
Across the varying peptide ratios at T120 no observable difference was observed at the
higher weight oligomer band, suggesting that the peptide may take more effect upon lower

weight oligomers, where a difference is observed (Figure 5).

Overall, PICUP suggests that TBSH1 has altered AR aggregation by reducing aggregation

rate, in conjunction with ThT and CD data.

Following the in vitro experiments to measure broad aggregation profiles (ThT), oligomeric
state (PICUP) and secondary structure (CD) of AB throughout aggregation in the presence
of TBSH1, the study next sought to explore the effect of these changes against AB
pathology in a cellular environment. The colorimetric MTT assay was used as a measure of
cell viability by monitoring conversion of tetrazolium salt (MTT) (yellow) to formazan (blue)
by mitochondrial activity. The greater the conversion, thus absorbance at 595 nm, reflects

greater cell viability.

Co-application of AB with TBSH1 upon the SH-SY5Y cells reveals potential for TBSH1 to
partially rescue cell viability, with the optimal condition resulting in ~ 14 % recovery in cell
viability (Figure 6 (b)). Interestingly, upon application of a high molar ratio of TBSH1 relative
to AB, the peptide becomes toxic to the cells, as observed at the ratio of 1:3 where peptide
only control confers toxicity. This is an improvement on the aforementioned KLVFF-NH
peptide, which decreased cell viability at a ratio of 1:1 and presented no potential to rescue
AB induced toxicity within SH-SY5Y cells following an MTT cell viability assay, according to
the El-Agnaf group (Austen et al., 2008). Previous studies suggest a physiological role for
oligomeric AB:1-42 enhancing long-term potentiation (LTP) in healthy brain at low, picomolar
concentrations (Gulisano et al., 2018). When present at higher concentrations perhaps
TBSH1 is inhibiting the native function of oligomeric AB resulting in a decrease in cell

viability.
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At a ratio of 1:2 the peptide no longer presents toxicity to the cell with the ratio of AR: TBSH1
of 1:2 providing the optimal recovery by ~ 14%. Whilst the 1:1 dataset is varied and results
in limited rescue, 1:0.5 also partially rescues cell viability in the SH-SY5Y cell line by ~ 10
% (Figure 6 (b)). This corroborates ThT data in which 1:2 provides the greatest change in
AB aggregation of the three ratios (slowing of midpoint and reduction of total fibrilisation)

whilst evading toxicity in cell-based assays (Figure 3).

The theory behind the TBS platform is corroborated by cell-based toxicity assays used to
explore the OR-1 and OR-2 peptides. Whilst it is important to acknowledge that suggestions
as to how the TBS assay interacts and identifies AR inhibiting peptides has not been
confirmed, in theory the assay should block formation of toxic oligomeric species of AB by
blocking aggregation at the earliest stage, dimerisation, preceding oligomer formation. Both
OR-1 and OR-2 peptides demonstrated exciting potential to prevent AR aggregation.
However, only OR-2 was capable of rescuing AB-induced toxicity within the cell, owing to
the ability of OR-2 to alter AB oligomers, something that OR-1 failed to do (Austen et al.,
2008). This highlights the importance of blocking oligomer formation specifically and, if
TBSH1 follows the theory behind the TBS platform by blocking dimer formation, should also

alter oligomer formation and hold potential to rescue AR induced toxicity.

Overall, cell-based viability assays suggest the ability for the peptide to rescue AB-induced
toxicity however, following assessment with a One-way ANOVA test, this rescue was not
found to hold significance as a result of variance between cellular assay repeats. The
insignificance presented here may occur as a result of greater variance across cellular
assay plates observed following the covid lockdown, the reason for which is unclear and
therefore requires further exploration to fully understand the potential of TBSH1 to rescue
AB-induced toxicity in cell-based assays.

Conclusions

This study presents successful proof of principle for the novel intracellular screening assay
TBS and solidifies the principles of the TBS assay as shown by loss and revival of colony
growth when expected. Cloning complications encountered upon production of control
peptides mean that the proof of principle lacks controls however, this issue is circumvented
upon successful identification of a functional peptide hit following screening of the AR 10-
22 library. Ideally, peptide controls would have been placed through the assay before library
screening however this was not crucial as the lack of known inhibitors against dimerisation
of AR means that inactive control peptides may not reflect an insufficient screening platform

but rather that the peptides are not active within the TBS setting, i.e., presumably do not
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inhibit dimer formation. Therefore, it was deemed appropriate to continue with a test library

screen to explore the potential of the TBS assay.

Following screening of a random sample of 100,000 members from AR 10 — 22 library, a
winning peptide sequence was identified. The ability of this peptide to alter AR aggregation
and present partial recovery of AB-induced toxicity, as shown by biophysical and cell-based
characterisation of the peptide, indicates potential for the TBS platform to identify functional
peptide inhibitors and justifies the use of TBS as a successful screening platform. In terms
of TBSHL1, the characterisation of the peptide suggests some toxicity at high concentrations
of the peptide but highlights potential of the peptide at an optimal ratio between 1:0.5 and
1:2, with the selected sequence standing as a good base for second generation libraries.
Furthermore, future peptide modification studies of TBSH1, for example identification of
essential residues within the sequence using alanine scans and removal of unnecessary
residues may allow for production of smaller, less toxic peptides that enhance the potential

as a therapeutic.

