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ABSTRACT
Prions are proteins that have an ‘infectious’ pathogenic form capable of
spreading from cell to cell without involvement of DNA. Prions share a
characteristic cross β structure, meaning they belong to a class of protein
assemblies called amyloid. Amyloid assemblies are subject of intense research
due to their association with neurodegenerative diseases, such as Alzheimer’s
and Parkinson’s disease. Mechanical stability is a pertinent factor to consider in
the study of prions and prion-like amyloid proteins. The more liable a fibril is to
fragmentation, the more readily it can form toxic and/or transmittable particles,
which are able to propagate their conformation between cells, consequently
enabling the spread of pathology in disease. This project used atomic force
microscopy to collect image data of the amyloid fibrils formed from Amyloid-beta
peptide and Sup35 protein. First, peptides derived from disease-associated
Amyloid-beta fibrils and non-disease-associated Sup35NM were compared to
identify what features underpinned the disparity in transmissibility and diseaseassociation between the two types of amyloid. Secondly, the presence and
position of a His-tag was confirmed not to have a significant effect on
suprastructure or stability of Sup35NM particles. Finally, three mutants of
Sup35NM with a single amino acid substitution in a region crucial for prion
propagation were investigated to find the extent to which structure affected
infective transmissibility. The structural changes that occurred in fibrils under
mechanical stress were elucidated and thus their mechanical stability. Exploring
the structure and the mechanisms responsible for amyloid disease pathology and
prion spread is of vital importance, as it has clinical relevance in the pursuit of
effective therapies for debilitating conditions, such as Alzheimer’s and
Parkinson’s disease.
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1. INTRODUCTION
1.1 Prions and Prion-Like Proteins
1.1.1 The Protein-Only Hypothesis
It was first theorised that certain proteins could replicate in the absence of nucleic
acid as a genetic blueprint in 1982 (Prusiner, 1982; Diaz-Espinoza and Soto,
2010; Zabel and Reid, 2015). Stanley Prusiner named this class of remarkable
proteins ‘prions’ for proteinaceous infectious particles (Prusiner, 1982; Hauw,
Haik and Brandel, 2015; Das and Zou, 2016). The ‘protein-only hypothesis’
postulates that prions have the ability to self-propagate, replicating their form by
recruiting and converting a previously physiological protein with a native
conformation to a misfolded disease-associated isoform and consequently
initiating aggregation (Soto and Castilla, 2004; Ma and Wang, 2014).
Physiological
Pathogenic

Conversion

Fragmentation

Elongation

Figure 1 - Simplified schematic of prion propagation and seeding in the proteinonly hypothesis. A pathogenic protein recruits its physiological counterpart and
converts it to its pathological form. This initiates elongation, which is later
followed by fragmentation and consequently the production of more seeds. This
rapid amplification results in aggregation and propagation of the amyloid.
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All prions aggregate to form fibrils with a characteristic cross β structure, meaning
they belong to a class of proteins called amyloid. It is important to note that while
all prions are amyloid, not all amyloid are prions or even pathogenic (Rambaran
and Serpell, 2008). In this project, the underlying cause of this variation in the
pathogenic potential of amyloid was investigated.

Unsurprisingly, the protein-only hypothesis was met with fierce criticism following
years of the protein vs. nucleic acid debate, which was seemingly resolved with
the Watson-Crick discovery of the genetic code in 1953 (Zabel and Reid, 2015).
The prion hypothesis contradicted everything the scientific community had come
to accept. Fortunately, abundant and compelling evidence now exists in support
of prions and their existence is widely recognised, but a debate on the exact
definition, scope, and mechanism of a ‘prion’ continues to this day (Colby and
Prusiner, 2011).

1.1.2 Prion vs. Prion-Like
Initially, the term prion was used to describe the protein responsible for the
transmissible

spongiform

encephalopathies

(TSEs),

a

group

of

fatal

neurodegenerative diseases that spread between sheep as Scrapie, to cows as
Bovine Spongiform Encephalopathy (BSE), and to humans as Creutzfeldt-Jakob
disease (CJD) (Cutlip et al., 1994; Mathiason, 2017). TSEs are infectious in the
traditional sense that they can spread between individuals and even species. It
has since been demonstrated that disease-associated mammalian amyloid
aggregates formed by Amyloid beta (Aβ), Tau, α-synuclein, TAR DNA-binding
protein 43, and huntingtin, also possess the self propagating properties of a prion
and can ‘infect’ neighbouring cells within the same individual, but not spread
between individuals (except in rare cases such as blood transfusions and
11

administration of contaminated human growth hormone) (MacKenzie et al., 2002;
McCutcheon et al., 2011; Andréoletti et al., 2012; Appleby et al., 2013; Zhang,
Nie and Chen, 2018). Debate continues as to whether intercellular ‘infection’ can
or should be considered ‘infectious’ giving rise to terms such as ‘prion-like’ and
prionoid, in an attempt to acknowledge that some amyloid exhibit infectious
qualities (Liberski, 2012; Moore, Faris and Priola, 2015; Abbott, 2016; Annus,
Csáti and Vécsei, 2016).

1.1.3 Broader Implications
Regrettably, there is currently no cure for CJD, but it is not considered an
imminent threat as it is extremely rare; less than 10 cases have been recorded in
the last 6 years worldwide (Diack et al., 2014; Ironside, Ritchie and Head, 2017;
Seed et al., 2018). Despite this, amyloid and specifically prions continue to be the
subject

of

intense

research;

this

is

due

to

their

connection

with

neurodegenerative diseases such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD) (Diack et al., 2014; Fraser, 2014; Hauw, Haik and Brandel, 2015;
Abbott, 2016; Ironside, Ritchie and Head, 2017; Seed et al., 2018).

The basis for this variation in the infectious potential between different amyloid is
still unknown; in this study the suprastructure (which includes fibril height, length
and overall appearance) and mechanical stability was investigated as a possible
source of the inconsistency in transmission potential between prion Sup35 and
disease-associated prion-like mammalian protein Aβ42 , which is implicated in AD.
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1.2 Alzheimer’s Disease
1.2.1 Physical And Molecular Manifestations
AD is a progressive neurodegenerative disease characterised most notably by
insidious cognitive decline and behavioural symptoms such as dementia,
hallucinations, delusions, aggression and depression (Shanthi, Krishnan and
Rani, 2015; Dubois et al., 2016; Serafini et al., 2016). On a cellular level, a
significant amount of neuronal loss can be found in several regions of the brain,
accompanied by extracellular aggregates of Aβ called neuritic plaques and hyperphosphorylated Tau protein aggregates called neurofibrillary tangles (NTFs)
(Brion, 1998; Blennow, de Leon and Zetterberg, 2006). It is understood that
neuropathological changes (such as Aβ plaques and NFTs) occur long before
symptomatic cognitive impairment and dementia are detected (Shanthi, Krishnan
and Rani, 2015). These observations lead to the amyloid cascade hypothesis,
which suggests that aggregation of Aβ is the initiating factor that later triggers cell
abnormities such as inflammation and oxidative stress that culminates in
dysfunction, degeneration and ultimately the death of neuronal cells (Verdile et
al., 2004).

1.2.2 Socio-Economic Implications
Primarily a disease of the elderly, AD affects 5% of those over 65, and up to 33%
in those over 85. It was estimated in 2010 that 36 million people were living with
AD and this figure is predicted to rise to 66 million by 2030, and to 81 million by
2040, following an anticipated increase in life expectancy by virtue of
advancements in medicine and living conditions. Deaths from stroke and heart
diseases are decreasing, whereas deaths attributed to AD are rising. The cost of
dementia, of which AD is a primary cause, is estimated to be in excess of $600
billion per year, which is equivalent to more than 1% of gross domestic product
13

(GDP), and can be expected to double by 2040 (Blennow, de Leon and
Zetterberg, 2006; Pouryamout et al., 2012; McCarthy, 2013; Sibener et al., 2014;
Marešová et al., 2015; Marešová, Klímová and Kuča, 2015; Alzheimer’s
Association, 2016). This data highlights the substantial financial and emotional
burden caused by AD, and the escalating demand for a cure.

1.2.3 Search For A Cure
There is no therapy available today that can prevent or halt the disease process
in AD. Current therapies are limited to temporarily mitigating the cognitive and
behavioural symptoms of AD; acetylcholinesterase inhibitors for example work by
increasing the amount of available neurotransmitter acetylcholine (Voisin and
Vellas, 2009; Bond et al., 2012). Many avenues such as rodent and zebrafish
animal models have been extensively explored in a fruitless attempt to elucidate
the mechanistic underpinnings of AD (Lieschke and Currie, 2007). Antibodies,
once seen as the most promising prospect have also thus far been unrewarding.
Active anti-Aβ immunotherapies were shown to clear brain Aβ deposits but have
been discontinued as it caused meningoencephalitis in 6% of AD patients treated
(Panza et al., 2014).

It is conceivable that the lack of effective treatment for AD over 100 years after its
discovery is due to the lack of focus on amyloid structure and how the mutual
structure of amyloid fibrils enables prion/prion-like propagation and spread, the
mechanisms of which have yet to be elucidated in detail (Verdile et al., 2004;
Mangialasche et al., 2010; Kumar, Singh and Ekavali, 2015). In this study, the
correlation of structure and mechanical stability of Aβ42 and Sup35NM variants
with infective potential was considered.
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1.3 Amyloid Fibril Structure
1.3.1 Amyloid Fibrils
Amyloid fibrils are widespread in nature and extremely diverse in function, from
cell protection and structure, to protein control and storage, all undeniably
important biological roles (Pham, Kwan and Sunde, 2014). Many soluble proteins
can aggregate to form insoluble amyloid fibrils, which all share a cross β structure
and common properties, despite being formed from different precursor proteins
that don’t share sequence homology or related native structure (Serpell, Sunde
and Blake, 1997; Nelson et al., 2005; Nelson and Eisenberg, 2006b). The
structure, function, and interaction of amyloid fibrils are of significance as Aβ and
Tau, associated with AD, aggregate to form amyloid fibrils (Tycko, 2006; Sawaya
et al., 2007). Light microscope studies first identified amyloid fibrils using Congo
red dye (see Figure 2c below) over 150 years ago (Sipe and Cohen, 2000; Frid,
Anisimov and Popovic, 2007). The structure of amyloid fibrils has since been
determined in atomic resolution.

1.3.2 Biophysical Methods And Structure
The structure of amyloid fibrils has been studied using, to name a few, electron
microscopy (EM), X-ray fibre diffraction and crystallography, solid-state NMR
(ssNMR), and atomic force microscopy (AFM) (Jahn et al., 2010; Stroud et al.,
2012). By definition, amyloid fibrils are layers of cross β sheets stacked
perpendicular to the axis of the fibril. Each layer is associated with its
neighbouring layers by side chains protruding from each sheet, these form
complementary steric zippers, and are further supported by hydrogen bonding
(Nelson et al., 2005; Nelson and Eisenberg, 2006a; Sawaya et al., 2007;
Biancalana, Makabe and Koide, 2010).

