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Abstract

Multiple neurodegenerative diseases feature the accumulation of misfolded proteins in and
around neurons. In some cases, misfolding propagates through a prion-like mechanism whereby
interactions between misfolded conformers and natively folded conformers induce the latter to
convert into the misfolded conformer. We developed a novel assay to monitor the prion-like
conversion of superoxide dismutase-1 (SOD1), whose misfolding is linked to amyotrophic lateral
sclerosis (ALS). In this assay, a misfolded SOD1 mutant monomer that is associated with familial
ALS is tethered to a wild-type (wt) SOD1 monomer, and the enzymatic activity of the wt SODI
domain is monitored over time to detect its conversion into inactive misfolded conformers.
Tethering the mutant vastly increases the effective local concentration of misfolded protein in the
assay while keeping the global concentration low, decoupling conversion from aggregation. Our
study tested this assay on a range of SODI heterodimers, including wt-G85R, wt-G127X, wt-
D76V, wt-G93A, wt-G41D, wt-1104F, wt-G418S, and wt-A4V.

The results varied significantly among different mutants. We observed distinct patterns in
the enzymatic activity of these heterodimers, with some exhibiting a sigmoidal decline, suggestive
of a direct conversion process. This decline was characterized by a stable phase of activity,
followed by a decrease representing the conversion phase, and finally reaching stability again,
suggesting the completion of the conversion. In contrast, other heterodimers demonstrated a
pattern of stability with no obvious change in activity, suggesting either a slower conversion rate
or retention of some activity in the mutant domain. One specific heterodimer, wt-1104F, showed a
more complex or biphasic decline in its activity, suggesting the heterodimer may undergo two

separate processes.



Our findings challenge our initial assumptions about the relationship between the rapidity
of ALS progression and the conversion rate of wt SOD1. The lack of a direct correlation between
these factors suggests a more intricate mechanism underpinning ALS progression than previously
understood. This research lays the groundwork for future studies to develop a more nuanced
understanding of the prion-like conversion process in ALS. Future directions include refining our
assay technique to explore a broader range of SODI mutants and investigating the potential
therapeutic applications of targeting specific stages or mechanisms of the SOD1 conversion
process. By deepening our understanding of SOD1 misfolding and its prion-like propagation in

ALS, we aim to open new avenues for developing effective treatments for this disabling disease.
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Chapter 1: Introduction

1.1 Neurodegenerative Diseases and Propagated Misfolding

Numerous proteins can misfold, forming non-native structures that may lead to various
diseases. Several neurodegenerative diseases (NDDs) are closely associated with protein
misfolding [1]. Diseases like kuru and Creutzfeldt-Jakob disease in humans, scrapie in sheep,
bovine spongiform encephalopathy (BSE, commonly known as "mad cow" disease), and chronic
wasting disease in deer and elk are all linked to the misfolding of the prion protein (PrP) [2]. In
Alzheimer’s disease (AD), the misfolding of amyloid-beta (AP) and tau proteins is a key
pathological feature [3], [4]. Parkinson’s disease (PD) is characterized by the misfolding of the
alpha-synuclein protein [5]. Amyotrophic lateral sclerosis (ALS) involves the misfolding of
superoxide dismutase-1 (SOD1) and some other proteins [6]. These diseases exhibit gradual and
irreversible dysfunction of neurons and synapses within specific nervous system regions, leading
to distinctive clinical symptoms and progression [7], [8]. Genetic, environmental, and age-related
internal factors are recognized as significant contributors to neurodegeneration; however, their
pathogenic role and molecular mechanisms remain elusive [9], [10].

Misfolding in protein structure can be propagated, a behavior that was seen for the first
time in prion disease [11]. It is generally acknowledged that prion diseases have been associated
with the misfolded form of the prion protein, known as the scrapie prion protein or PrPS¢ [12].
Unlike the replication seen in organisms such as viruses and bacteria in infectious diseases, prion
diseases are propagated by the conversion of natively folded structures by misfolded ones, which
makes this transmission method distinctive [13]. In prion diseases, the cellular PrP (PrP€)
transforms into a transmissible misfolded version of this protein (PrP%%). During this

transformation, the entire helical structure of the protein is restructured into B-sheets [14], leading
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to some physicochemical attribute changes in PrP [2]. Therefore, the stable misfolded protein has
the ability to transform the native form of the prion protein, facilitating its own propagation [15],
[16]. In addition to prion proteins, several other proteins linked to NDDs have shown prion-like
properties. These proteins, when misfolded, can interact with natively folded proteins and induce
the native form to adopt the misfolded structure. This phenomenon is particularly evident in
Alzheimer’s, Parkinson’s, and ALS diseases, where the propagation of their specific linked
misfolded proteins acts as a toxic factor [17], [18], [19].

Prion-like propagation makes a therapeutic target, although directly assessing the
conversion has been challenging, which hinders the development of therapeutic interventions for
several disease-related proteins. This research investigates the conversion of wild-type SOD1 by
specific mutations of SOD1. To tackle these limitations, we developed an assay to track the prion-
like conversion of this protein, given its association with ALS. This assay employs a novel
strategy: tethering a misfolded SOD1 mutant monomer to a natively folded or wild-type (wt)
SOD1 monomer. Monitoring the enzymatic activity of the wt SOD1 over time lets us identify its
shift into non-active misfolded conformers. This tethering method amplifies the effective local
concentration of the misfolded protein in the assay, accelerating conversion while avoiding the
aggregation that would normally occur at high concentrations. Applying this assay, we tested
several SOD1 mutants linked to familial ALS and associated with different patient survival times.
Outcomes were mixed; while some mutants showed conversion over some amount of time, others
did not show any decrease in their activity, suggesting the conversion in their structure may not be
the main reason for their impact on ALS. This work emphasizes that conversion and aggregation
are distinct processes and introduces a new assay useful for exploring mechanisms of prion-like

conversion in ALS and testing therapeutics to prevent conversion.