Whist the theory behind TBS suggests that the peptide binds to monomeric AR to prevent
dimer formation, this was not confirmed. As presented clearly from ThT analysis the peptide
is able to impact upon AR aggregation and toxicity. However, it is ultimately observed that
AB can still aggregate, albeit at a slower rate, in the presence of the peptide. One possibility
is that the peptide functions as intended but dimers form within the t=0 timescale that are
able to bypass the peptide, meaning that AR can 'circumvent' the point at which the peptide
can intervene with the aggregation pathway. Therefore, although the peptide can slow the
aggregation process, it cannot entirely thwart it. Although every effort is made to utilise
monomeric samples of AR the sample is unlikely to contain 100 % monomeric species upon
addition to the ThT aggregation assay. A was snap frozen as highly monomeric samples
however, upon defrosting of the sample aliquots for assay use, it cannot be ruled out that
the protein begins aggregating prior to contact with TBSH1 and therefore may contain very
small oligomer/dimeric species that evade inhibition by TBSH1. In addition, at lower molar
ratios of AB:peptide, any excess AP is free to aggregate without peptide interference and
proceed to dimer and oligomer formation. Future experiments to explore how the peptide
binds to AB would be needed to address these points and, if shown to bind AB to block

dimer formation, could further corroborate the principle of TBS.

Whilst it could be thought that blocking AB dimerisation would prevent formation of any
further oligomeric species, presenting as a flat line on ThT upon addition of TBSH1 or lack
of oligomer species in PICUP, realistically this would not be possible. In order to prevent
formation of oligomeric species the peptide would need to block every single monomer as,
once a single dimer molecule is formed, TBSH1 is in theory inactive against any further

aggregation. Therefore, the observation of slowed aggregation (as opposed to complete
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prevention) is not disappointing but rather a realistic target of the peptide. Perhaps a two-
pronged therapeutic approach would be more appropriate to both slow aggregation, by
reducing formation of dimers (assumed by TBS), and to target formation of later aggregates

that may slip through following application of TBSH1.

AB oligomers have been shown to present physiological roles within the human brain with
pathological functions taking precedent at higher concentrations resulting in a switch
towards AP toxicity (Gulisano et al., 2018). Inhibiting endogenous AB has been shown to
induce neuronal cell death implicating a critical role for AB in cell viability (Plant et al., 2003).
Potentially, TBSH1 only slowing the initial stages of aggregation may be advantageous as
the peptide may slow the formation of oligomers, presenting a smaller population of
oligomers than if no peptide was present, enabling the physiological function of the peptide
and prolonging the switch towards pathological AB, as opposed to thwarting production of

oligomers entirely which may block any physiological functions.

In conclusion, this study presents a promising novel peptide screening platform and the
identification of a peptide following initial screening. The TBSH1 peptide hit presents
evidence for the use of TBS to identify potent inhibitors of ApR-induced toxicity in AD and
opens up potential for screening of peptide libraries rationally designed against the dimer
interface (Library 28-42) whilst standing as a promising future drug candidate that is worthy

of further exploration in itself.
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Supporting Information

Supplementary Materials and Methods

Polymerase Chain Reaction. For the library formation, the forward primer stands as the
template for the library DNA. These library members will later be transformed in to a pQE80
vector. For production of the target plasmid Basic-AB, the forward primer codes for cJUN
basic tag with a short complementary site of AB following to bind to the A sequence in the
template DNA (p230d-AB-DHFR). To remove the DHFR tag from AR the reverse primers
have a complementary sequence to AB and then incorporate stop codons. The following

primers were ordered from Sigma-Aldrich:

Table S1: Primer sequences for TBS library 10-22 and production of proof-of-
principle plasmids (Basic-AB and AB-**). Primers are written 5’ to 3’ and letters in bold
represent restriction sites (Library restriction sites are BamHI (orange) and Hindlll (purple)
whilst Basic-AB and AB-** are Sphl (red) and Ascl (dark blue). The AB** F primer is Sfp8
which is a primer that anneals upstream of Sphl site on p230d-AB-DHFR (so Sphl is not
included in the primer sequence as is incorporated from the template downstream). Letters
in italics represent stop codon region. Green letters code for the cJun Basic region whilst
light blue are those complementary to AB sequence.
Primer Sequence

AB Library 10-22 | CTGA TACVNKGTGNNKCATVNKAAAVNKGTGTWTTT
Forward Primer TRYHGAATAATAGAAGCTTTGATAA

AB Library 10-22 | TTATCAAAGCTTCTATTA

Reverse Primer
Basic-AB Forward | AAGCATGC

Primer

AB-** Forward CGGATAACAATTTCACACAG
Primer

AB Reverse TTTCGGCGCGCCTCATTA
Primer
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Primers, Polymerase, dNTPs, buffer and DMSO were added to Eppendorfs in the

following amounts:

Table S2: Reagent volumes required for PCR reactions. For production of basic and
stop plasmids X ul template DNA also added (p230d-AB-DHFR).