15

a)

b)

c)

d)

e)

ß

Figure 2 - Biophysical investigations of amyloid structure. a) Amyloid fibril
schematic based on ssNMR and X-ray crystal analysis. The backbone of each β
strand is shown as a thick arrow, perpendicular to the direction of the fibril.
Protruding balls and sticks depict sidechains. Inter-strand separation is 4.87 Å,
adapted from: (Nelson et al., 2005). b) Detailed amyloid fibril schematic based on
ssNMR and x-ray crystal analysis. Schematic highlights the placement of interstrand hydrogen bonds (yellow dots), the length of each hydrogen bond is given
in Å units, adapted from: (Nelson et al., 2005). c) Congo red positive Aβ plaques
from coronal brain sections of a 12-month-old 5XFAD mouse (400X
magnification) adapted from: (Rajamohamedsait and Sigurdsson, 2012). d)
Negatively stained transmission EM image of Sup35NM fibrils, scale bar 200 nm,
adapted from: (Tycko and Wickner, 2013). e) X-ray diffraction pattern of a
Sup35NM fragment. The meridional reflections at 4.7 Å and equatorial reflections
at ~ 10 Å are characteristic of the amyloid cross β structure, adapted from:
(Balbirnie, Grothe and Eisenberg, 2001).
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These biophysical investigations have all contributed detail to our understanding
of amyloid, and therefore prion structure. Specifically, X-ray diffraction patterns
have revealed that fibrils form highly ordered, closely packed, dehydrated,
parallel stranded beta sheets held by a steric zipper (Sunde et al., 1997;
Balbirnie, Grothe and Eisenberg, 2001; Diaz-Avalos et al., 2003; Morris and
Serpell, 2012). Studies utilising ssNMR have helped map the amyloid fibrils
architecture, such as the torsional angles and interatomic distances between
amino acids residues (Tycko, 2000, 2006; Madine et al., 2008; Tycko and
Wickner, 2013). Molecular and atomic detail can be supported and given context
by investigation of morphology using EM and AFM, which reveal fibrils are ~ 6-10
nm wide, straight and unbranching (Antzutkin et al., 2002; Stromer and Serpell,
2005; Xu, 2009; Tycko and Wickner, 2013). Investigation of suprastructure on a
mesoscopic level (using AFM and EM) fuels our understanding of the seeding
and elongation mechanisms that enable prion and prion-like propagation.

1.3.3 Fibril assembly
It is widely accepted that amyloid fibrils form by a nucleation-dependent
polymerisation mechanism, composed of nucleation followed by elongation
(Serpell, 2000). Analogous to classical nucleation theory, it is thought that the
smallest species that can grow into a fibril, the nucleus, is thermodynamically
unstable (Kashchiev, 2015; Chatani and Yamamoto, 2018). Secondary
processes: fragmentation and secondary nucleation (which occur on preformed
fibrils, after the initial formation of amyloid fibrils by primary nucleation), are of
particular significance in disease-associated amyloid fibrils they yield oligomers,
which are thought to be one of the cytotoxic species of amyloid (Cremades et al.,
2012; Cohen et al., 2013; Xue, 2015). A relationship between reduced fibril length
caused by fibril fragmentation and enhanced cytotoxic potential has been
17

established in β2m fibrils (Xue, Homans and Radford, 2008, 2009; Xue et al.,
2010; Marshall et al., 2014). The relationship between fibril dimensions and ability
to propagate was explored in this thesis by analysing and comparing the
structure and mechanical stability of Aβ42, Sup35NM and variants of Sup35NM.

1.3.4 Mechanical stress
All amyloid fibrils have the same core structure, despite different precursor
proteins; the question remains why amyloid assemblies range from cytotoxic to
benign and vary in transmissibility. It follows that the less mechanically stable a
fibril is along the length of its axis, the more liable it is to fragmentation, and thus
the greater the potential for seeding and cell to cell transmission (Wogulis et al.,
2005; Xue, Homans and Radford, 2008; Xue et al., 2010; Kayed and LasagnaReeves, 2012; Kraus, Groveman and Caughey, 2013; Marshall et al., 2014). The
aim of this thesis was to establish a link between changes in structure and impact
on transmissibility using new data that recorded the effect of mutations and
perturbation by controlled sonication on both the structure and mechanical
stability of fibrils and data previously collected on prion transfection efficiency in
vivo (Xue and Radford, 2013; Marshall et al., 2014; Marchante et al., 2017).
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1.4 Proteins
1.4.1 Amyloid beta
Proteolytic cleavage of amyloid precursor protein (APP) by γ-secretase produces
Aβ peptides. The resulting Aβ peptides are 39-42 amino acids in length, prone to
aggregation, and a fundamental constituent of pathogenic plaques (Bolduc et al.,
2016). The imprecise cleavage of APP by γ-secretase results in two main
proteolytic products: Aβ40, which is 40 residues long, and Aβ42, which is 42
residues long. The concentration of Aβ40 is several times more than the
concentration of Aβ42 in the cerebral spinal fluid, and yet Aβ42 is the main
component of amyloid plaques in AD. In fact, Aβ40 is only detected in a small
percentage of plaques, suggesting the initial plaque formation does not involve
Aβ40 (Gu and Guo, 2013). As such Aβ42 was selected to focus on during these
investigations.

The amyloid cascade hypothesis states that plaques consisting of insoluble
aggregates of Aβ are responsible for AD; this was the leading theory for decades.
Despite this, there is an inexplicable lack of correlation between the local
concentration of plaques and extent of neuronal death. Evidence now suggests
small soluble Aβ oligomers, rather than plaques, may be responsible for the
cytotoxic effect seen in AD. Oligomers can be seen as intermediates between
monomers and highly ordered fibrillar structures, they are found in rapid
equilibrium in vivo (Ono, Condron and Teplow, 2009). Aβ oligomers exist over a
wide molecular weight, ranging from below 10 kDa to above 100 kDa. Even
oligomers with similar atomic weights vary in morphology; this has been
demonstrated in studies that reveal structure-specific antibodies do not
universally bind oligomers (Sakono and Zako, 2010).
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It is now believed that, rather than being the source of cytotoxicity, the infamous
plaques found in AD may essentially act as a reservoir of oligomers, the true
cytotoxic species. This hypothesis is supported by evidence that there is a strong
positive correlation between local oligomer concentration and extent of synaptic
damage and loss. Many studies now highlight soluble oligomers as the causative
agents of AD, nevertheless it remains unclear what particular characteristics of
oligomers, their structure, mechanical stability and mechanisms make them so
transmissible and cytotoxic (Sakono and Zako, 2010).

1.4.2 Tau
Physiologically, Tau is a microtubule-associated protein that helps maintain the
neuronal network in the brain (Kumar et al., 2015). Abnormal phosphorylation of
Tau affects its normal function and has an impact on neuron viability (Lee and
Leugers, 2012). It has been found that Aβ oligomers trigger hyperphosphorylation of Tau, which in turn leads to the formation of toxic neurofibrillary
tangles (NFTs) implicated in AD (Kumar et al., 2015). This connection reinforced
the importance of investigating Aβ42.

1.4.3 Sup35NM And Mutant Variants
The yeast prion Sup35 is used as a model to study structure and function of
disease-associated mammalian prion-like proteins as it shares a structure and a
similar mechanism of propagation, but is tolerated by yeast cells, so investigation
can occur without cell death. The reported impact of Sup35 varies from neutral to
the cell, to beneficial (Wickner et al., 2015). As such, Sup35 was used as a
comparison for disease-associated Aβ42 to see if the disparity in transmissibility
and toxicity between the two amyloid proteins had a structural basis.
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Following this, the impact of a single amino acid substitution in three Sup35NM
mutants was investigated. The mutations (G58X) were located in a region that
was highlighted as crucial for prion propagation. The sequence of a Sup35
protein can be divided into three main sections: The C-terminal, which is critical
for the translation termination function of the prion, a middle region, which is
highly charged and imperative to the stability of the prion, and the prion-forming
domain (PFD) at the N-terminal.

The Sup35NM (N terminal) domain used in these investigations is necessary and
sufficient for seeding, propagation and generations of prion strains, which exhibit
different characteristics. The Sup35NM PFD, which is similar in sequence to
mammalian prion protein, contains an oligiopeptide repeat region (OPR), where
the single amino acid substitutions were located. Specifically, the OPR is thought
to contribute to propagation by promoting fragmentation (Tuite, 2000; Parham,
Resende and Tuite, 2001; Marchante et al., 2013a; Bondarev et al., 2014).

Figure 3 – Schematic of the Sup35 protein and placement of mutation. Sup35NM
consists of (residues 1–253), including PFD (residues 1-97), which consists of the
QNR (a Gln/Asn-rich region) and the OPR. The mutations are located in the OPR
(indicated by the red arrow). The highly charged middle region ‘M’ is vital for the
mitotic stability of the prion. Adapted from: (Marchante et al., 2013b).

21

1.5 AFM
Atomic force microscopy (AFM) is a powerful nano-scale analysis tool. It exploits
the interaction between atoms of the sample and the scanning probe. The probe
oscillates over the surface of the sample and feeds back data to map a threedimensional topographic, this information is not attainable by any other
biophysical tool. AFM has the capability to produce high-resolution images,
comparable to EM, but with the advantage of only requiring ambient conditions,
ideal for observing biological structures (Ushiki, 2001; Allison et al., 2010; Vahabi,
Nazemi Salman and Javanmard, 2013; de Pablo and Carrión-Vázquez, 2014).

Photo diode

Laser

Tip

Cantilever

Sample

Figure 4 - Simplified AFM schematic. Basic components of AFM shown: a laser
beam deflects off the back of the cantilever and attached tip, the laser deflections
are measured by a photo-sensitive photodiode detector and fed back to a data
processor (not shown here).

The silicone nitride probe tip scans the sample in the x y plane, recording the
height of the sample (z). Small repulsive forces between atoms in the probe tip
and atoms on the surface of the sample cause deflections that are detected and
measured by laser tracking. A position sensitive photodiode measures deflections
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on an atomic level to give the height of the sample. The position of the probe is
adjusted based on feedback from the height of the sample (Jensen, 2013;
Morkvėnaitė-Vilkončienė, Ramanavičienė and Ramanavičius, 2013).

This highly sensitive equipment was used to monitor the height, length and
suprastructure (overall appearance on mesoscopic level) of fibrils. This data was
then used to to compare disease-associated and non-disease-associated fibrils
to determine the extent to which structure and mechanical stability had an impact
on transmissibility and cytotoxicity.
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1.6 Aims
The aim of this project was to analyse and compare the structure and mechanical
stability of amyloid fibrils using atomic force microscopy (AFM). First Aβ42 and
Sup35NM were compared to see if there was any disparity between their
suprastructure and mechanical stability that would explain how, despite both
being amyloid assemblies, the two proteins possessed different levels of
transmissibility and cytotoxicity.