1.2 Superoxide dismutase-1 (SOD1) as a Prion-like Protein

1.2.1 Amyotrophic Lateral Sclerosis (ALS)

ALS is a neurodegenerative disorder that degenerates nerve cells inside the brain and spinal
cord, controlling muscles and resulting in gradually weakening muscles, typically causing death
due to breathing complications 2-5 years after the first signs appear [20]. People with ALS may
have difficulty chewing and swallowing food, speaking, breathing, maintaining weight and
receiving adequate nutrients. Ultimately, these people will lose their ability to walk or stand, use
their arms and hands or even breathe independently. Since their cognitive abilities remain the
same, they are aware of their gradual loss of function, which can lead to anxiety and depression
complications [21].

ALS is classified into two main categories based on its heritability. The first, known as
sporadic ALS (sALS), occurs randomly in individuals without any prior family history, accounting
for approximately 90% of all ALS cases. Familial ALS (fALS) represents the remaining 10 % of
cases and is associated with a family history of the disease [22]. Age plays a vital role in ALS, as
most ALS patients are between 50 and 75 years [23]. The population of people over 60 is expected
to increase globally, especially in developing countries, where the population of older people will
grow from 9% in 2015 to 16% in 2040 [24]. Based on this pattern, the number of people suffering
from chronic diseases, including ALS, has risen [25]. About 1.9 people out of 100,000 are
diagnosed with ALS per year [26]. Even though it is rare, the social and economic effects of this
disease are significant. Projections estimate that by 2040, the number of ALS cases will increase
by about 69%, and approximately 400,000 people will suffer from this fatal diagnosis due to the
aging of the population [23]. The underlying causes and mechanisms of ALS, whether familial or

sporadic, are unclear, limiting the number of effective disease-modifying treatments. The most



established and widely recognized approved medications for this disorder are Riluzole, which
increases the survival time by 2 to 3 months and has minimal impact on the quality of life [27],
and Edaravone, which helps with movement ability but does not arrest the progression of the
disease [28]. The lack of effective treatments results in increased genetic and molecular
investigations on ALS’s mechanisms to have a better understanding of the disease’s behavior at
the cell level. Up to now, at least 40 genes have been known to be associated with ALS. 4 genes,
SOD1, TAR DNA-binding protein (TARDBP), fused in sarcoma (FUS) and chromosome 9 open
reading frame 72 (C90rf72) have accounted for about 60% and 11% of fALS and sALS cases

respectively (Figure 1), which means they play the most significant role between genes in ALS

[6].

A. 1B CI0RF72 TARDBP

@. TARDBP
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» B

Figure 1. Most significant genes associated with familial ALS and sporadic ALS. This figure
is adapted from [29].



1.2.2 Antioxidant Enzymes

In many aerobic metabolic cell processes, reactive oxygen species (ROS), such as
hydrogen peroxide and superoxide, are generated. These species interact with DNA, lipids, and
proteins. ROS can have different biological effects on intracellular targets based on their
concentration. Although decreased levels of ROS are essential for controlling some critical
physiological functions, high levels of them, which are present during oxidative stress, are
cytotoxic and can lead to cellular damage and, on a larger scale, may lead to the onset of various
diseases [30], [31]. The concentration of ROS within cells is determined by both its production
and elimination provided by the antioxidant system. Three main antioxidant enzymes that exist in
mammalian cells, essential for oxygen metabolizing cells, are glutathione peroxidase (GPx),
catalase, and superoxide dismutase (SOD). SODs interact with superoxide radicals(O2") and turn
them into hydrogen peroxide(H202) and oxygen, while the Catalase and GPx interact with
hydrogen peroxide and change it to water; catalase additionally converts it to water and oxygen.
The total outcome is that potentially dangerous molecules are turned into water and oxygen [30].
SODs play the first and most crucial role in antioxidant enzyme systems against ROS.

Currently, three distinct versions of SOD have been recognized in mammals [31]. Two of
these versions containing copper (Cu) and zinc (Zn) in their structure are CuZnSOD or SOD1,
which exists in the cytoplasm, nucleus and Lysosomes of a cell [32] and extracellular SOD or
ECSOD, which is located extracellularly in some tissues. The third version of SOD, known as
MnSOD or SOD3, contains manganese in its structure and is positioned in the mitochondria of a
cell [30]. Therefore, multiple forms of these enzymes alleviate oxidative stress in different parts
of the cell. As a result, even if antioxidant proteins have similar enzymatic actions because they

are located in different parts of a cell, they may have different effects after modulation.



1.2.3 Superoxide dismutase-1 (SOD1)

Prion diseases represent typical cases of NDDs, with a substantial body of evidence
supporting the notion that prion-like conversion mechanisms entirely cause these diseases [33].
Unlike prion diseases, the cause of ALS is more complex. The biological function of PrP is not
yet known exactly, which means that functional assays cannot be used to determine whether PrP
has undergone prion-like conversion. Thus, more complicated structural assays are required,
making the prion conversion study not very convenient. SOD1, on the other hand, is an enzyme
protein whose prion-like conversion can be measured by simply determining whether it actively
functions. Furthermore, PrP linked to prion diseases is a monomer but an oligomer, which makes
it extremely challenging to replicate using recombinant protein approaches. Therefore, brain-
purified material is required for reliable analysis. These limitations considerably contribute to the
complexity and difficulty of studying prion conversion and experimental work with PrP.
Considering these factors, SOD1 offers a more accessible model for investigating prion-like
conversion processes.