Volume (pl)

Reagent PCR Control
5 x Buffer 10 10
10mM dNTPs 2 2
Forward Primer (100uM) 1 1
Reverse Primer (100uM) 1 1
DNA Template (for target plasmids) 1 1
Polymerase 1 0
DMSO 0.75 0.75
ddH20 33.25 34.25
Total 50 50

Product Codes: dNTPs: BioLine (Cat. No.: BIO-39044)
Polymerase, DMSO and Buffer: NEB (Cat. No.:M0530S)

The PCR ran with the following settings:

Table S3: PCR steps for production of correct PCR products.

Stage Temperature (°C) Time (s)

Preheat Lid 105 n/a

Initial Denaturation 98 60

Denaturation 98 20

Annealing 55/60* 60 x32 cycles
Extension 72 60

Final Extension 72 300

Final Hold 4 o0

*The first two cycles were carried out with an annealing temperature of 55 °C with the
following 30 cycles at 60 °C. For Library PCR, a gradient PCR was set between 35 °C and

40 °C and tubes combined.

PCR Purification. As more than one band occurred following PCR, QIAEXII Gel extraction
Kit (Qiagen; Cat. No.: 20051) was used to extract the required band. For bands requiring
extraction by QIAEXII, PCR products were run on a 1.5 % Agarose Gel at 140 V for 45

minutes and appropriate bands extracted for purification using QIAEXIl Gel Extraction Kit
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(Qiagen; Cat. No.: 20051). 6 volumes Buffer QXI (supplied with kit) was added to each gel
slice (1 volume is weight of gel slice (mg)), incubated at 50 °C for 10 minutes then x ul of
silica resin (provided with kit) added (x is dependent on amount of DNA purifying) and
Eppendorf vortexed to resuspend the silica. Buffer-DNA-silica solution incubated at 50 °C
for at least 5 minutes, with vortexing every 2 minutes. The solution was then centrifuged for
30 seconds at 13,000 rpm and supernatant removed. Pellet washed with 500 pl Buffer PE
(provided with kit) by applying the buffer, vortexing to resuspend pellet, then centrifuging
and removing the supernatant. This process was repeated twice. Resulting pellet was air-
dried at 50 °C for 10 minutes. Once dry, the pellet was resuspended in approximately 20 pl
ddH>O and incubated at 50 °C for 5 minutes. Following this, the DNA solution was
centrifuged for 30 seconds and supernatant, containing the DNA, kept. The concentration
of resulting DNA was measured using NanoDrop.

NanoDrop. NanoDrop 2000 (ThermoFisher: Cat. No.: ND2000) was used to measure DNA

concentrations. 2 yl sample was loaded for measurement.

Restriction Digestion. Restriction digest was carried out with appropriate restriction
enzymes (BamHI/Hindlll for library and Sphl and Ascl for Basic-AB and AB-**). The following

digestion mix was used as a guideline for digestion of PCR products and plasmid DNA:

Table S4: Volumes required for restriction digest of insert and vector.

Reagent Volume (pl)
DNA (=2ug)
CutSmart Buffer

Restriction enzyme 1 (=10 U)

Restriction enzyme 2 (=10 U)
ddH.O
Total 20

X| | | N X

X depends on the concentration of DNA, or the volume required to make total volume up to
20 pl.

Digestion mix was incubated at 37 °C for 3-5 hours.

Dephosphorylation of vector backbone. Following digestion of vector backbones by
restriction digest enzymes, the vector backbone was dephosphorylated using the FastAP ™
Thermosensitive Alkaline Phosphatase (Thermofisher Scientific: Cat. No.: EF0651). To a
typical digest mix the following components were added (the volumes were scaled
depending on digest mix volume and amount of DNA — 1 pl of enzyme for each 1 ug of
DNA):
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Table S5: Reagent volumes for dephosphorylation of vector backbone.

Reagent Volume (pl)
Restriction Digest Mix (1ug DNA) X

10 x FastAP™ Reaction Buffer 2

FastAP™  Thermosensitive Alkaline | 1
Phosphatase

ddH-20 X

Total 20

x depends on volume of digest mix and ddH>O required to bring volume up to total.
The reaction was incubated at 37 °C for 10 minutes minimum.

The vector backbone was then extracted using QIAGEN QIAquick Gel Extraction Kit (TBS
vector) as below and Qiagen QIAEXII (described above in PCR purification) kit used to

extract digested library inserts as described above.