Additionally, the rarely considered effect of protein purification tags was
investigated. The structure and mechanically stability of C-terminal His-tag and
N-terminal His-tag fibrils were compared to ensure that the addition of 6 residues
to either terminus had no effect, as has been discovered for some proteins.

Sup35NM mutants with a single amino acid substitution in the OPR, known to be
crucial for prion propagation were then considered. Fibril height and length data
following perturbation by controlled sonication was used to make an assessment
of mechanical stability, and this was combined with pre-existing data on the
seeding potential of the mutants in vivo, to come to a conclusion on the extent of
the effect of structure and mechanical stability on prion propagation.

This thesis investigated the theory that long sonication periods result in a
reduction in fibril length, but maintenance of fibril height and thus enable
transmissibility and cytotoxicity (Wogulis et al., 2005; Xue, Homans and Radford,
2008; Marshall and Serpell, 2009; Xue et al., 2009, 2010; Marshall et al., 2014).
Theoretically, prions must have low mechanic strength along the length of the
fibril to fragment, but high mechanical strength perpendicular to the axis of the
fibril to maintain height. The height of the particle must be conserved to allow
24

the particle to act as a seed, physical nucleus and template for elongation in the
course of prion/prion-like propagation.

The current lack of effective treatments for debilitating neurodegenerative
conditions such as AD warrants a reconsideration of, and focus on, the structure
of prions and prion-like proteins and specifically what aspects of their structure
facilitate propagation.
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2. METHOD & MATERIALS
2.1 Materials
All chemicals used are of the highest grade commercially available.
The region of the Sup35 gene encoding the NM region of the yeast Sup35 protein
(residues 1–253) was amplified from plasmid pUKC1620 by PCR and cloned into
pET15b as a BamHINdeI fragment. This generated an N-terminal His6-tag fusion
protein.

Site-directed mutagenesis of plasmid p6442 (CUP1, SUP35NM-GFP) was
performed with the QuikChange to produce Sup35NM G58A G58K G58V
mutants. See (Marchante et al., 2013b) for further detail on the Sup35NM G58A
G58K G58V mutants.

Amyloid Beta Peptide (residues 1-42) was purchased in 5 mg batches from
Bachem (Germany). Monomers were prepared and purified (using gel filtration)
as described previously (Hellstrand et al., 2010). Fibril formation, sonication as
described below for Sup35NM.

2.2 Sup35NM Protein Expression And Purification
BL21 DE3 was grown overnight in 50 ml LB, supplemented with 0.1 mg/ml
ampicillin, and then transferred to 1 L cultures of the same medium. On reaching
an OD680 of ~0.5, expression was induced with 1 mM IPTG for 4 hours. Cells
were harvested at 6000 rpm and the cell pellets washed in buffer A1 (20 mM TrisHCl pH 8.0, 1 M NaCl, 20 mM Imidazole). Cells were pelleted and kept at 80 ̊C
for later use. For the affinity purification process, buffer A2 (20 mM Tris-HCl pH
8.0, 1 M NaCl, 20 mM Imidazole, 6 M GdnHCl) was added to the frozen cell
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pellets at a 5:1 (v/v) ratio, followed by sonication at an amplitude of 22 microns
until the cell pellet was completely disrupted. This solution was then subject to
centrifugation at 13000 rpm for 30 minutes, and the resulting supernatant
collected. 1 ml of Chelating Sepharose Fast Flow (GE Healthcare) was added to
a small plastic column and prepared for affinity purification by sequential washing
with one column volume (CV) of water, 0.2 M NiCl2, buffer A1 and buffer A2. The
equilibrated resin was then resuspended in buffer A2 and added to the previously
collected supernatant. This mixture was then incubated for 1 hour at room
temperature with agitation to improve protein binding to the affinity resin.
Centrifugation at 5000 rpm was subsequently used to collect the resin, which was
then washed in 5 ml buffer A2 and resuspended in buffer A2 and transferred back
to the column. After one wash with 1 CV buffer A2, elution was achieved by
addition of 4 ml buffer A3 (20 mM Tris-HCl pH 8.0, 1 M NaCl, 0.5 M Imidazole, 6
M GdnHCl). The resulting elute was immediately used in size-exclusion
purification, which was run using a HiLoad 16/600 Superdex 200 pg (GE
Healthcare) column in an AKTA Prime Plus chromatography system (GE
Healthcare). The elute was injected into the size-exclusion column previously
equilibrated with 1 CV water followed by 1 CV buffer S1 (20 mM Tris-HCl pH 8.0,
0.5 M NaCl) and 1 CV buffer S2 (20 mM Tris-HCl pH 8.0, 0.5 M NaCl, 6 M
GdnHCl). The relevant Sup35NM protein fractions were collected according to
the A280 displayed throughout the run, diluted in buffer S2 and used in fibrilforming reactions.

2.3 Sup35NM Fibril Formation
2.5 ml of 20 mM purified Sup35NM were buffer exchanged into Fibril Forming
Buffer (20 mM Na2PO4 pH 7.4, 50 mM NaCl) using a PD-10 column (GE
Healthcare) as per manufacturer’s instructions. Protein concentration was
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measured using A280 and then adjusted to 10 mM using Fibril Forming Buffer.
Protein was aliquoted into Protein LoBind tubes (Eppendorf) and polymerized at
30 ̊C for at least 48 hours. For monitoring polymerisation, 100 μl samples of
protein were aliquoted into black puregrade 96-well plates (Starlab) and
Thioflavin T was added to a final concentration of 10 mM. The plate was sealed
with Starseal Advanced Polyolefin Film (Starlab) and kinetics were monitored in a
FLUOstar OMEGA plate reader (BMG Labtech) at 30 ̊C.

2.4 Controlled Sonication
Fibril fragmentation was achieved by sonication over different periods (indicated
in the corresponding figure legend) using a probe sonicator (Qsonica Q125) at
20% amplitude in consecutive 5 s on/off cycles. Eppendorf tube containing 80 μl
of protein sample kept in an ice-water bath throughout. A dilution factor of 1:10
before pipetting onto mica employed throughout to minimise the removed volume
from the original sample.

2.5 Atomic Force Microscopy
Fibril samples (20 μl) were deposited on mica. After incubation at room
temperature, Sup35 samples were washed with 1 ml of 0.2 mm syringe filtered
mQH20 and dried under a gentle stream of nitrogen, then left again to incubate
overnight before scanning.

Samples were imaged using a Bruker Multimode AFM with a Nanoscope V
controller and a ScanAsyst probe with a silicone nitride tip (tip height 2.5–8 mm,
tip radius 2 nm, spring constant 0.4 N/m and resonant frequency 70 kHz).
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2.6 Image Processing
Images captured at a size and pixels indicated in the figure legend, typically 10
μm x 10 μm and 1024 x 1024 pixels. Images processed using the Nanoscope
analysis software (version 1.5, Bruker). Image baseline flattened using baseline
correction to remove tilt and bow. Individual particle height analysis completed
using the sectioning tool within Nanoscope analysis. Data saved as processed
image files and analysed using in-house automated fibril-tracing scripts written in
Matlab.

2.7 Data Processing
All images imported and analysed using an in-house fibril-tracing script named
Trace_y (version 1.0 July 2014) written in Matlab (version R2017a) (Uversky and
Lyubchenko, 2013).

2.7.1 Noise Exclusion
Command line below used to open fibril-tracing software.
>> Trace_y

Image cropped to the desired size using crop function, file saved as “img” to use
in next step. “img” file opened in workspace within Matlab.

Command line below used to produce 3 images, displaying the data selected and
the data excluded as noise.
>> x = 1:img.pixelPerLineImg;
>> y = 1:img.nLinesImg;
>> z = img.z;
>> [fitSegments, zresidual, zmodel] = TracePolContour(x, y, z, 2, 2);
>> surface([z zmodel zresidual], 'LineStyle', 'none'); colorbar;
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Suggested variables shown underlined. Variables first tested using a smaller
cropped image. The functions of the 2 underlined variables are apparent width
and height cut off respectively. Correct variables produce an image consisting of
three panels: overall image being analysed, the data to be traced, and data
excluded as noise.

2.7.2 Tracing
Following commands used to produce an image of traced fibrils (mapped from
start to finish with a line ending in ‘x’):
>> [particles, f] = LinkSegments(fitSegments, 2, 2, 16, 20, x, y, z);

The variables are width, height cut off, normalisation and cut off respectively.
Variables changed (suggested variables shown underlined) until all fibrils are
traced. Importantly, this command created variable ‘particles’ in the workspace.
This is the number of traced fibrils, their heights and lengths. This data was used
to produce histograms.

2.7.3 Distribution Of Height Histogram
Following commands entered to produce a histogram displaying the distribution
of the height (found in column 4 of ‘particles’):
height=(cellfun(@(m) mean(m(:, 4)), particles));
goodIndexes = (height) >= 1.5;
mean(height(goodIndexes))
std(height(goodIndexes))
skewness(height(goodIndexes))
histogram(height(goodIndexes),0:0.5:15, 'Normalization','pdf');

Heights below 1.5 nm were excluded as noise using the ‘goodIndexes’ command
line. Steps and upper limit varied, (suggested here 0:0.5:15) depending on
expected average and maximum fibril height, an optimised selection produced
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a histogram that encompassed the average height and maximum height. Axes
were labelled and the scale of the y axis edited to best display data bars (0.4
used throughout). Scale of axes kept constant between figures for ease of
comparison.

2.7.4 Distribution Of Length Histogram
Following commands entered to produce a histogram displaying the distribution
of the length (found in the last cell of column 6 of ‘particles’):
lc = cellfun(@(c) c(end,6),particles);
lcum = (lc*9.7656);
goodIndexes = (lcum) >= 9.7656;
mean(lcum(goodIndexes))
std(lcum(goodIndexes))
skewness(lcum(goodIndexes))
histogram(lcum(goodIndexes), 0:25:1000, 'Normalization','pdf');

Lengths were originally recorded in pixels, not nm, as height was. As such, the
length ‘lc’ was multiplied by resolution to covert length to nm. Resolution was
found in the ‘img’ variable in the matlab workspace, or calculated by original
image size (nm)/ 1024 pixels, for example 10,000/1024 = 9.7656. Lengths below
1 pixel or 9.7656 nm were excluded as noise using the ‘goodIndexes’ command
line.