SOD1 is not only the first gene that has been recognized in ALS pathogenesis, but it is also
the most extensively studied among all the causative genes for the disease [34]. In the human body,
SOD1, with a mass of 32,000 Da, is a dimer composed of two identical subunits. Each subunit
comprises 153 amino acids, one copper and one zinc ion [35] (Figure 2).

Currently, more than 220 mutations of SOD1 have been linked to familial ALS [36]. These
mutations are mainly associated with a gain of toxic function due to the misfolding of the SOD1
protein rather than solely a loss of its normal antioxidative function. While the loss of function
may contribute to some extent, the gain of toxic function of misfolded SOD1 protein is believed

to play a central role in the pathogenesis of the disease [37]. The precise role of all SOD1 mutations



associated with ALS is still unclear whether they cause, contribute to, modify the disease, or
coexist with it. In our study, we delve into some such mutations to better understand their potential
contributions to the progression of ALS. In this research, we investigate the prion-like conversion
of wt SOD1 by eight SOD1 mutants, wt-G85R, wt-G127X, wt-D76V, wt-G93A, wt-G41D, wt-

1104F, wt-G418S, and wt-A4V.

Figure 2. The structure of SODI1 protein in the human body. This figure is adapted from [38].

1.3 Protein Structure, Folding and Misfolding

Genetic data is preserved and transmitted through a one-dimensional sequence of DNA
base pairs. For this information to be translated into biological function, the DNA sequence is
transcribed to form messenger RNA (mRNA), which happens in the nucleus of a cell; the ribosome
reads the mRNA sequence and translates it into a chain of amino acids (AAs) configuring protein

[39] (Figure 3).



Figure 3. A simplified model of protein synthesis. Inside the cell nucleus, an mRNA molecule
is generated during the transcription process. The transcript is then translated into a protein with

the assistance of the ribosome molecules. Finally, protein folds in its 3D structure.

To play its role in the cell, a protein must fold into its native three-dimensional shape;
therefore, the three-dimensional configuration of protein is crucial as it essentially dictates the
protein’s functionality [40]. The energy landscape concept can help us understand the complex
protein folding and misfolding process. An energy landscape represents the energy for every
imaginable form a protein might adopt. In theory, there are countless conformations a protein could
take on this landscape; however, it settles into its tertiary structure. This tertiary form emerges
from the protein’s secondary structure, which is composed of helices, strands/sheets, and loops

formed through interactions among the amino acids. The tertiary structure is essentially the three-



dimensional ‘packing’ of the secondary structures held together by interactions between the
elements of the secondary structure.

Contrary to what might be expected given the vast number of possible configurations,
proteins do not require extensive time to explore all these conformations. In fact, the folding
process is relatively rapid, typically occurring on the timescale of microseconds to seconds for
compact proteins, although the exact time can vary and sometimes be faster or slower [41], [42],
[43]. However, it is important to note that not all functional proteins adopt a rigid, well-defined
tertiary structure. Some exceptions, such as intrinsically disordered proteins (IDPs) like alpha-
synuclein and tau, remain functional without a stable three-dimensional structure, illustrating the
diversity in protein functionality [44], [45].

Protein folding is influenced by specific interactions between the amino acid residues in
the protein, which help the protein avoid non-functional formations and reach its native structure
more efficiently [41]. Proteins generally maintain thermodynamic stability in their native state,
with their global minimum free energy being the lowest among all kinetically accessible structures
[46]. Given the quick nature of protein folding, the idea of the funnel-shaped landscape has risen,
which is believed to reduce the time it takes for proteins to achieve their native proper folded form.
Unfolded proteins exhibit high enthalpy and entropy, while folded ones show the lowest values
for both (Figure 4).

While the folding landscape offers numerous routes for protein folding, some of these
pathways can lead to metastable misfolded states that are not energetically optimal [47], [48].
Misfolded proteins cannot function as they are supposed to; they may also malfunction or interact
wrongly with other cellular molecules. However, cells employ various methods to prevent this,

such as using molecular chaperones. Proteins are steered on the correct folding routes by chaperone



proteins, which shield them from disruptive interactions [49]. If proteins misfold, typically,

chaperones intervene to help them fold correctly [50].

—

Unfolded

Energy

Intermediate

Misfolded

Native

Reaction coordinate

Figure 4. Notional cartoon of a one-dimensional energy landscape.

Additionally, cells have protease enzymes, which dismantle and eliminate misfolded
proteins. These enzymes specifically catalyze the hydrolysis of peptide bonds, helping break down
misfolded proteins [51]. However, complications arise when, with even these methods, the system
cannot get rid of misfolded proteins. As mentioned before, certain diseases, like some specific
cancers, Parkinson’s, Alzheimer’s, ALS, and type II diabetes, are linked to proteins that tend to

misfold and bypass cellular defenses, resulting in persistent cell aggregates. Thus, improper
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protein folding or the inability to maintain the correct form of folding results in disruption in

biological systems, leading to an increased risk of diseases [50], [52].