QIAGEN QIAquick Gel Extraction. Following restriction digest the DNA was separated on
1 % Agarose Gel at 140 V for 45 minutes and appropriate bands extracted for purification
with QIAGEN QIAquick Gel Extraction Kit (Qiagen: Cat. No.: 28704). To each gel slice,
three volumes Buffer QG (provided with kit) was added to one volume gel (100 mg = 100
). Buffer QG/Gel slice mix was incubated at 50 °C for 10 minutes, shaking at approx. 600
rpm. Once the gel is fully dissolved, if the colour of the mixture was orange or violet (as
opposed to the expected yellow) 10 pl of 10 M Sodium Acetate could be added to return
the buffer colour back to yellow. The sample was then applied to a QIAquick spin column in
the collection tube (both provided with kit) and centrifuged at 13,000 rpm for 1 minute (all
following centrifugation steps are carried out as described here) and flow-through
discarded. 750 pl Buffer PE (provided with kit) was then spun through the column and the
flow-through discarded. To dry the column, the column was then centrifuged. 30 ul of ddH,O
was applied to the spin column at the centre of the membrane and left to stand for 2 minutes
and DNA eluted by centrifuging for 2 minutes. DNA concentration was measured using
NanoDrop.

Plasmid preparation with Miniprep. Various plasmids were prepared using GeneJet
Plasmid Miniprep Kit (Thermofisher Scientific; Cat. No.: KO503). Escherichia coli (E. coli)
previously transformed with desired plasmid was streaked to provide a single colony. A
single colony was picked and used to inoculate 5-10 ml LB media containing the required
antibiotic and incubated at 37 °C overnight, shaking at 250 rpm. The overnight culture was
centrifuged at 4,500 rpm for 10 minutes and resuspended in 1 ml ddH>O per miniprep and
transferred to an Eppendorf. Cell suspension centrifuged in table-top centrifuge for 2

minutes at 8,000 rpm and supernatant removed. 250 ul resuspension buffer (provided with
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kit) added to pellet and vortexed to resuspend. 250 ul lysis buffer (provided with kit) added
and Eppendorf tube inverted at least 6 times. Finally, 350 ul neutralisation buffer added and
tube inverted at least 6 times. Solution was centrifuged at 13,000 rpm for 5 minutes. The
supernatant was removed and applied to a spin column (provided with kit) which was
centrifuged at 13,000 rpm for 1 minute (all subsequent centrifugation as described here
unless stated). 500 ul wash buffer (provided with kit) applied to the column and centrifuged.
This wash procedure was repeated twice with a subsequent centrifugation to dry the
column. The DNA was eluted using ddH2O (volume dependent on prep) by applying the
ddH-0 to the centre of the column and incubating for 2 minutes followed with a 2 minute

centrifugation at 13,000 rpm. Resulting DNA concentration measured using NanoDrop.

Ligation. Ligation was carried out using Electroligase (NEB: Cat. No.: M0369S) at various
vector:insert ratios depending on optimised ratio. Following addition of the insert and vector,
the volume was made up to 5 ul with ddH2O and 5 ul of 2x Reaction Buffer added. 1 pl
Electroligase enzyme was added, and the ligation mix incubated at 25 °C for 1 hour. The

reaction was then inactivated by incubating at 65 °C for 15 minutes.

Preparation of electrocompetent cell lines. For library building NEB10B (NEB; Cat. No.:
C3020K) cells were used and for library screening BL21-Gold cells were used. Cell line to
be made competent was streaked on LB Agar plate containing necessary antibiotics and a
single colony picked to inoculate 5 ml LB Broth with antibiotics which was incubated
overnight at 37 °C, shaking at 250 rpm. 50 ml 2xyt media was pre-warmed at 37 °C with
appropriate antibiotics. This 50 ml starter culture was inoculated with approximately 1 ml
(starting ODsoo should not be more than 0.1) of the overnight culture. This was then grown
up until ODego = 0.6-0.8. Once sufficient growth had occurred the culture was incubated on
ice for 30 minutes with frequent inversion. The cell culture was centrifuged at 5,000 rpm for
7 minutes at 4°C (as for all following centrifugation steps). Pellet was resuspended in 50 ml
cold ddH,O and centrifuged. Supernatant removed and pellet resuspended in 25 ml cold
ddH»0O and centrifuged. Supernatant removed and pellet resuspended in 50 ml cold 15 %
Glycerol and centrifuged, supernatant removed, and pellet resuspended in 25 ml cold 15 %
Glycerol. A final centrifugation was carried out and the pellet resuspended in necessary
volume for aliquots required (often resuspended in residual glycerol from pellet to obtain
high cell density to increase transformation efficiency). Aliquots were mostly used directly
for transformation to increase transformation efficiency or were snap-frozen in liquid

nitrogen and stored at -80 °C.

Electroporation of DNA in to electrocompetent cells. Transformations were carried out
the same for all cell lines. 990 pl 2xyt with 10 pyl 100x transformation salts (0.25 M KClI, 1
MgCl,) prewarmed at 37 °C. X ul DNA sample added to 80 pl cell aliquot (X dependent on

DNA concentration and amount of DNA needed) and kept on ice. Cell-DNA mix transferred
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to electroporation cuvette and transformation was carried out on BioRad GenePulser I
electroporation machine at 1.8 kV, 25 pyF capacitance and between 200-700 Q. Following
transformation, cells were recovered in 2xyt media with electroporation salts for
approximately 75 minutes and plated on M9 or LB Agar plates dependent on assay with

appropriate antibiotics at suitable dilutions.