Steps and upper limit were varied (suggested here 0:25:1000) depending on
expected average and maximum fibril length; an optimised selection produced a
histogram that encompassed the average length and maximum length. Axes
were labelled and the scale of the y axis edited to best display data bars (0.04
used throughout). Scale of axes kept constant between figures for ease of
comparison.
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3. RESULTS
The results of these investigations have been divided into 4 subsections; the first
subsection describes the process of optimisation of fibril tracing analysis. The
second section details an investigation into the suprastructure and mechanical
stability of Aβ42 and Sup35NM fibrils. It was found that the two proteins had
similar mechanical stability following sonication but appeared slightly different
under native conditions.

In the third subsection, it was confirmed that the

presence and placement of a His-tag had no negative effect on the structure or
stability of Sup35NM fibrils. Finally, prion Sup35NM wildtype (WT) fibrils and 3
mutant variants were compared and unexpectedly uncover that G58V was the
most similar in appearance and dimensions to the WT, not G58A as expected.

3.1 Fibril Tracing
3.1.1 Optimisation of fibril tracing analysis
In-house fibril tracing software called Trace_y was used to remove noise from
each scan, map or ‘trace’ individual particles and subsequently record their height
and lengths for analysis. In order to accurately remove noise and record the
dimensions of particles, a set of parameters had to be optimised first. Following a
long period of trial and error over a range of possible parameters, optimised
parameters (suggested in the methods and materials section) were established
using the approach described below. The importance of correct parameters was
paramount, as incorrect tracing could have resulted in incorrect height and length
data and consequently incorrect conclusions.
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Original

Model

Noise

Traced

Particle

a)

Fibril

b)

Whole Scan

c)

Figure 5 – The first column depicts the original image to be analysed. The second
column depicts the desired data that has been selected and the third column
depicts the data that has been excluded as noise. The fourth column depicts the
particles that have been traced, highlighted by coloured lines. In the examples
above all the particles have been traced, indicating the selected parameters have
been successful. Once successful parameters have been established on a single
particle and single fibril scale, shown in row a) and row b) respectively, the
parameters were applied to the whole scan as exemplified in row c) in the figure
above. Extensive trial and error, exemplified in appendix 2, led to the suggested
parameters listed in the methods and materials section.
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3.1.2 Incorrect Parameters
In order for the fibril tracing software to record accurate data, all fibrils and
particles had to be identified and traced at this stage. Common issues
encountered included a height exclusion parameter that was set too high, which
disregarded fibrils as noise, a height exclusion parameter that was set too low,
which resulted in background being ‘counted’ as fibrils, and incorrect parameters
which resulted in two particles being counted as one, or a traced ‘bend’ in a
straight fibril, both of which produced an inaccurate recorded length.
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Figure 6 – Examples of issues encountered when optimising parameters for fibril
tracing in software Trace_y. Row a) height exclusion parameter set too high,
resulted in fibrils being excluded as background noise (third column) and thus
fibrils not being traced (fourth column). Magnification x4 used to highlight
untraced fibrils. Row b) height exclusion parameter set is too low, resulted in
background noise (third column) being ‘mistaken’ for particles and traced (fourth
column). Magnification x4 used to highlight excessive tracing. Row c) incorrect
parameters have been used; this resulted in two separate particles being
‘counted’ as one long fibril. Row d) incorrect parameters have been used. This
resulted in a straight fibril being traced with a ‘bend’ that would result in a longer
recorded length than is accurate. White arrows in the fourth column indicate
incorrectly traced ‘bends’ in straight fibrils.
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Caveats
Throughout the remaining results section, the datasets (i.e. height and length
graphs and averages) are representative of the fibrils in one scan of one sample
of each protein, due to the wide scope of fibrils analysed and the time taken to
prepare, scan and analyse each sample. Preparing samples and gathering data
in triplicate or more would have been ideal given more time; nonetheless, the
data presented follows the pattern expected based on currently unpublished data
collected by N.Koloteva-Levine, as well as similar fibril dimentions to those found
by other biophysical methods explored in Figure 2.

Prior to sonication, fibrils span the entire scan area and extend beyond the reach
of the scan area. Due to this, the mean lengths are not accurate prior to
sonication for any scan. However, the value can be useful for comparative
purposes, for example in Figure 7, Aβ42 (Figure 7a) visually has a greater
proportion of short fragments than Sup35NM (Figure 7b), and this resulted in a
reduced mean length. Where appropriate, mean lengths are written with the
notation (>> Χ nm) (or circled in graphs) to acknowledge that the value is a
significant underestimation.
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3.2 Comparison of suprastructure and mechanical stability of Sup35NM and
Aβ42 amyloid fibrils
Utilising these new optimised parameters Aβ42, implicated in Alzheimer’s disease
(AD), and Sup35NM, a yeast prion protein used as a model to investigate the
behaviour and structure of amyloid were compared. Images were collected and
height and length data of unsonicated Aβ42 and Sup35NM fibrils were recorded
by AFM to assess if they bore a close resemblance on a mesoscopic level, and
progressed to see if they reacted in the same manner under mechanical stress,
in the form of controlled sonication. Specifically, high mechanical stability
perpendicular to the axis of the fibril and low mechanical stability parallel to the
axis of the fibril was expected. This would be characterised by consistency in fibril
height across all sonication time points as the fibril fragmented and fibril length
decreased.
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3.2.1 Aβ42 appeared slightly more fragmented than Sup35NM fibrils prior to
sonication.
The most striking difference between the suprastructure of Aβ42 (Figure 7a) and
Sup35NM fibrils (Figure 7b) was that the Aβ42 fibrils appeared slightly fragmented
even before sonication; in comparison, the Sup35NM fibrils were long, consistent
in width, with no apparent fragmentation. Before considering the height and width
data recorded by AFM, it was possible to speculate that Sup35NM fibrils were
structurally more stable than disease-associated Aβ42 fibrils.

Further height and length analysis supported the preliminary assumptions
gathered from the images. The mean height for the unsonicated Sup35NM fibrils
was 7.0 nm and the mean length was 215.2 nm. Compared to the unsonicated
Aβ42 fibrils, which had a mean height of 6.3 nm and a mean length of 146.3 nm.
The histograms were consistent with the overall appearance of the fibrils as the
Aβ42 fibrils were much more heterogeneous than the Sup35NM fibrils, reflected in
the wide array of heights recorded (Figure 7c).
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Figure 7 – a) AFM image of Aβ42 fibrils (2 µM) on mica. b) AFM image of
Sup35NM fibrils (2 µM) on mica. Scan size 10x10 µm 1024 x 1024 pixels, and
scale bar represents 2 µm for both images. Images collected by N.KolotevaLevine. Normalised particle height (nm) distribution of c) Aβ42 fibrils d) Sup35NM
fibrils. Normalised particle length (nm) distribution of e) Aβ42 fibrils f) Sup35NM
fibrils. Mean value displayed in the top right. Notation (>> Χ nm) used to signify
fibrils extend outside the scanned area, and thus the value is an underestimation.
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3.2.2 Aβ42 fibrils appeared more fragmented than Sup35NM fibrils following
mild sonication.
Following 5 seconds sonication the Aβ42 and Sup35NM particles (Figures 8a and
8b) appeared somewhat alike, both consisted of mostly short but whole
fragments. However, the Sup35NM particles were more diverse than the Aβ42
particles, containing some longer species, as highlighted in the 2x magnification
view. The height and length data recorded from the scans supported these
observations, the mean heights for Aβ42 and Sup35NM fibrils were 5.5 nm and
5.4 nm respectively, and the mean lengths recorded for Aβ42 and Sup35NM fibrils
were 131.5 nm and 152.7 nm respectively.

As predicted at the start of this series of experiments, the fibrils fragmented
length-wise, but did not “break down” as height remained consistent. These
results were an early indication of a connection between the mechanical stability
of a fibril and the pathogenic potential of a fibril; specifically that the prion-like
mechanism of spread of a fibril such as Aβ42 required low mechanical stability in
order for the fibrils to form seeds that then acted as a templates and nuclei for the
growth of new fibrils.
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Figure 8 - a) AFM image of Aβ42 particles (0.2 µM) following 5 seconds sonication
on mica. b) AFM image of Sup35NM particles (0.2 µM) following 5 seconds
sonication on mica. Scan size 10x10 µm 1024 x 1024 pixels, and scale bar
represents 2 µm for both images. Images collected by N.Koloteva-Levine.
Normalised particle height (nm) distribution of c) Aβ42 particles d) Sup35NM
particles. Normalised particle length (nm) distribution of e) Aβ42 particles f)
Sup35NM particles. Mean value displayed in the top right.
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3.2.3 Aβ42 and Sup35NM fibrils both maintained height following extreme
sonication.
Again, the average height remained similar between the two samples (Figure 9)
and indeed, irrespective of increasing sonication time. A mean height of 5.7 nm
was recorded for Aβ42 particles and 5.3 nm for Sup35NM particles. As
anticipated, the mean lengths of both fibrils were drastically reduced following
300 seconds sonication to 38.5 nm for Aβ42 and 42.7 nm for Sup35NM. Although
visibly both samples (Figures 9a and 9b) appeared to consist of mainly small and
round ‘dot-like’ particles Sup35NM had a slightly more heterogeneous assortment
of particles ranging from ‘dots’ to slightly longer species highlighted in the 2x
magnification view. The heterogeneity in Sup35NM particle length was reflected
in the histograms as a greater deviation (Figure 9f), despite the similarities in
mean length between the particles.
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Figure 9 - a) AFM image of Aβ42 particles (0.2 µM) following 300 seconds
sonication on mica. b) AFM image of Sup35NM particles (0.2 µM) following 300
seconds sonication on mica. Scan size 10x10 µm 1024 x 1024 pixels, and scale
bar represents 2 µm for both images. Images collected by N.Koloteva-Levine.
Normalised particle height (nm) distribution of c) Aβ42 particles d) Sup35NM
particles. Normalised particle length (nm) distribution of e) Aβ42 particles f)
Sup35NM particles. Mean value displayed in the top right.
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3.2.4 Comparison of Aβ42 and Sup35NM fibril height and length following
sonication.
Both visually on a mesoscopic level and with regards to mechanical stability
following AFM height and length data analysis, the amyloid fibrils behaved
remarkably similar following sonication. As predicated, the heights of the fibrils
(Figure 10a) were maintained while lengths decreased (Figure 10b) with each
increase in sonication period. The persistence of the height of the amyloid fibrils
under such mechanical force was a demonstration of the high mechanical
stability perpendicular to the axis of the fibril and indicated the importance of the
height to the prion/prion-like mechanism of propagation.
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Figure 10 a) Consistent average height (nm) and b) decreasing average length
(nm) of Sup35NM and Aβ42 particles following 0, 5 and 300 seconds sonication,
Sonication time shown on a logarithmic scale for both. Values circled to signify
fibrils extend outside the scanned area, and thus the value is an underestimation.
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Sonication (s)

Protein

Average
Height (nm)

Average
Length (nm)

Aβ42

6.3

(>>146.3)

Sup35NM

7.0

(>>215.2)