1.4 Overview of the Thesis

The subsequent sections of the thesis are structured as follows. Chapter 2 delves into prion-
like conversion and expounds on the role of SODI in the context of ALS in more detail. Chapter
3 describes the methodology employed to study prion-like conversion, highlighting how this
technique enables precise observation of protein misfolding and subsequent propagation under
mechanical stress. Additionally, this chapter describes the challenges encountered in the study of
prion-like conversion of SODI1, providing a thorough discourse on the complexities involved.
Furthermore, it introduces the design of our novel assay to monitor prion-like conversion and
provides insight into the fundamentals of enzymology and the mechanisms underpinning data
analysis. The thesis ends with the presentation of the final results of the investigation on several
SOD1 mutants, delving into a discussion on the role of each mutant in prion-like conversion and
revealing whether there is a meaningful relation between the rapidity of ALS progress in patients

and the lag time observed for wt SOD1 conversion by different mutants.
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Chapter 2: SOD1 and Prion-like Conversion

2.1 SOD1 Structure

The development of aerobic organisms capable of thriving in oxygen-rich environments
necessitates a strong defense system against ROS, which are generated through the reduction of
molecular oxygen by single electrons. While balanced amounts of ROS are advantageous for cell
signaling and protection against pathogens, elevated ROS levels can harm cells, causing issues
such as mutations, cell death, chromosomal abnormalities, and carcinogenesis. Furthermore,
excessive ROS levels may contribute to the onset of numerous diseases, such as cancer,
inflammation, diabetes, high blood pressure, and premature aging [30], [31].

SODs are the primary and most essential line of defense against ROS, specifically
superoxide anion radicals [31]. They are found in all known forms of life, emphasizing their
important function in biological processes [31], [53]. As mentioned in chapter 1, there are three
isoforms of SODs in mammalian cells, one of which is SOD1 [31].

Copper-zinc superoxide dismutasel or SOD1 is a metalloenzyme that catalyzes the redox reaction
of superoxide anion to oxygen (O2) and hydrogen peroxide (H203) at its active copper ion site by

alternately transferring an electron to and from the superoxide radicals (Figure 5) [54].
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Figure 5. The enzymatic reaction of SOD1 with superoxide anion.

In the human body, SODI functions as a homodimer with a mass of 32kDa and comprises
two identical subunits [55]. Each subunit includes 153 amino acids, organized into a beta-barrel
structure consisting of eight anti-parallel beta-sheets and seven connecting loops [56] (Figure 6).
Out of these seven loops, there are two loops, the “electrostatic loop” (residues 122-143) and the
“metal binding loop”, also known as the “zinc loop” (residues 49-84), which are functionally vital.
The electrostatic loop of SOD1 makes up about 11% of the protein’s exposed surface area and is
composed of positively charged amino acids [57]. The remainder of the SOD1 exterior carries a
negative charge, which leads to an electric field gradient that directs the negatively charged
superoxide anions to the copper catalytic site [58]. The more positive charges in the electrostatic
loop, the more catalytic activity of SOD1 due to the raising of the concentration of superoxide in

the vicinity of the catalytic site [59].
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Figure 6. The structure of CuZnSOD1 protein in the human body. Human SOD1 is dimeric, and
each subunit contains 153 amino acids, eight anti-parallel beta-sheets, seven connecting loops and

two metal ions, copper, and zinc. This figure is adapted from [60].

The metal binding loop comprises residues crucial for the attachment of zinc ions [61],
which plays a key role in SOD1 structural stability [62]. In each monomeric part of SOD1, a copper
ion and a zinc ion attach to “beta bulges” along the protein strands. These metal binding sites are
in proximity and are interconnected by a histidine residue (His63) and an additional bond
(Asp124), which links to the copper ligand (His46) and the zinc ligand (His71). The binding of the
copper ion is thought to be instrumental in the catalytic process. In contrast, the binding of the zinc
ion plays a significant role in reinforcing the structural stability of the SOD1 enzyme. Each subunit
of the SOD1 includes four cysteine residues: Cys6, Cys57, Cysl11, and Cys146. The disulfide
bond, a conserved feature, is crucial for the enzyme’s stability and is formed between Cys57 and
Cys146[63]. Cys6 and Cys111 are not preserved across all species, and it is unique to only humans

and great apes to have two free cysteine residues [64]. In the SOD1 structure, Cysb6 is situated deep
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inside the beta-barrel’s core, and Cys111 is situated close to the interface where the dimer forms,

which accounts for the high reactivity of Cys111.

2.2 SOD1 and ALS

The encoding function of the SOD1 gene produces the SOD1 proteins. In 1993, 11 different
mutations in the SOD1 gene were found in 13 families dealing with familial ALS (fALS) [34].
Currently, more than 220 mutations of the SOD1 gene have been found in both familial and
sporadic ALS cases [36], [65] (Figure 7). Around 50% of these mutations are recognized as
disease-causative and have been identified in numerous families with a history of ALS or in several
sporadic ALS cases. However, other mutations have only been identified in one family or a single
individual with sporadic ALS; thus, their pathogenic classification is uncertain [66]. Various
SOD1 mutants have distinct characteristics. From several hours to an entire day, the half-lives of
SOD1 mutants may vary [67]. Different clinical phenotypes can be identified in patients carrying
different SOD1 mutations. For instance, one group experiences a gradual progression of disease
involving dysfunction in both upper and lower motor neurons, and the other group shows an

aggressive progression with lower motor neuron dysfunction [68].
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Figure 7. Structural mapping of AA sequence of SOD1 monomer with key mutation sites.
Mutants that were investigated in this research are highlighted within dashed red boxes.

This figure is credited to Michael Woodside.
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Based on the mutations’ position in the SOD1 protein structure, they can be classified into
two distinct groups. The first group is categorized as metal-binding-region mutations, which are
the mutations that occur within the SOD1 structure near sites where the metal ions bind, such as
G85R, or within the zinc-binding loop, such as D125H. The ability of SOD1 to bind copper and
zinc, which are the crucial elements for SOD1 structural stability and function, is significantly
reduced by all the mutations in this group [69]. Typically, patients with the mutation in this group
may experience more accelerated degeneration of neurons. Nonetheless, a notable exception is
observed with the H46R mutation, which is associated with a considerably long survival time of
about 17 years.