Harvesting library colonies from transformation plates. 2-10 ml LB media (or M9 if
harvesting from PCA Assay plates), containing appropriate antibiotics, was applied to agar
plates and the cells scraped from the surface. This step was repeated to wash the plate and
ensure sufficient collection of cells. The cells were harvested into a flask and incubated at
37 °C, shaking at 250 rpm, for approximately 1 hour. The cell culture was centrifuged at
4500 rpm for 10 minutes and the pellet weight used to determine number of miniprep
repeats required. The DNA was prepped using the miniprep protocol as described above
but contained contaminating bands, so library preps were taken in the future using

minipreps from glycerol stocks to remove contaminant.

AB 1-42 purchased from Stratech. Recombinant ABi.42 was purchased from Stratech.
Beta-Amyloid (1-42), Ultra Pure, NH4OH was manufactured by rPeptide and purchased via
Stratech (Stratech: Cat. No.: A-1167-2-RPE).

Peptide Synthesis. All Peptides were synthesised using Fmoc Solid Phase Synthesis
using a Liberty Blue Automated Microwave Peptide Synthesiser (CEM: Cat No.: 925602)
with the N-terminal remaining unmodified and C-terminal amidated. The peptide was built
upon an H-Rink amide ChemMatrix resin (Sigma: Cat No.: 727768) with PyBop (Matrix
Innovation: 1-025-0001) used as the activator base (26 g PyBop in 100 ml DMF). The

deprotection reagent used was 20 % Piperidine in DMF.

The peptide was cleaved from the resin using a Trifluoroacetic acid (TFA) cleavage mix
composed of 95 % TFA, 2.5 % Triisopropylsilane (TiPs), 2.5 % ddH.O. 10 ml of cleavage
mixture was added to the resin and incubated, shaking, at room temperature for 4 hours.
Following this, the resin was filtered off with the TFA solution dripping into ice cold
diethylether to precipitate the peptide. The diethylether/precipitated peptide mix was
centrifuged at 7,800 rpm for 10 mins at -11 °C and supernatant poured off. Ice cold
diethylether was added and the solution briefly vortexed and centrifuged again. This was
repeated for three rounds and the final remaining peptide pellet was air-dried at room

temperature overnight and then stored at -20 °C until purification by HPLC.

Purification of peptides. Peptides were purified using High Performance Liquid
Chromatography (HPLC) using the C12 Jupiter® 4 um Proteo 90 A, LC semi-preparative
Column or preparative column (Phenomenex: Cat No.: O0G-4396-N0/O0G-4396-P0-AX).

Dried pellets obtained following purification were dissolved and loaded on to the column
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with automatic injection by Agilent HPLC. Solvent A consisted of 0.1 % TFA in ddH-O whilst
Solvent B is 0.1 % TFA in Acetonitrile (ACN). Peptides were separated and eluted by
applying a linear gradient between 5 % and 90 % Solvent B (optimised for each peptide)
and fractions containing the peptide were collected with the identity of the peptide confirmed
using Mass Spectrometry (MS). Fractions containing the peptide were lyophilised and the
resulting powder stored at -20 °C until resuspension into desired buffer. Concentrations of
the peptide following resuspension were confirmed using the Varian Cary® 50 UV-Vis
Spectrophotometer to determine the Azgo for peptides containing Tyrosine with an extinction

coefficient of 1280 Mtcm™.

Supplementary Results

Equation S1: Following successful cloning of AR 10-22 library in to the pQES80 vector, a
random sample of 100,000 members were successfully cloned using the following equation:

E = 100*(1-(1/n))™

Where E = % of library missing, n = theoretical library size and m = colony forming units

from transformation (experimental).

Following transformation of the library, n = 100,000 and m = 257,782 for library cloning to
provide 92.02 % coverage upon building of library. For library screening in the TBS platform,
m = 116,000,000 to provide 100 % confidence of the screen. Therefore, following both
library building and screening 92.02 % of the library is confidently covered.
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Figure S1: TBSH1 Purification by HPLC and species confirmation by Mass
Spectrometry. TBSH1 was synthesised using Fmoc solid-phase synthesis and HPLC
purification carried out to isolate TBSH1 product. The peptide eluted with a retention time
of ~ 20 minutes at ~ 35 % Solvent B. Mass spectrometry indicates correct peptide sequence
had been obtained. a) HPLC trace of TBSH1 purification. b) The peak presenting at 20
minutes was isolated and MS conducted to confirm correct sequence. TBSH1 holds a
molecular weight of 1564.82 and peak assignments are shown in green. A 922 m/z standard
peak is also shown.
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Chapter Conclusion

Overall, this study presents the successful proof-of-concept experimentation for the TBS
assay followed by its application to screen and identify peptide inhibitors. A single winning
sequence was identified following single step and competition selection of the library and
demonstrated ability to alter AR aggregation as determined by ThT, CD and PICUP assays.
Furthermore, this peptide inhibitor showed potential to rescue AB-induced toxicity in an SH-
SY5Y cell-based assay, indicating potential for translation as an AD therapeutic. The
cellular aspect of the TBSH1 characterisation requires further optimisation as a result of
some varied and statistically insignificant results. The insignificance presented here may
occur as a result of variance across individual assay plates that was observed following the
covid lockdown, the reason for which is unclear. Pre-covid data presented little variance
within plates and demonstrated a promising cell rescue. However, upon replication of the
experiment post-covid, cellular variance within single assay plates was observed that may
contribute to the statistical insignificance. Therefore, to confidently report the ability of this
peptide to rescue AB-induced toxicity within the cell-based assays, this will need to be
revisited by others before publication of this data.