Aβ42

5.5

131.5

Sup35NM

5.4

152.7

Aβ42

5.7

38.5

Sup35NM

5.3

42.7

0

5

300

Table 1 - Comparison of Aβ42 and Sup35NM particles height and length (nm)
following 0, 5 and 300 seconds sonication. Notation (>> Χ) used to signify fibrils
extend outside the scanned area, and thus the value is an underestimation.
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3.3 The Impact Of A His-tag
The Sup35NM fibrils investigated so far have had an N-terminal His-tag, for
purification purposes, but it was yet to be determined if this had an effect on fibril
structure and behaviour. As such, Sup35NM WT conventionally used in prion
research (which has an N-terminal His-tag) and Sup35NM with a C-terminal Histag were scanned to assess if there were any inconsistencies on a morphological
scale, and then both samples were subjected to a range of sonication periods to
see if they behaved the same under mechanical stress. Any major differences,
visual or in mechanical stability could have indicated the potential of a His-tag to
change the behaviour of the protein, rendering any data previously collected
unreliable.
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3.3.1 Sup35NM C-terminal His-tag fibrils initially appeared homologous to
Sup35NM N-terminal His-tag fibrils.
The unsonicated Sup35NM C-terminal His-tag fibrils (Figure 11a) were near
indistinguishable from the Sup35NM N-terminal His-tag fibrils conventionally
used, it had long, straight, overlapping but distinct fibrils. The Sup35NM Nterminal His-tag fibrils had a slightly larger diameter with a mean of 7.0 nm,
compared to the Sup35NM C-terminal His-tag fibril mean of 6.4 nm, both values
fell within the expected range determined by other biophysical methods such as
EM and X-ray crystallography explored in Figure 2. Sup35NM N-terminal His-tag
fibrils had a mean length of 215.2 nm and Sup35NM C-terminal His-tag fibrils had
a mean of 158.1 nm, but as explained previously, average lengths recorded
before sonication are not strictly accurate.

After 5 seconds sonication the scanned image and recorded height and length
data were atypical. The images collected of Sup35NM C-terminal His-tag fibrils
displayed some short distinct fibrils as expected but also a considerable
population of amorphous aggregation as highlighted by the 2x magnification view
(Figure 11b). The wide diversity of heights and lengths recorded were
represented in the irregular histograms (Figures 11d and 11f). The height
distribution had a much greater deviation than typically seen. A mean height of
10.5 nm was recorded; unquestionably a consequence of the clumping seen, as
exceedingly overlapping fibrils gave a misleadingly large height value.
Remarkably, Sup35NM C-terminal His-tag fibrils had a mean length of 158.5 nm,
which seamlessly fit the trend and was very similar to its less clumped
counterpart. This suggested that the fibrils did indeed sonicate and fragment to
form distinct fibrils as anticipated, but perhaps the sample was not plated fast
enough and the fibrils irreversibly associated prior to pipetting.
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Figure 11 - AFM image of Sup35NM C-terminal His-tag fibrils following a) 0
seconds b) 5 seconds sonication (2 µM and 0.2 µM respectively) on mica. Scan
size 10x10 µm 1024 x 1024 pixels, and scale bar represents 2 µm for both
images. Images collected by N.Koloteva-Levine. Normalised particle height (nm)
distribution of Sup35NM C-terminal His-tag fibrils following c) 0 seconds d) 5
seconds sonication. Normalised particle length (nm) distribution of Sup35NM Cterminal His-tag fibrils following e) 0 seconds f) 5 seconds sonication. Mean value
displayed in the top right. Notation (>> Χ nm) used to signify fibrils extend outside
the scanned area, and thus the value is an underestimation.
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3.3.2 Individual analysis of C-terminal His-tag particles revealed heights
that followed the pattern expected.
Discrete particles outside the main body of clumping had heights between 5 and
6 nm, confirming the theory that the average height measurement recorded by
AFM was a result of clumping, as oppose to actual particle height. These results
suggested height was not affected by sonication.

Figure 12 – Three individual particles were selected from the Sup35NM Cterminal His-tag following 5 seconds sonication sample scan (Figure 11b) and
analysed using sectioning tool in Bruker Nanoscope Analysis Software to reveal
heights between 5 and 6 nm.

3.3.3 Sup35NM C-terminal His-tag fibrils maintained height following
extreme sonication.
The Sup35NM C-terminal His-tag fibrils behaved largely as expected after 60
seconds sonication. Visually, small, round ‘dots’ could be seen and there was a
slight variation in size between particles (Figure 13a). When compared to other
sonication periods in the series, the height distribution was typical and had a
mean of 5.7 nm. This suggested Sup35NM C-terminal His-tag fibrils had a
structural stability equivalent to that of the Sup35NM N-terminal His-tag fibrils
conventionally used. As expected, the length of the Sup35NM C-terminal His-tag
fibrils was reduced significantly following 60 seconds sonication to a mean of
52.8 nm.
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Following 240 seconds sonication, the Sup35NM C-terminal His-tag particles
were homogenous (Figure 13b). In these images, similar to images of Sup35NM
N-terminal His-tag particles, incredibly short fragments were seen. The Sup35NM
C-terminal His-tag particles had an average length of 56.4 nm but nevertheless
maintained a height of 5.3 nm, this was indicative of a mechanical strength that
was much the same as Sup35NM N-terminal His-tag particles.
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Figure 13 - AFM image of Sup35NM C-terminal His-tag fibrils 0.2 µM following a)
60 seconds b) 240 seconds sonication on mica. Scan size 10x10 µm 1024 x
1024 pixels, and scale bar represents 2 µm for both images. Images collected by
N.Koloteva-Levine. Normalised particle height (nm) distribution of Sup35NM Cterminal His-tag fibrils following c) 60 seconds d) 240 seconds sonication.
Normalised particle length (nm) distribution of Sup35NM C- terminal His-tag fibrils
following e) 60 seconds f) 240 seconds sonication. Mean value displayed in the
top right.
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3.3.4 Sup35NM C-terminal His-tag fibrils and Sup35NM N-terminal His-tag
fibrils were similar.
Overall, it could be said that the Sup35NM C-terminal His-tag fibrils and
Sup35NM N-terminal His-tag fibrils were mostly alike and reacted to sonication in
a similar fashion, demonstrating they had the same mechanical strength.
a)

16
Sup35NM C-His tag
Sup35NM N-His tag

Average Height (nm)

14
12
10
8
6
4
2
0
0.1

Average Length (nm)

10
Sonictaion (s)

250

100

1000

Sup35NM C-His tag

x

200

Sup35NM N-His tag

x

b)

1

150
100
50
0

0.1

1

10
Sonication (s)

100

1000

Figure 14 - a) Consistent average height (nm) and b) decreasing average length
(nm) of Sup35NM N-terminal His-tag and C-terminal His-tag particles following 0,
5 and 240/300 seconds sonication. Sonication time shown on a logarithmic scale.
Values circled to signify fibrils extend outside the scanned area, and thus the
value is an underestimation.
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Sonication
(seconds)

Protein

Average
Height (nm)

Average
Length (nm)

Sup35NM C-His tag

6.4

(>>158.1)

Sup35NM N-His tag

7.0

(>>215.2)

Sup35NM C-His tag

10.5

158.5

Sup35NM N-His tag

5.4

152.7

Sup35NM C-His tag

5.7

52.8

Sup35NM N-His tag

6.5

117.6

240

Sup35NM C-His tag

6.0

56.4

300

Sup35NM N-His tag

5.3

42.7

0

5

60

Table 2 – Mean height and length data for Sup35NM C-terminal His-tag and
Sup35NM N-terminal His-tag, following 0, 5, 60, 240 and 300 seconds sonication.
Notation (>> Χ) used to signify fibrils extend outside the scanned area, and thus
the value is an underestimation.

Following this investigation, the structure and mechanical stability of Sup35NM
and 3 Sup35NM mutants with single substitution mutation in a region identified as
vital for prion formation were explored. Specifically, the effect of a change in
structure on prion propagation ability was assessed.
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3.4 Comparison Of Sup35NM WT And Mutant fibrils
In order to identify what aspects of structure and stability are critical for prion
propagation, the factors already identified as affecting propagation in nature must
be considered. It has been demonstrated that Sup35NM with a single amino acid
residue substitution (G58D) in the OPR region still forms prions, but the mutation
impedes prion propagation. Mutants of Sup35NM: G58A, G58K and G58V have
been previously assessed for their ability to propagate in colonies, but it remains
unknown what structural underpinnings facilitate these varying abilities. This
thesis investigated if there was a visual distinction on a mesoscopic scale
between mutant and wild type Sup35NM, and progressed to compare the
mechanical stability of the mutants through controlled sonication to see if the
features affecting prion transmissibility could be elucidated.

3.4.1 The structure of Sup35NM G58A fibrils were not severely affected by
the mutation.
The Sup35NM G58A fibrils (Figure 14a) were almost ‘knotted’ in appearance,
which was not consistent with the Sup35NM WT fibrils, which overlapped but
were still clearly discrete. Despite this ‘knotted’ appearance, the fibrils were long,
with a mean length of 141.8 nm. The lack of fragmentation and a height of 6.5
nm, which was consistent with other fibrils under the same conditions, suggested
the structure of the G58A variant had not been severely affected by the mutation.
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a)

Sup35NM G58A - 0 seconds

b)

2 µm

4x

c)

d)
(>> 141.8 nm)
Norm. Frequency

Norm. Frequency

6.5 nm

Height (nm)

Length (nm)

Figure 15 – Sup35NM G58A fibrils are whole and long, similar to the WT fibrils. a)
AFM image of unsonicated Sup35NM G58A fibrils (2 µM) following on mica. Scan
size 10x10 µm 1024 x 1024 pixels, and scale bar represents 2 µm.

b) 4x

magnification. c) Normalised particle height (nm) distribution of Sup35NM G58A
fibrils. d) Normalised particle length (nm) distribution of Sup35NM G58A fibrils.
Mean value displayed in the top right. Notation (>> Χ nm) used to signify fibrils
extend outside the scanned area, and thus the value is an underestimation.
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3.4.2 The structure of Sup35NM G58K fibrils were affected considerably by
the mutation.
The sample of Sup35NM G58K fibrils contained short clumped fragmented fibrils,
highlighted in the 4x magnified view (Figure 16b). The unsonicated fragments
bore a closer resemblance to a sample that had been sonicated for 5 seconds or
longer. The structure of the fibrils had been considerably affected by the
mutation. The mean height of the G58K fibrils was 9.3 nm, seemingly large when
compared to an average Sup3NM WT fibril, but presumed to be a reflection of the
clumping seen, rather than actual fibril height.
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a)

Sup35NM G58K - 0 seconds

b)

2 µm

4x

c)

d)
140.2 nm
Norm. Frequency

Norm. Frequency

9.3 nm

Height (nm)