The second group is classified as beta-barrel or wild-type-like mutations located at sites
distant from the metal-binding region, such as A4V, G41D, G418, and G93A. Although these
mutations generally do not impair the SODI1 protein’s ability to bind metals, they may still
destabilize the protein by affecting the dimer’s stability or weakening the disulfide bonds, which
are crucial for maintaining the integrity of the dimer interface. Patients carrying these mutations
may experience milder symptoms and have a more positive prognosis. However, mutants like
G93A or A4V present an aggressive disease course, with survival times ranging from one to three
years, indicating their severity. These variations in clinical presentations among patients with the
same category of SOD1 mutation suggest that, in addition to the mutation site, other contributing

factors may influence the disease progression [61], [70], [71].
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2.2.1 A Transition from “Functional Loss” to “Gain of Toxicity”

Initially, it was believed that the harmful impact of SOD1 mutations was due to a loss of
SOD1 function to tackle oxidative stress, specifically its role in interacting with superoxide anions
and turning them into oxygen and hydrogen peroxide. Indeed, a decrease in SODI1 activity to
remove these anions was observed in several mutations, such as A4V, which was thought to lead
to motor neuron degeneration [72], [73]. However, emerging evidence showed that some
mutations associated with the disease only cause a slight reduction or no reduction at all in SOD1
enzymatic activity, which led to the gradual abandonment of the "loss of function" hypothesis [74].

There are some reasons for the “loss of function” concept to become less favored. Firstly,
there is a significant contrast between the outcomes of SOD1 deficiency and SOD1 mutations,
suggesting they have entirely different mechanisms for pathogenesis [75]. Secondly, the lack of a
direct relationship between SODI1 activity and the progression of ALS also implies that SODI1 loss
of function is not the primary reason for ALS [67]; finally, the survival rates of genetically
engineered mice with a mutated version of SOD1 gene (while the rest of their genes have not been
changed) do not show an extension when compared to a second group of genetically engineered
mice that lack the SOD1 gene entirely [76]. Therefore, although “loss of function” may contribute
to the disease to some extent, the majority of the toxicity of SOD1 in ALS is now believed to arise

from a “gain of toxic function” due to misfolded protein variants.

17



2.2.2 Metal-Binding Impairment: A Way of SOD1 Mutant Gain of Toxicity

The initial toxic effect found in SOD1 mutations is associated with compromised metal-
binding abilities, resulting in disrupted oxygen metabolism. SOD1 mutations can cause structural
changes, leading to faulty binding with atypical substrates. For example, hydrogen peroxide
(H202) may be turned into the highly reactive hydroxyl radical (OH") in fALS cases [77].
Moreover, another aberrant binding of SODI is with peroxynitrite (ONOO~), which leads to the
nitration of tyrosine residues within the SOD1 protein [78]. Mutations can cause SOD1 to lose its
ability to bind zinc, leading to a reduction of copper in the structure of SOD1. This activity can
reverse the enzyme’s typical function, which results in the excessive production of superoxide
anions [79]. The produced superoxide molecules react with nitric oxide, generating more
peroxynitrite and intensifying the nitration of SODI tyrosine residues [54].

The reduced binding of metals by mutant SOD1 may also release copper and zinc ions,
potentially contributing to neurotoxicity driven by these metals [80]. The specific role of altered
copper chemistry and related oxidative reactions in ALS remains elusive. For instance, the increase
of oxidation markers has been found in some ALS mouse models, while in others, it has not [81].
Additionally, the overexpression of wild-type SOD1 in some mice models with specific SODI
mutants did not affect the disease’s onset or progression [76], and elevated levels of wild-type
SOD1 have been associated with an earlier onset of symptoms [82]. Deficiencies in SOD1 copper
loading in mouse models, which result in decreased dismutase activity, developed motor neuron
disease [83]. Also, mice with mutations in the copper-binding sites of SOD1 showed reduced
enzyme activity and displayed ALS-like symptoms [84]. These findings collectively suggest that
oxidative reactions triggered by copper contribute to some extent to the development of the disease

mechanisms of ALS related to SOD1 mutations.

18



2.2.3 Misfolding and Aggregation: Another Way of SOD1 Mutant Gain of
Toxicity

The other suggested ALS-related toxic effect of SOD1 mutations is that they induce the
protein to lose its proper native fold, leading to protein misfolding and, in some cases, subsequent
protein aggregation. The identification of SODI-linked inclusions in motor neurons and
supporting cells of the brain and spinal cord of ALS patients, ALS mouse models, and cells
cultured with human SOD1 mutant gene indicates that protein aggregation is the characteristic
feature of ALS linked to SODI1 [76], [85], [86]. The accumulation of misfolded or aggregated
SOD1 has been found in various cellular compartments, supporting the idea that SOD1 misfolding
and aggregation play a vital role in the pathogenesis of ALS.

The presence of SOD1 aggregates in the spinal cords of the ALS mouse model with specific
SOD1 mutant indicates that the proteasome system’s attempt to break these aggregates’ structure
is inefficient [87]. Mutant SOD1 can form aggregates with large molecular weights that may
include soluble oligomers or insoluble aggregates by SODI itself or its interaction with other
cellular materials; thus, it seems that misfolded SOD1 can avoid the biological breakdown
pathways. In ALS mice models, soluble oligomers are detected in the early stages of the disease,
while larger insoluble aggregates tend to occur at more advanced stages [61]. This indicates that
soluble oligomers may be more toxic, while larger aggregates might result from other disease-
related changes. The specifics of the aggregation process and their structure are unknown, although

the SOD1 aggregation is a well-documented phenomenon [88].
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2.3 Prion-like Behavior in SOD1

In prion disease, a native form of prion protein transforms into a misfolded, transmissible
version of the prion protein. In other words, the misfolded prion protein directly interacts with the
native form of the protein, converting it to a misfolded structure, thereby facilitating its own
replication [2], [15], [16], [89]. This behaviour has been seen in some other proteins linked to some
specific neurodegenerative diseases; the spread of misfolded proteins happens through a process
akin to that seen in prion conditions, hence the term prion-like conversion. In this process, the
misfolded proteins come into contact with natively folded proteins, causing them to take on the
misfolding pattern (Figure 8). For SOD1 proteins, the evidence for prion-like conversion is still
emerging.; however, an increasing amount of research shows that misfolded SOD1 proteins can
pass information about their configuration to other natively folded SOD1 proteins, which aligns
with the prion-like action [90], [91], [92]. It is worth noting that while SODI1 typically forms stable
bonds that contribute to its structural integrity, when mutated, it can be more susceptible to
becoming unstable and misfolded [90].