Despite this, following the overall successful application of the TBS platform to identify a
functional peptide hit following initial test screening with Library 10-22, screening of Library

28-42 designed around the dimeric interface of A raises exciting prospects to be pursued.

Of particular interest following the identification of TBSH1 (YGVEHRKGVFFVE) was the
sequence similarity to PCAH2 (YAVFHPKTVFFVE) selected for in PCA. The C-terminal
residues VFFVE are conserved between the two sequences suggesting importance of this
region with the competition selection passages settling earlier within these final residues for
both PCA and TBS than for residues towards the N-terminus. Previous studies have
revealed importance of residues 16-20 of AR (KLVFF) for self-recognition and aggregation
of AB (Tjernberg et al., 1996), with multiple peptides built upon this KLVFF motif, including
OR-1, OR-2 and RI-OR2, demonstrating promise as potential therapeutic agents in their
ability to reduce AP aggregation and, for OR-2 and RI-OR2, to also rescue AB-induced
toxicity within cells (Austen et al., 2008; Taylor, M. et al., 2010). Both successful peptide
inhibitors identified in PCA and TBS select for sequences similar to this motif, preserving
the VFF sequence with an additional Val residue (perhaps for increased hydrophobicity
compared to the Ala residue in wild type AB sequence) followed by the library conserved
Glu. This sequence may have been chosen through the two assays as it is essential for
optimal recognition of the AR target. Residues selected for throughout the rest of the two

peptide sequences didn’t show any favourable selection for a particular residue.
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As previously discussed, PCAH2 selects for a Proline residue within the centre of the
sequence which draws parallels with the B-sheet breaker peptide iABs (Soto et al., 1996;
Soto et al., 1998). Interestingly, this Proline residue was not selected for following the TBS
screen. Proline is incompatible within secondary B-sheet structures and disrupts their
formation (Li et al., 1996) which may explain the selection of Proline within PCAH2.
Perhaps, binding of PCAH2 to AB (may be monomeric, small oligomer or at fibril end)
presents a kink, due to the cyclic nature of Proline, and hinders stacking of AR molecules
by inhibiting association of p-sheets and further aggregation. PCA cannot reveal how a
peptide binds to the target protein, so this is merely speculation, however the Proline residue
appears to have importance in blocking fibril formation. For TBS, the peptide is required to
block monomer interaction to prevent dimer formation. Perhaps the Proline residue is not
selected here as it is less important to prevent the B-sheet fold and fibrilisation of AR but

rather to interrupt the dimer interface by other means.
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Chapter Five: Conclusions
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Thesis Conclusions

AD is a devastating neurodegenerative disease with vast social and economic impacts
across the globe. Despite a complicated disease progression, there is a long-term view
supported by significant evidence that the AB protein is the trigger of toxicity within the
disease. Following this revelation, decades of research has focused efforts towards ApB-
targeting therapies from small molecule drugs, peptide-based inhibitors and larger biologics
such as anti-AB antibodies. Such molecules have been shown to target a range of
aggregation states, while other molecules such as anti-sense oligonucleotides target
production of proteins involved in AD, such as APP and BACE, by quenching messenger
RNA (mRNA) translation (Chakravarthy et al., 2017). Despite this, there is a distinct lack of
successful drug candidates progressing to the final stages of clinical trials. The lack of these
may be owing to a plethora of limitations, including insufficient understanding of the toxic
species of AR and the need for a relevant, translatable disease model to mimic AD in pre-

clinical studies.

Firstly, a lack in our current understanding regarding the exact species of toxic oligomer
and even conformer presents an enormous difficulty in replicating the precise toxic
environment that successfully replicates that of a disease setting. This lack of knowledge
clearly impacts upon our ability to target and produce conformer-specific drugs. Successful
design of AB-targeted therapies may rely on inhibition of specific oligomeric species which
have proved very hard to pinpoint. This moving target has hampered the search for effective
molecules. Furthermore, current relevant disease models are limited and do not present
translatable models of sporadic AD. Many in vitro AD models utilise cells that poorly
recapitulate human neuronal cells or use rat neurons that fail to translate the post-
transcriptional genetic makeup of the human neuronal system (Somel et al., 2011). In vivo
models often harbour genetic mutations relevant to FAD as opposed to sporadic AD
models, with AD pathology presenting over a number of months as opposed to physiological
disease conditions in which the pathology of AD is accumulated over decades (Ameen-Ali,
2021). How well these models recapitulate what is occurring within sporadic AD in particular
is unclear. Undeterred by this, recent advances in AB-targeting therapies have provided
optimism and opened the avenue for further AD therapeutics. Despite clear controversy,
the fast-track approval of the antibody Aducanumab has solidified ongoing interest in A@ as

a causative agent in AD and demonstrates the potential of AB-targeting therapies.