Length (nm)

Figure 16 - Sup35NM G58K fibrils fragment without any sonication. a) AFM
image of unsonicated Sup35NM G58K fibrils (2 µM) on mica. Scan size 10x10
µm 1024 x 1024 pixels, and scale bar represents 2 µm. b) 4x magnification. c)
Normalised particle height (nm) distribution of Sup35NM G58K fibrils. d)
Normalised particle length (nm) distribution of Sup35NM G58K fibrils. Mean value
displayed in the top right.
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3.4.3 Sup35NM G58V fibrils were arguably the closest in appearance to the
Sup35NM WT fibrils.
The Sup35NM G58V fibrils (Figure 17) were long, straight and distinct; they were
arguably the closest in appearance to the Sup35NM WT fibrils as there was no
visible fragmentation in this sample. Sup35NM G58V fibrils also exhibited a
distribution of height and length most comparable to Sup35NM WT fibrils. The
mean height of the Sup35NM G58V fibrils was 4.9 nm, certainly smaller than the
7.0 nm recorded for the Sup35NM WT fibrils, but both are were the range
expected. Sup35NM G58V fibrils also displayed the greatest mean length of all
the mutants at 175.2 nm. As clarified previously, any average fibril length
recorded prior to sonication was not strictly accurate as fibrils extended outside of
the scan area, but a high average length compared to other fibrils was a result of
minimal fragmentation.
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a)

Sup35NM G58V - 0 seconds

b)

2 µm

4x

c)

d)
(>>175.2 nm)
Norm. Frequency

Norm. Frequency

4.9 nm

Height (nm)

Length (nm)

Figure 17 - Sup35NM G58V fibrils are most similar to the WT. a) AFM image of
unsonicated Sup35NM G58V fibrils (2 µM) on mica. Scan size 10x10 µm 1024 x
1024 pixels, and scale bar represents 2 µm. b) 4x magnification. c) Normalised
particle height (nm) distribution of Sup35NM G58V fibrils. d) Normalised particle
length (nm) distribution of Sup35NM G58V fibrils. Mean value displayed in top
right. Notation (>> Χ nm) used to signify fibrils extend outside the scanned area,
and thus the value is an underestimation.
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3.4.4 Comparison of Sup35NM mutant fibrils with the WT.

Protein

Average
Height (nm)

Average
Length (nm)

Aβ42

6.3

(>>146.3)

Sup35NM WT

7.0

(>>215.2)

Sup35NM G58A

6.5

(>>141.8)

Sup35NM G58K

9.3

140.2

Sup35NM G58V

4.9

(>>175.2)

Table 3 - Mean fibril height and length data for Aβ42, Sup35NM WT and
Sup35NM mutants: G58A, G58K and G58V. Notation (>> Χ) used to signify fibrils
extend outside the scanned area, and thus the value is an underestimation.

3.4.5 Sup35NM G58K fibrils recorded average height was a reflection of
clumping.
The mean height of the G58K fibrils was recorded as 9.3 nm, seemingly large
when compared to an average Sup3NM WT fibril. This was later confirmed by
single fibril analysis (shown below) to be a reflection of the clumping seen, rather
than actual fibril height.

Figure 18 - Four individual particles were selected from the Sup35NM G58K
sample scan (Figure 16b) and analysed using sectioning tool in Bruker
Nanoscope Analysis Software to reveal heights between 4.5 and 6.2 nm.
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After recording and assessing the features of these novel mutant fibrils in their
native state, the mutant fibrils were subjected to controlled sonication, to see the
extent to which the mutant fibrils tolerated mechanical stress in comparison with
the Sup35NM WT fibrils.

It was anticipated that an amino acid substitution would affect the rate of
fragmentation and offer an explanation for the variation in the extent of
propagation. If proved correct the AA position could be used as a therapeutic
target to prevent fragmentation and therefore spread, or at least, a greater
understanding of the mechanism of spread in amyloid disease.

62

3.5 Sup35NM G58A and G58V fibrils were sonicated to assess mechanical
stability.
The Sup35NM fibrils with G58A and G58V single amino acid substitutions were
selected for further sonication, as these produced the fibrils that were most
similar in height, length and overall appearance to the Sup35NM WT fibrils. The
Sup35NM G58K sample was omitted at this stage, as the fibrils already
resembled sonicated fibrils. The Sup35NM G58A and Sup35NM G58V fibrils
were sonicated for a period of 5 seconds with the expectation that, resembling
Sup35NM WT and Aβ42 samples, the result would be short but whole fibril
fragments that sustain height.

3.5.1 Sup35NM G58A fibrils had low mechanical strength.
The Sup35NM G58A fibrils did not react as anticipated to sonication, the
fragments appeared non-uniform, thin and clumped (Figure 19a). The fibrils had
an average length of approximately half that of the Sup35NM WT at 77.2 nm
following 5 seconds sonication. Interestingly, despite the abnormal appearance
of the fibrils, fibril height was maintained with a mean height of 4.7 nm. Taking
into consideration only the height and length data seen in the histograms the
Sup35NM G58A fibrils misleadingly seemed consistent with the sonicated
Sup35NM WT fibril data, but on a mesoscopic scale the mutant did not react to
mechanical stress as the Sup35NM WT fibrils did. This suggests the fibrils were
less mechanically stable, possibly enabling propagation through increased
fragmentation.

3.5.2 Sup35NM G58V fibrils had high mechanical strength.
The sonicated Sup35NM G58V fibrils (Figure 19b) bore a closer resemblance to
the sonicated Sup35NM WT fibrils than the sonicated Sup35NM G58A fibrils.
63

Both Sup35NM WT fibrils and Sup35NM G58V fibrils formed short, distinct and
whole fragments. The two proteins did differ in that there were more ‘clumps’ of
fragments present in the sonicated Sup35NM G58V scan, this was reflected in
the deceptive ‘increase’ in height from 4.9 nm in the unsonicated sample, to 8.7
nm at 5 seconds sonication. Nevertheless, the sonicated Sup35NM G58V fibrils
had a mean length of 110.3 nm, most analogous to Sup35NM WT at 152.7 nm.
The high mechanical strength of the fibrils reduced fragmentation, which in turn
possibly negatively affected the rate of propagation.
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Figure 19 - a) AFM image of Sup35NM G58A particles (0.2 µM) following 5
seconds sonication on mica. b) AFM image of Sup35NM G58V particles (0.2 µM)
following 5 seconds sonication on mica. Scan size 10x10 µm 1024 x 1024 pixels,
and scale bar represents 2 µm for both images. Normalised particle height (nm)
distribution of c) Sup35NM G58A particles d) Sup35NM G58V particles.
Normalised particle length (nm) distribution of e) Sup35NM G58A particles f)
Sup35NM G58V particles. Mean value displayed in top right.
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3.5.3 Analysis of Sup35NM G58A and Sup35NM G58V following sonication.

Protein

Average
Height (nm)

Average
Length (nm)

Aβ42

5.5

131.5

Sup35NM WT

5.4

152.7

Sup35NM G58A

4.7

77.2

Sup35NM G58V

8.7

110.3

Table 4 – Mean height and length data for Aβ42, Sup35NM WT and Sup35NM
mutants G58A and G58V, following 5 seconds sonication.

Bringing together the results of the unsonicated mutant fibrils and the results in
this experiment following sonication, it was clear that Sup35NM G58V fibrils most
closely resembled the Sup35 WT fibrils, both visually in AFM scans and when
comparing average height and length data. G58A fibrils were less mechanically
stable than the WT along the length of the fibril, possibly enabling greater
fragmentation and more propagation.
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4. DISCUSSION
4.1 A comparison of Aβ42 and Sup35NM fibrils.
Sup35 is a protein found in Saccharomyces cerevisiae, in nature this protein is a
eukaryotic translation release factor (eRF3) (Volkov et al., 2007). In cells with the
[PSI+] phenotype Sup35 is in a prion state, meaning it exists as an amyloid and
can propagate to daughter cells (Cox, 1965; Krammer et al., 2009). In order to
propagate the prion must maintain height to enable it to be a template for
replication, physically act as a nucleus seed or ‘starting block’ to recruit and
convert soluble proteins for new fibril growth (Ohhashi et al., 2010). Flow fieldflow fractionation has been used to separate prions by size and has confirmed
that oligomers composed of 14–28 monomers exhibit the most infection
properties in vivo (Silveira et al., 2005).

The molecular and structural basis behind the creation and spread of prions is
poorly understood (Grant, 2015). It is known that all prions have an amyloid
structure and amyloid proteins share this common cross β sheet structure
regardless of the precursor protein (Nelson et al., 2005). As such Sup35 is often
used as a model to explore the qualities of disease-associated proteins such as
Aβ42. Sup35 is an epigenetic regulator of cell physiology and has the advantage
of being non-cytotoxic, allowing its characteristics and mechanisms to be
investigated without killing the host cell (Xu, Bevis and Arnsdorf, 2001;
Kryndushkin et al., 2002; Osherovich et al., 2004).

The question remains, how analogous is the structure and structural stability of
these two proteins on a mesoscopic scale? Furthermore, could any disparity
explain the difference in infectious potential between the two amyloid? Does
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easier fragmentation (enabled by low mechanical stability) allow for greater
propagation? In order to maintain core structural integrity as they fragmented,
both proteins were expected to be capable of sustaining height under simulated
mechanical force in the form of controlled sonication. Sup35NM and Aβ42 fibrils
were sonicated at 3 time points to assess their mechanical strength and the
extent to which disease-associated mammalian prions and model yeast prions
were consistent.

4.1.1 Disparity between unsonicated Aβ42 and Sup35NM fibrils.
Interestingly, before sonication there was already a minor disparity between the
appearance of Aβ42 and Sup35NM fibrils. The Aβ42 fibrils appeared somewhat
fragmented in comparison to the long Sup35NM fibrils that could be traced
uninterrupted from one side of the scan to the other. This initial assessment was
reinforced by the height and length data collected by AFM, which reported an
average length of 146.3 nm for Aβ42 and a much longer length of 215.2 nm for
Sup35NM. Lengths were not accurate prior to sonication as fibrils extended out of
the scan area; however, the significantly smaller average length of Aβ42 was most
likely the result of a greater proportion of shorter fragments. This variation in fibril
appearance and dimension was attributed to the different roles of the proteins.