There are two mechanisms that have been suggested to explain process of prion-like
conversion: First, template-directed misfolding, where the misfolded protein is actually more
stable than the native form, but this stable state is only achieved through catalytic interaction with
another misfolded protein; Second, nucleation- or seeded-polymerization, in which the misfolded
monomer of SODI1 is initially less stable as a monomer but gains stability upon joining a

multimeric aggregate [93].
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Figure 8. A cartoon illustrating prion-like conversion. In this process, misfolded conformers
accumulate by interacting with natively folded proteins, converting them into misfolded

structures.

According to a study [91], the template-directed mechanism is mostly responsible for the
intracellular transformation of wt SODI into a misfolded form. This process starts when the
encounter of wt SOD1 with overexpressed wild-type misfolded template causes a conformational
change in the wt SODI1 structure. In this interaction the protein’s solubility is maintained,
therefore, it may be less prone to join aggregates in human cell lines [91]. This shows that similar
to insoluble aggregates, misfolded but still soluble versions of SOD1 can induce propagated
protein misfolding. Considering the native SOD1 is inherently stable in its homodimeric form and
the observation that co-expression of wt SOD1 can help stabilize the mutant misfolded forms of

SOD1 [94], [95], it is plausible to assume that the most likely candidate for undergoing misfolding
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in this template-directed manner is newly synthesized wt SOD1, which has not yet reached its
proper fold. However, this hypothesis still needs to be validated through experimental research
[96].

Another mechanism observed in the prion-like conversion of SOD1 proteins, both in vitro
and in cell culture, is seeded polymerization, also known as fibrillar aggregation. The likelihood
of misfolded SOD1 proteins to aggregate is affected by specific mutations or other structural
modifications [97] and is intimately linked to the protein’s hydrophobic residues being exposed
due to structural changes [98]. Patients’ lifespan is impacted by the propensity of mutant SOD1
proteins to aggregate and their structural stability, both of which are important aspects in the
development of diseases [99].

The process by which prion-like conversion happens for SOD1 mutants within the human
body remains elusive. Therefore, developing a specialized assay that allows for detailed
examination of structural alterations in wt SODI when in close proximity to a misfolded

counterpart would significantly enhance our understanding of this complex phenomenon.
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Chapter 3: Methodology

3.1 SOD1 Prion-like Conversion: Mechanisms and Limitations

The prion-like conversion mechanisms of SOD1 have not been broadly explored; however,
a specific method has shed light on this phenomenon. This method, examining SOD1 prion-like
conversion, is single-molecule force spectroscopy (SMFS), where optical tweezers are used to
apply force between the ends of wt SOD1 monomer linked to a free-floating misfolded SOD1
mutant monomer via 50 amino acids long linker. This force destabilizes the heterodimer’s
structure, allowing the observation of how wt SODI1 at the close proximity of a misfolded mutant
SOD1 unfolds and refolds in response to the applied load. The force-extension curves (FECs)
generated by these unfolding and refolding events show the contour length changes associated
with the unfolding of the protein, which is indicative of its native or misfolded states. The typical
unfolding contour length of wt SODI provides a reference point for measuring deviations
indicative of the influence exerted by the tethered misfolded SOD1 mutant. The method’s strength
lies in its ability to discern subtle changes in protein structure and directly observe the prion-like
conversion process [100].

Research into the prion-like propagation of SOD1 faces notable limitations because there
have been some challenges in studying this process. The misfolding process is a rare and transient
phenomenon, complicating efforts to observe how misfolded conformers spread through a prion-
like mechanism [101]. Additionally, with more than 220 mutants of SOD1 associated with ALS,
each potentially affects the disease in its own way. This inherent variability adds complexity to the
study, as it is possible that certain mutations might not directly engage in the prion-like conversion

mechanism [102].
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Nonetheless, these mutations could manifest diverse pathogenic roles, potentially affecting
the trajectory of ALS. Determining the specific effects of each mutation underscores the
importance of developing an assay capable of monitoring prion-like conversion across various
SOD1 mutations. In this study, a distinctive method was developed to track the prion-like
transformation of SOD1. This method involves tethering a misfolded SOD1 mutant monomer
linked to ALS to a wild-type SOD1 monomer. Then, the activity of the wt SOD1 component is
measured over time to observe its transition into an inactive, misfolded structure.