This study aimed to confront the lack of successful AD therapeutics with the use of a
recognised intracellular screening assay and the establishment of a completely novel
approach, towards identification of peptide-based inhibitors, a field of therapeutic study with

increasing momentum in recent years. In addition, the study also aimed to address the lack
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of appropriate cellular screening models by establishing a more relevant, robust cellular

toxicity assay in which to assess the potential of peptide hits obtained throughout screening.

Peptides present promising therapeutic properties since they can achieve high specificity,
have low production costs, limited immunogenicity (when shorter than ~12 residues) and
can be readily modified to overcome potential shortcomings such as protease susceptibility,
poor membrane permeability and rapid clearance. In this study we have attempted to
identify and explore potential peptide therapies that fundamentally target AB-associated
toxicity in AD, and by screening within live cells acknowledging some of these requirements.
In cell screening also takes account of the fact that different oligomers and conformers of
oligomers can be adopted by AB, and that ultimately peptides must both bind and detoxify

AB in order for selection to occur.

The first study successfully applied the intracellular screening assay PCA to identify a
peptide inhibitor of AR toxicity designed against the outer 3-strand of A as proposed by
Gremer et. al. (Gremer et al., 2017). Owing to the intracellular nature of the assay, peptide
hits identified and selected for present favourable drug-like characteristics. In particular, the
peptide hits selected must detoxify the AR target to provide a growth advantage to the cell.
A key attribute of the assay is that any lack of understanding of the toxic oligomeric species
is not relevant to selection — the bacteria identify peptides from within the library that fulfil
the selection criteria. Namely they must i) bind and ii) confer cell survival by detoxifying the
target regardless of conformer specificity. Although the mechanism is unknown prior to full
downstream characterisation, any peptide selected from the assay must both bind A and

reduce toxicity to confer survival.

The study conducted the PCA screening principle against two libraries to reveal a ‘winning’
peptide sequence for each, PCAH1 and PCAH2. Purification of the highly hydrophobic
PCAHL1 proved difficult in the absence of the DHFR1 fragment, which PCAHL1 is appended
to within the context of the in vivo assay, and progress was only achieved with PCAH2. As
a result of the in vivo nature of PCA, the peptide hits selected often present favourable
solubility. However, this is within the context of E.coli cells which may not fully translate
outside of the assay, i.e., within purification solvents or, later in the application of peptide
hits, to the environment within human neuronal cells. Therefore, there may be some benefit
to exploring the possibility to transfer the established PCA screen in to a mammalian cell
line, preferably a human neuronal line, in order to increase the therapeutic relevance of the
screening selection and to improve translatability of resulting hits towards successful drug
candidates (Remy, Campbell-Valois and Michnick, 2007; Acerra, Nicola et al., 2014). The
potential of the resulting PCAH2 peptide was explored within a biophysical context and
further extension of the study was carried out following optimisation of toxicity assays within

a relevant human-derived cell line. PCAH2 demonstrated the ability to alter AR aggregation
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by delaying initial aggregation at the lag phase and decreasing the total fibrilisation at the
endpoint and also presented potential to partially rescue AB-induced toxicity in neuronal-

like cells.

Many cell-based systems within the literature lack translation towards human AD and poorly
represent human neuronal cells. The potential of the human neuroblastoma cell line, SH-
SY5Y, was explored with susceptibility to Ap observed upon differentiation of the line, in
keeping with recent findings within the literature (Krishtal et al., 2017). Described within this
study is a differentiation protocol with the potential to produce cells that present significant
susceptibility to AB insult at concentrations as low as 2.5 uM, as explored by MTT cell
viability assay and morphology analysis of the SH-SY5Y cells in the presence and absence
of AB to demonstrate toxicity encountered by the cells. The assay described provides the
potential to explore AB-targeting therapies as has been demonstrated with the PCA and
TBS peptide hits. Additionally, it provides a platform by which to explore A pathology in a
human-derived cellular model that represents neuronal-like cells which many studies fail to

achieve.

However, the aforementioned SH-SY5Y cell cultures represent a single cell type that are
present as monolayers in cultures which cannot fully represent the true complexity of the
human neuronal system and the multifactorial cellular influence within AD. There is an
interesting line of study currently developing 3D models of the human brain utilising SH-
SY5Y cells or human derived-stem cells. Application of these 3D organoids will not only
negate the requirement for mammalian sacrifice but will offer an effective model of the brain,
including neurons and astrocytes. This will be of particular interest in the future for studying
the efficacy of peptide-based inhibitors within a complex cellular system translatable to the
environment peptides would realistically be exposed to in potential future uses as a
therapeutic (Agholme et al., 2010; Cairns et al., 2020; Trujillo-Estrada et al., 2021).