Sup35 has a role in translation and as such the concentration of available Sup35
fluctuates in the cell according to need. In nature, Sup35 proteostasis and prion
spread are controlled by a complicated and not yet fully understood system of
chaperone proteins. One of which, HSP104, a homohexameric AAA ATPase, is
responsible for the creation of small prion particles or ‘seeds’ that are able to
leave the cell in vivo (Chernoff et al., 1995; Paushkin et al., 1996). It follows that
recombinant Sup35NM fibrils would be less prone to fragment in the absence of
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these chaperone proteins. HSP104 is specific to Sup35 and has no homologue in
mammalian cells (Krauss and Vorberg, 2013). Mammalian cells do contain
disaggregates that could be considered orthologs, which act unspecifically to
break down plaques, creating toxic oligomers. It would follow that Aβ42 is more
liable to fragment (than Sup35), independent of cellular machinery, due to
intrinsic low mechanical stability along the length of the Aβ42 fibril. Aβ42 is a
disease-associated protein; its pathogenic role is by virtue of particle spread. The
tendency to fragment uncontrollably and without assistance is an asset in a
prion/prion-like protein with a pathogenic role, as it would lead to an even greater
proportion of small toxic oligomers.

4.1.2 Sonication revealed the mechanical strength of Aβ42 and Sup35NM
fibrils.
Following 5 and 300 seconds sonication the two proteins were near
indistinguishable at the same time point, in regards to both suprastructure and
recorded height and length data. Strikingly, all sonicated samples maintained
height between the narrow range of 5 to 7 nm. This demonstrated the incredible
mechanical strength across the height of the fibrils, a testament to the importance
of maintaining height to prion/prion-like protein propagation.
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4.2 The effect of protein purification tags on Sup35NM.
Polyhistidine affinity tags (His-tags) have been used for decades to efficiently
purify large quantities of protein. The gene sequence of the desired protein is
altered to add six or more consecutive histidine residues at the C- or N- terminus.
The His-tag in the desired protein binds to immobilised metal cations in a column
and (once separated from impurities) is eluted. His-tags are small and were
widely considered to have no effect on the structure or function of the protein,
indeed one of their greatest benefits. However, recently papers have been
published with evidence to suggest that His-tags and their location may interfere
with protein aggregation, activity and structure (Goel et al., 2000; Carson et al.,
2007; Sayari et al., 2007; Thielges et al., 2011; Majorek et al., 2014).

To investigate this possibility further, Sup35NM fibrils with a C-terminal His-tag
were produced, scanned, and sonicated to assess the mechanical stability of the
fibrils. These results were compared to the Sup35NM fibrils with an N-terminal
His-tag, which is the variant conventionally used in Sup35NM investigation. Any
significant variation in results between the Sup35NM fibrils with a C-terminal Histag and an N-terminal His-tag would suggest that the His-tag had a detrimental
effect on Sup35NM structure or activity.

4.2.1 Sup35NM C-terminal and N-terminal His-tag fibrils were visually alike.
The unsonicated C-terminal His-tag fibrils were compared with their N-terminal
His-tag equivalents. At first glance, the C-terminal His-tag fibrils appear whole
long and distinct, very similar in appearance to the more commonly used Nterminal His-tag Sup35NM. This initial assessment is supported by the height and
length data gathered from analysis by AFM, which recorded an average fibril
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height of 6.4 nm and an average length of 158.1 nm for C-terminal His-tag fibrils,
both values in the range expected.

4.2.2 Sup35NM C-terminal and N-terminal His-tag fibrils had near identical
mechanical strength.
The fibrils were sonicated over 3 different time points to assess their mechanical
stability. Mechanical stability should ideally be identical between the two fibrils.
Thus, similar to the Sup35NM fibrils with an N-terminal His-tag, it was expected
that the Sup35NM fibrils with a C-terminal His-tag would maintain height as
length decreased with each increasing sonication time.

Following 5 seconds sonication the fibrils did not appear as expected. It appeared
as though fragmented fibrils of an expected length were created but
unfortunately, the fibrils formed amorphous aggregates. A possible explanation is
that the protein sample may have been left too long before plating. Nonetheless,
discrete particles outside the body of clumping had normal fibril height
dimensions between 5 and 7 nm when individually analysed by sectioning tools
on Nanoscope software.

Following an even longer duration of sonication for 60 and 300 seconds the
Sup35NM fibrils with a C-terminal His-tag not only maintained a height and length
comparable to that of the Sup35NM fibrils with an N-terminal His-tag but
additionally maintained height throughout all sonication periods, suggesting that
both fibrils had incredible mechanical stability perpendicular to the axis of the
fibril. Importantly, both fibrils appeared and responded the same to perturbation
by controlled sonication. As a result of these observations, it is apparent that the
presence and placement of a His-tag bears no significant effect on Sup35NM
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suprastructure or mechanical stability, further endorsing previous work done with
the N-terminal His-tag Sup35NM in the investigation of prion/prion-like proteins.

Although it has been found that the placement of His-tag does not have a
detrimental effect on the suprastructure or mechanical stability of Sup35NM in
isolation, it could interfere with its interaction with chaperone proteins such as
HSP104, which enable prion propagation, an interesting possibility to investigate
in the future.
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4.3. The impact of site-directed mutagenesis on the structure, stability and
prion propagation of Sup35NM mutants.
It is known that a single amino acid substitution has the potential to impact the
stability and propagation of a prion. This has been investigated and reported in
prions such as the mammalian prion PrPsc, in which a naturally occurring variant
(with a valine residue at position 129 instead of a methionine residue) can act to
prevent the development of Creutzfeldt-Jakob disease by influencing the folding
and oligomerisation of the protein (Palmer et al., 1991; Tahiri-Alaoui et al., 2004).

In yeast cells, the phenotype [PSI +] signifies that the translation termination factor
Sup35 is in its propagating prion form. There is a Sup35 mutant named PNM for
“[PSI +] no more” which is a functional protein with a typical amyloid structure that
is able to enter prion aggregates but acts to reduce the spread of the [PSI +]
phenotype. PNM has a single amino acid substitution (G58D) in the OPR domain
of Sup35, a domain that has been highlighted as nonessential for viability or
translation termination but crucial for prion propagation (Ter-Avanesyan et al.,
1994; Kochneva-Pervukhova et al., 1998; Verges et al., 2011).

In a previous study by Marchante and colleagues (Marchante et al., 2013b) sitedirected mutagenesis was used to create a comprehensive collection of
Sup35NM G58X mutants, which were later selected for on a medium containing
5FOA (5-Fluoroorotic Acid). This phenotypic assay indicated with a colour
change the percent of induced [PSI+] colonies for each mutant and thus revealed
how capable each mutant was of prion propagation (Cox and Tuite, 2018). One
mutant from each class was selected for further analysis. They found that the
G58A mutant was one of the most phenotypically stable mutants, as the percent
of induced [PSI+] colonies was comparable to that of the wild type. The G58K
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mutant was less phenotypically stable, with only some induction of [PSI +] and the
G58V mutant was highly unstable leading to very little induction of [PSI+]
(Marchante et al., 2013b). Our scan images and height-length data analysis
largely supported these findings for the G58A and G58K Sup35NM mutants, but
held unexpected results for the Sup35NM G58V mutant.

Figure 20 – Percent of induced [PSI+] colonies for Sup35NM wild type and three
G58X mutants, assessed by scoring the number of [PSI+] colonies in a
phenotypic assay. The G58A variant induced the [PSI+] phenotype at a similar
frequency as the wild type. G58K variant induced less [PSI+] colonies, and the
G58V variant induced very few. Adapted from: (Marchante et al., 2013b).

4.3.1 The structure of the Sup35NM G58A mutant fibrils were largely
unaffected, enabling the mutant to propagate effectively.
The G58A mutant was highlighted as the mutant with the most efficient [PSI +]
propagation in colonies (in some cases more effective than the WT) and as such
it was expected to be the most similar in appearance to the wild type. It was
concluded that the G58A mutant was similar to the Sup35NM WT in that the
Sup35NM G58A mutant fibrils were long and little fragmentation was detected.
Furthermore, it was found that of all the mutants the G58A mutant fibrils had the
most similar height to the Sup35NM WT fibrils (6.5 nm and 7.0 nm respectively).
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The effect of the single point substitution in each mutant is a direct result of the
characteristics of the new residue. Alanine is one of the smallest residues; small
size is a desirable characteristic in this situation because glycine (the original
residue) is the smallest possible amino acid, with a side chain consisting of a
single hydrogen atom. It is conceivable that the similarity in size was responsible
for the minimal effect of this particular substitution on the structure and therefore
the minimal impact on the propagation of this mutant. It is possible that alanine
provided a ‘weak link’ enabling greater fragmentation and propagation.

4.3.2 The structure of the Sup35NM G58K mutant fibrils were drastically
affected, negatively impacting prion propagation.
The G58K mutant, which was highlighted as a mutant with intermediate [PSI+]
propagation capability in vivo, was the least similar to the Sup35NM WT in
appearance, height and length following AFM analysis. The sample appeared
broken and clumped, and as a result of overlapping fibril fragments had an
average height of 9.3 nm.

Unsurprisingly, lysine, the residue used in this mutant is considerably dissimilar
from its small and inert predecessor glycine. Lysine is large, polar and positively
charged under biological conditions. Consequently, the mutation had a large
adverse impact on structure and propagation.

4.3.3 The structure of the Sup35NM G58V mutant fibrils were unaffected,
despite not being capable of effective prion propagation.
The G58V mutant was selected as the least effective at prion propagation
following the phenotypic assay. Accordingly, it was expected that the G58V
mutant fibrils would reflect this, but remarkably, the fibrils bore the closest
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resemblance to the Sup35NM WT. Fibrils were whole, distinct and long with an
average length of 175.2 nm, the most similar to the Sup35NM WT sample, which
had a mean length of 215.2 nm. The G58V mutant sample was arguably closer in
dimension and appearance to the wild type, even more so than the G58A mutant,
which was selected as the mutant most effective at propagating in the phenotypic
assay (Marchante et al., 2013b). It is conceivable that the G58V fibrils were
exceedingly stable, reducing fragmentation and preventing effective propagation.

The conflicting evidence between structure and effect on propagation in colonies
suggests the residue in this position is not only responsible for maintaining a
suitable structure to enable propagation but additionally contributes specific
chemical properties that are vital to fragmentation and the mechanism
underpinning prion propagation which are not yet completely understood. This
theory would provide rationale for mutants such as G58V and PNM (G58D) that,
despite having a conventional structure, fail to propagate adequately and disturb
normal function.
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4.4 Controlled sonication was used to assess the mechanical stability of
Sup35NM WT, G58A And G58V.
Following the analysis of unsonicated Sup35NM WT and mutants, the
mechanical stability of G58A and G58V mutants was investigated by subjecting
the fibrils to 5 seconds sonication. Previously, it was found that Sup35NM WT
particles maintained height, and thus structural integrity despite sonication; this
alluded to the importance of the conservation of the height of a fibril to its function
as a prion. The conservation of the height despite fragmentation along the length
of the fibril was thought to be necessary for the new particles produced to act as
templates and nuclei for new fibril growth. The heights and lengths of the
selected mutants were recorded following sonication and the impact of sonication
on the suprastructure of the mutants was assessed.