In heterodimer design, tethering the mutant to the wt SOD1 increases the effective local
concentration of the misfolded protein within the assay while maintaining a low overall
concentration, thus distinguishing the conversion process from aggregation. Notably, the
heterodimer features an unstructured and relatively long tether composed of 50 amino acids,
equivalent to approximately 18 nm in contour length. This tether incorporates glycine and serine,
which are commonly selected for the flexible linkers in engineered proteins with multiple domains

[103], [104]. The amino acid sequence of this linker is:

GSGGSGSGGSGSGGSGSGGSGSGGSGSGGSGSGGSGSGGSGSGGSGSGGS

Our initial attempts with a 15 amino acid tether proved insufficient, as it restricted the
misfolded structure's ability to induce conversion. Subsequently, the extended 50 amino acid tether
was employed, leading to improved outcomes. Nonetheless, determining the optimal tether length
remains a largely uncharted area of our research. The current design of the tether aims to minimize
restrictions on the interaction between the two domains, thus enhancing the accuracy of

observations regarding the wt SOD1 conversion process (Figure 9).
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Figure 9. SODI heterodimer construct design. This diagram depicts the engineered
heterodimer comprising a wt SOD1 monomer and a mutant SOD1 monomer tethered with a 50

amino acids long tether.

3.2 Protein Preparation

3.2.1 Protein Expression

In the course of this study, plasmids encoding the specific SOD1 mutant genes under
investigation were purchased from GeneScript. This acquisition ensured access to high-fidelity
genetic sequences essential for the integrity of this research.

Firstly, the heterodimer protein composed of wt SOD1 monomer and the mutant SODI1
monomer was recombinantly expressed in E. coli (bacteria) strain BL21 (DL3). Then, the bacterial
sample was cultured by being spread over the surface of an agar plate with an ethanol-sterilized
spreader and plates were covered and kept in the incubator at 37°C overnight, letting the bacteria
colonies grow. In the next stage, a single colony of bacteria was selected to be cultivated in a liquid
Lysogeny broth (LB) medium containing 100 pg/ml of ampicillin and 34 pg/ml of

chloramphenicol. This mixture is then incubated at 37°C and agitated at a speed of 225 rpm
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throughout the night. The next day, the mixture was centrifuged in 50 ml bottles at 5100 g for 10
minutes at 20°C in a Beckman Allegra 25R bench-top centrifuge. The remaining supernatant was
discarded, and the precipitated cells were resuspended in 10 ml of fresh LB medium and then
transferred to a larger 2 L culture for growth and incubation at 37°C and 225 rpm. The cultivation
of colonies involves regular measurement of the optical density at 595 nm (OD595 nm).

Upon reaching an OD595 nm value between 0.5 and 0.7, the time during which cell growth
and division occur at their most rapid and robust rate, the induction of SOD1 was initiated by the
addition of isopropyl-p-D-thiogalactopyranoside (IPTG) to reach 1 mM final concentration. After
induction, the culture grew between 16-20 hours, and then E. coli cells were harvested by spinning
them at 5100 times gravity for 12 minutes at 4°C in 500 ml bottles using a Beckman Allegra 25R
refrigerated bench-top centrifuge.

The last step of protein expression is to resuspend the cell pellets, per 500 ml culture, in a
resuspension buffer containing 40 ml SOD1 equilibration buffer (50 mM Tris, pH 7.5, 50 mM
NacCl, 10 mM MgClz, and 40 mM or 25 mM imidazole), 1 pl hen egg white lysozyme (HEWL), 2
ul deoxyribonuclease I (DNase I), and one tablet complete EDTA-free protease inhibitor cocktail.
Hen egg white lysozyme (HEWL) serves as a vital enzyme for the degradation of bacterial cell
walls [105]. DNase I is included to decompose genomic and plasmid DNA, which otherwise would
increase the viscosity of the preparation [106]. The protease inhibitor tablets play a crucial role in
blocking the function of proteases, which are enzymes that cause the breakdown of proteins [107];
since these tablets do not contain EDTA, they do not hinder metalloproteinases. The last step of

this stage is to store the resuspended pellets in a -80°C freezer.
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3.2.2 Protein Purification

The next step for preparing a suitable SOD1 protein sample involves the process of protein
purification. Initially, bacterial pellets are retrieved from storage at -80°C and thawed. The mixture
is then subjected to sonication in an ice bath using a Branson sonicator at six cycles of 10 seconds
each at 65% power output and duty cycle between 60% to 70%, with a resting period of 30 seconds
on ice between cycles. The purpose of sonication is to disrupt any cells that were not already
broken down by the lysozyme and to fragment the residual genomic DNA present in the lysate,
thereby decreasing its viscosity. Following sonication, the sample was put in heavy-walled
centrifuge tubes and spun in a Beckman Allegra 25 R centrifuge using a JA-14 rotor at 14000 rpm
for 90 minutes at 4°C. The pellet was thrown away, and the supernatant was kept and passed
through a 0.45 pm syringe filter to ensure that the remaining particulate matter was eliminated and
prepared for the next step of column chromatography.

The next step is to prepare the AKTA Purifier and Ni-immobilized metal affinity
chromatography (Ni*"-IMAC) column by cleaning all equipment lines with specific buffers. First,
the ends of all four lines, A1, A2, B1, and B2, were put in fresh MilliQ water, and the process of
cleaning started by selecting the MANUAL mode, then the PUMP, and navigating to the PUMP
WASH PURIFIER option, followed by choosing lines A1, A2, B1, and B2 to be washed out and
then EXECUTE. Next, lines A1 and A2 were put in the SOD1 equilibration buffer (Buffer A), and
lines B1 and B2 in the SOD1 elution buffer (Buffer B), and again, the PUMP WASH PURIFIER
option was selected. The actual washing of the lines on the AKTA system is done in PAUSE mode,
whereas all other operations are done in RUN mode. Then, the proper column was installed in

position 8 for subsequent procedures.
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Next, the INJECTION VALVE needs thorough cleaning since it is the pathway for the
protein sample on its way to the column and the fraction collector. This process started by selecting
the MANUAL mode, then in the PUMP, choosing SAMPLE FLOW-960 with a FLOW RATE of
5 ml/min, then selecting OUTLET VALVE and changing it to F2. In FLOWPATH, INJECTION
VALVE was changed to INJECT, and the specified solution went through the system for 10
minutes, then changed the INJECT to LOAD and waited for 5 minutes. The system was washed
out with MilliQ water, 1M NaOH, MilliQ water,0.1N HCI, and MilliQ water, respectively.