In addition, a novel intracellular screening assay has been developed and is described here
for the first time. The TBS platform and its potential was reinforced by the identification of
the TBSH1 peptide that has been shown to successfully alter AB aggregation. Whilst PCA
identifies hits that bind to A, it is not possible to determine which species of AR is targeted
following screening. The design of TBS allows for the assumption that TBS-active peptides
must bind to inhibit dimer formation — the very first point of the aggregation pathway. It is
important to bear in mind that this is not a proven aspect of the assay, but rather an
assumption owing to the design. Moreover, any Ap molecules that exist as dimeric species
or higher oligomers have the potential to bypass the mode of interaction for TBS selection

and can recruit more monomer, which may be a limitation of the approach.
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Initial proof-of-principle assays were conducted to affirm the theory of the assay and an
initial test screen was performed to assess the ability of the TBS platform to identify
functional peptide hits resulting in the sequence of TBSH1. The hit sequence obtained
demonstrates successful application of the TBS platform to identify peptide inhibitors that
have the ability to modulate AB aggregation. The resulting screening platform therefore
provides a novel means by which to select for Ap-targeting peptides but may require further

optimisation for effective functional readout.

Similarly to that mentioned for PCA, it would be beneficial to attempt to build the TBS
platform within a neuronal cell system to greater reflect the AD environment (Remy,
Campbell-Valois and Michnick, 2007; Acerra, Nicola et al., 2014). Alternatively, a mutant
form of AB with increased aggregation propensity, like that of Arctic AR used within PCA,
could be applied to the system to increase the stringency of the screening platform. Next,
it would also be beneficial to invest future efforts towards optimisation of library cloning
within the TBS pQEB80. The pQE80 system was adopted to provide sufficient antibiotic
resistant plasmid combinations as the BL21-Gold cells used within TBS present
Tetracycline resistance, hindering the use of Tetracycline resistant plasmids. pQE80 (Kan
resistance) harbours the Lacl gene to regulate expression of assay proteins on plasmids
and ensuring dependence of gene expression upon IPTG induction. Cloning the library in
to the pQES80 plasmid means that just one plasmid is required for expression of the library
and of Lacl, reducing the overall number of antibiotics required in TBS. However, cloning
into this plasmid proved difficult with continually low transformation efficiencies following
ligation of the library into the vector. Further optimisation of this cloning system would allow
for screening of larger and more relevantly designed libraries, in particular that of Library

28-42 designed around the dimeric interface of AB.

A drawback of this study is the inability of the screens to confidently reveal the form of AR
that is targeted by the peptide or the mechanism by which the peptide binds as, although
the libraries are semi-rationally designed against particular regions of AB, it is not possible
to assume these regions are targeted. Moreover, the TBS assay design is built upon the
premise that peptides will inhibit dimer formation however, this is not confirmed. Therefore,
future studies applying computational analysis with programmes such as InterPep to predict
protein to peptide interactions are required. InterPep is a computational programme that
predicts protein residue interactions with a given peptide using templates from known
protein interactions from the Protein Data Bank (PDB) (Johansson-Akhe, Mirabello and
Wallner, 2019). This theoretical prediction could be corroborated using NMR studies.
Commonly, ss-NMR is applied to reveal the structure of AR and could be used to determine
structural changes to AB in the presence of the peptide hits to explore the region of AB in

which the peptide binds. Furthermore, in an attempt to reveal the species of AB targeted by
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the resulting peptide hits, the study is next exploring the potential to apply SEC in a timepoint
manner to reveal changes in peak distribution upon addition of the peptide throughout
aggregation. Each peak within the SEC profile should represent a particular species of AR
with monomer peaks, dimer peaks and varying oligomer peaks presenting throughout
aggregation. Upon addition of the peptide, we hope to observe an alteration in some of the
peak types to reveal which conformer of AB the peptide may target. This could be coupled
with intact MS to confirm the molecular weight of the peaks affected. The above prospective
studies may not only reveal the mechanism for the current peptide hits but could also act
as a potential source to corroborate the theory behind the TBS screening platform, if the

resulting hit is shown likely to bind and prevent dimer formation.

Overall, the application of these intracellular library screens provided two peptide
sequences (PCAH2 and TBSH1) that present promising therapeutic prospects following
successful alterations of Ap aggregation as measured by ThT, CD, PICUP and TEM and
partial rescue of AB-induced toxicity within our SH-SY5Y toxicity assay. The intracellular
nature of the screening assays applied to identify the hit sequences mean that the peptides
likely already present favourable peptide therapeutics, however peptide mimetic studies,
such as retro-inversion or cyclisation to increase resistance to proteolysis or addition of CPP
or N-methylation to increase cell penetrance, can now be applied to explore the potential to
further enhance the translatability of these peptides into successful therapeutics. These
sequences also stand as reliable scaffolds for developing second generation peptide
libraries to identify more potent hits or to apply peptide mimetics in order to optimise
translation of these peptides towards potential AD therapeutics. The peptide sequences
selected within this study contribute to the flourishing field of peptide therapeutics and
present the added benefit of selection within an in vivo environment, something that
previous screening techniques, such as phage display, fail to achieve. The peptide hits and
the avenues of future work opened up contribute towards the effort of producing an AD

therapeutic, something that is currently lacking within this vital field of research.
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