4.4.1 Sup35NM G58K was omitted.
The Sup35NM G58K mutant was omitted at this stage. The unsonicated sample
already appeared perturbed despite not being subject to sonication yet and
therefore offered a clear explanation as to why the mutant could not function as a
prion or successfully propagate at the same rate as the wild type in the
phenotypic assay, it was simply not structurally stable enough. This further
highlights the importance of structure, as without suitable structure there was no
effective propagation.

4.4.2 Sup35NM G58A mutant particles did not have the same mechanical
strength as the wild type.
As before, the Sup35NM G58A mutant was selected as the mutant with the most
efficient [PSI +] propagation in colonies, accordingly, it was expected to be the
most similar to the Sup35NM WT. Despite forming particles of an acceptable
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height at 4.7 nm the sonicated Sup35NM G58A particles saw a reduction from
the 6.5 nm previously recorded in the unsonicated sample. At 77.2 nm the
particles were almost half the length recorded for the wild type under the same
conditions, this suggested the mutant had lower mechanical strength than the
wild type along the length of the fibril, which allowed it to fragment with greater
ease, and thus enabled efficient propagation. However, the mutant particles were
not similar in appearance to the wild type particles, the force of sonication had
undeniably affected the integrity of the structure of the mutant.

4.4.3 Sup35NM G58V mutant particles continued to be the most analogous
to the wild type.
Following 5 seconds sonication the Sup35NM G58V particles, again, behaved
most comparable to the Sup35 WT particles. Indeed, the Sup35NM G58V mutant
particles appeared more ‘clumped’ than the WT counterpart and consequently
had a greater mean height than expected at 8.7 nm, but an average length closer
to expectation at 110.3 nm. Despite the initial ‘clumpy’ appearance the particles
appeared to have a similar shape and dimensions to the Sup35NM wild type
particles.

These findings, combined with the results of the unsonicated mutant samples led
to the conclusion that the Sup35NM G58V mutant fibrils appeared and behaved
the same as the Sup35NM WT fibrils, yet these similarities did not translate into
equal prion propagation ability. This further reinforced the theory proposed
earlier: that structure and mechanical stability are prerequisites for effective prion
propagation, but far from the only contributing factor. Prions must indeed have a
structure that facilitates the physical requirements of prion propagation (to
fragment without altering the height, in order to act as a template and nucleus
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seed for new fibril growth) but it is also clear that on a molecular level highly
specific chemical combinations (in addition to a highly specific structure) are
needed in the mechanism for propagation of prions. An extraordinary feat given
that prions, despite sharing a common amyloid structure, do not require the
same, or even similar, precursor proteins and thus differ significantly in primary
sequence and chemical composition.

The intricacies of the mechanisms behind prion seeding, growth and propagation
cannot be resolved simply through analysis of structure alone, it must be in
combination with investigation into molecular detail and simultaneously the
impact in vivo. This is not to say that structure is not of vital importance; structure
facilitates prion function and how it does will certainly be key to understanding
and eventually preventing prion propagation.
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4.5 Conclusions
In summary three main conclusions can be drawn following this series of
investigations:

Firstly, it was found that Sup35NM and Aβ42 fibrils appeared different under
native conditions. The pathogenic role of Aβ42 is a potential explanation for this
disparity, as the more liable a fibril is to fragmentation, the more small toxic
particles capable of propagation it will generate, and therefore, the greater its
pathogenic potential. Following sonication the two amyloid appeared similar on a
mesoscopic scale and importantly had high mechanical strength perpendicular to
the fibril axis and low mechanical strength parallel to the fibril axis. This was
inferred as both fibrils maintained height irrespective of sonication and
fragmented length-wise at a similar rate. The maintenance of height under such
force emphasised the importance of height to prion/prion-like protein propagation.
Specifically, the height of the fibril is necessary for the integrity of the nucleus or
‘seed’ required for new fibril growth. It would be interesting to expand this
investigation to other Aβ variants such as Aβ40 to see if there is a distinction in
mechanical stability that underlies the different levels of disease-association
between the variants, and eventually, other disease associated prion-like proteins
such as Tau.

Secondly, it was confirmed that in the case of Sup35NM the presence and
placement of a His-tag did not negatively affect suprastructure or mechanical
stability. This control should be a widespread practice where it is not possible or
convenient to cleave a purification tag. Our C-terminal and N-terminal His-tag
Sup35NM variations proved near identical in suprastructure and mechanical
stability, but this is not always the case. Only two criteria have been assessed
80

here, in the future it would be worthwhile investigating the extent to which
purification tags interfere with chaperone binding (such as HSP104) as this would
have a significant impact on prion propagation.

Thirdly, it was found that surprisingly, despite being near identical in appearance
and mechanical strength to the wild type, Sup35NM G58V mutant, much like the
Sup35NM G58D mutant fibrils, did not propagate efficiently in vivo. This suggests
that although structure is a necessary prerequisite for effective prion propagation
it is not the only contributing factor. Although undoubtedly structure has a part to
play in enabling prion and prion-like protein propagation, the reduced mechanical
stability appears to have had the greatest impact on propagation by increasing
the ease of fragmentation and the creation of more oligomers. Further
investigation on a molecular level is needed to elucidate the specific mechanism
behind propagation. While it is anticipated amino acid position 58 will have a
large role to play the fragmentation mechanism, it is not yet know what triggers
fragmentation, or how.

Overall, considering amyloid structure on a mesoscopic level, understanding its
mechanical stability, and how these features facilitate the mechanism behind
prion/prion-like propagation will be vital in the fight against debilitating conditions
such as Alzheimer’s disease. The lack of progress thus far in finding an effective
treatment is undoubtedly a result of a lack of focus on structural and molecular
detail and failure to take these into account when designing pharmaceuticals.
Studies like these, which combine in vivo data with detail on a mesoscopic level,
are crucial. Elucidating the mechanism behind prion propagation and importantly,
how structure enables it, will be key to one day finding a cure.
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APPENDIX 1 – Thioflavin T Graph
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Sup35NM polymerised at 30 ̊C for 48 hours. For monitoring polymerisation, 3 x
100 µl samples of Sup35NM were aliquoted and Thioflavin T was added to a final
concentration of 10 mM. Kinetics were monitored in a FLUOstar OMEGA plate
reader (BMG Labtech) at 30 ̊C until stationary phase reached. The number of
hours taken to achieve stationary phases suggests the sample was not
contaminated.
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APPENDIX 2 - Optimisation Of Fibril
Tracing
Noise command line:
>>

[fitSegments,

zresidual,

zmodel]

=

TracePolContour(x,

y,

z,

w,

hCutoff);

Tracing command line:
>>

[particles,

f]

=

LinkSegments(fitSegments,

width,

hCutoff,

norm,

cutoff, x, y, z);

Variable name in Matlab
width

hCutoff

norm

Comment

cutoff
512 x 512 pixel crop trialled

5

5

Fibrils selected as noise, try smaller value

2.5

2.5

Noise parameters successful

2

2

Noise parameters also successful

2

2

2

2

Error message, try larger values

2

2

5

5

Traced multiple fibrils as one fibril

2

2

10

10

Some fibrils traced, increase again

2

2

15

20

Most fibrils traced, increase again

2

2

16

20

All fibrils traced accurately

2

2

16

20

Applied to 1024 x 1024 pixel image

The parameters suggested in the methods and materials section were found
using this trial and error method exemplified above. The suggested parameters
are largely applicable for all the scans. Note that the noise parameters must be
accurate before proceeding to the tracing step. Parameters were trialled on a
smaller crop first to save processing time.
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Resolution

Particle
no.

Mean
Height
(nm)

Height
STD (nm)

Height
Skewness

Mean
Length
(nm)

Length
STD(nm)

Length
Skewness

1024

9.8

1864

6.3

2.9

1.0

(146.3)

168.4

2.9

Sup35NM

0

1024

9.8

1516

7.0

1.6

0.1

(215.2)

279.8

3.7

Aβ42

5

1024

9.8

527

5.5

1.6

1.2

131.5

95.3

1.8

Sup35NM

5

1024

9.8

2477

5.4

1.7

3.2

152.7

158.9

2.9

Aβ42

300

1024

9.8

2130

5.7

1.3

0.0

38.5

19.3

3.0

Sup35NM

300

1024

9.8

1950

5.3

2.0

1.2

42.7

34.6

3.4

C-His

0

1024

9.8

3599

6.4

3.2

1.7

(158.1)

156.1

2.0

N-His

0

1024

9.8

1516

7.0

1.6

0.1

(215.2)

279.8

3.7

C-His

5

512

19.5

313

10.5

7.6

0.8

158.5

147.2

1.9

N-His

5

1024

9.8

2477

5.4

1.7

3.2

152.7

158.9

2.9

C-His

60

1024

9.8

1225

5.7

2.2

0.8

52.8

50.5

5.0

N-His

60

1024

9.8

2694

6.5

2.5

8.8

117.6

93.3

2.1

C-His

240

1024

9.8

890

6.0

2.0

1.0

56.4

35.9

1.9

N-His

300

1024

9.8

1950

5.3

2.0

1.2

42.7

34.6

3.4

WT

0

1024

9.8

1516

7.0

1.6

0.1

(215.2)

279.8

3.7

G58A

0

455

9.8

1023

6.5

3.4

1.3

(141.8)

142.5

2.5

G58K

0

1024

9.8

2812

9.3

4.7

1.1

140.2

131.0

2.0

G58V

0

682

9.8

2419

4.9

2.1

1.9

(175.2)

198.6

2.6

WT

5

1024

9.8

2477

5.4

1.7

3.2

152.7

158.9

2.9

G58A

5

1024

9.8

650

4.7

2.2

1.8

77.2

68.2

2.2

G58V

5

1024

9.8

1743

8.7

4.4

1.5

110.3

98.3

1.9

2

0

Time (s)

Aβ42

Protein

Pixels

APPENDIX 3 - Data Summary

Brief summary of scans collected and data analysed. Abbreviations C-His and NHis refer to C-terminal His-tag Sup35NM and N-terminal His-tag Sup35NM
respectively. G58A, G58K, G58V and WT are variants of Sup35NM. Underlined
values have been subject to single-particle analysis to confirm average height
values are large due to clumping.

Notation (Χ) used to signify fibrils extend

outside the scanned area, and thus the value is an underestimation. Standard
deviation (STD) values are large as natural variation in particles is large.
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APPENDIX 4 - Maintenance Of Particle
Height

Average Height (nm)

20

Aβ42

18

Sup35NM WT

16

Sup35NM C-His tag

14

Sup35NM G58A
Sup35NM G58K

12

Sup35NM G58V

10
8
6
4
2
0
0.1

1

10
Sonication (s)

100

1000

Summary of all the average particle heights (nm) collected. Across all proteins
and sonication time point’s average heights are maintained within the narrow
range of 4.7 and 10.5 nm. Sonication time shown on a logarithmic scale.
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