The next step is to regenerate the Ni**-IMAC column. In this part, the old nickel ions are
stripped and replaced with new ones, which helps remove any proteins that have bound in previous
purifications. In this process, all the selections are the same as the cleaning INJECTION VALVE
step; the difference is that in the FLOWPATH part, INJECTION VALVE changes to INJECT,
and there is no need to change to LOAD also, COLUMN POSITION needs to change to the
position 8, and for each solution, 5 column value (25 ml), passing through the nickel column is
enough. The solutions used in this step are 50 mM EDTA, MilliQ water, 50 mM NiSO4, MilliQ
water, and SOD1 Equilibration Buffer. EDTA solution removes the Ni** ions efficiently, as the
color change in the column from blue to white indicates the completion of Ni?" removal. After the
column has been stripped, it must be thoroughly rinsed to eliminate all EDTA traces to allow
efficient resin reloading, so the column was washed with MilliQ water. Next, by passing through
the NiSO4 solution, the column color turns to a greenish blue, indicating the completion of nickel
loading. Following this, to clear any surplus Ni** from the column, it stabilized with a brief MilliQ

rinse, and then the equilibration buffer went through the column (Figure 10).
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Figure 10. The chromatogram of the cleaning process of the AKTA purifier

Now, the AKTA purifier is ready for protein purification. At this stage, the protein sample
was first loaded into the column at a flow rate of 2 ml/min with the SAMPLE PUMP. When
proteins are going through the nickel column because of their specific engineered structure that is
attached to six histidine amino acids, which have a high affinity for nickel, they bind to the nickel
ions on the column beads. Then, any unbound proteins are washed away using the equilibration
buffer until the UV absorbance at 280 nm returns to baseline levels; this step usually takes 15 to
20 minutes. The subsequent phase involves eluting the target protein, which is His6-tagged SOD1
dimer, using an adequate volume of elution buffer (Tris-Cl 50 mM pH 7.5, NaCl 150 mM, MgCl»
10 mM, CaCl2 1 mM, imidazole 600 mM). Imidazole has a high affinity for nickel ions; therefore,
during the elution step, attached proteins compete with imidazole molecules to bind to the nickel.
Due to the high concentration of imidazole in the elution buffer, imidazole molecules displace the

proteins, causing the proteins to elute from the column and be collected in fractions.
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3.2.3 SDS-PAGE

The next step is to evaluate the purification quality with sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE is a method used to separate and
identify proteins in a mixture by their molecular weight. This technique involves denaturing
proteins using a detergent and heat and then running them through a polyacrylamide gel. The
proteins are sorted by size as they move through the gel, with the smaller molecules travelling
faster. The gel consists of two layers with different acrylamide concentrations: a lower percentage
of stacking gel for the initial organization of proteins and a higher percentage of resolving gel for
detailed separation. Typically, a 12% gel is used for a broad range of proteins (Table 2), but this
percentage can be adjusted to better resolve either larger or smaller proteins, depending on the
need.

The 1.0 mm spacer glass plates were initially washed and set up in the casting stand. Then,
the components for the resolving gel were mixed and poured between the gel plates until it reached
a point 2 cm beneath the top edge of the shorter plate or in another way, a volume of 4.3 ml of
resolving gel can be pipetted between glasses, then 70% ethanol was added on top to remove any
residual SDS and surface bubbles, and also flatten the meniscus along the edges. After about 30
minutes, that resolving gel solidified, ethanol was decanted, plates were washed carefully, and a
small piece of filter paper was used to dry between plates well. The stacking gel was prepared
while waiting for the resolving gel to solidify. TEMED, which accelerates the gel’s solidification,
was added just before layering the stacking gel atop the resolving gel. To form the wells, a 1 mm,
10-well comb was carefully inserted between plates while adding the stacking gel, which was filled
to the upper edge of the shorter plate. Vigilance was exercised to avoid any air bubbles within the

wells, and the gel was left undisturbed to set.
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Resolving gel 12% (10 ml for 2 mini gels)

Stacking gel 4% (5 ml for 2 mini gels)

Reagent Volum | Reagent Volume
MilliQ H20 éel.3 ml | MilliQ H20 3.8 ml
1.5M Tris-Cl pH 8.8 2.5ml [ 1.0M Tris-Cl pH 6.8 0.63 ml
Acrylamide/bis-acrylamide 40% | 3 ml Acrylamide/bis- 0.5 ml
(29:1) acrylamide 40% (29:1)

SDS 10% 100 ul | SDS 10% 50 ul
Ammonium persulphate (APS) 50 ul Ammonium persulphate | 25 ul
10% (APS) 10%

TEMED Sul TEMED Sul

Table 1. The solutions required for making SDS PAGE

Now, it is time to run the gel. First, 6X Sample Buffer (6XSB) dye was mixed with the
protein at a 1:5 ratio (usually 2 ul of 6XSB and 10 pl of the protein). The mixture was then placed
in a 95°C water bath to boil, undergo further denaturation, and centrifuged for 3 minutes. Upon
the completion of polymerization of the gel, the combs were carefully removed, and the wells were
created. The gel assembly was then securely positioned within the Mini-Protean II electrophoresis
apparatus. Subsequently, the 1X running buffer was methodically added to both the upper and
lower chambers. Any air bubbles that emerged because of the comb removal were meticulously

eliminated by delicately pipetting the running buffer into each well, ensuring an unobstructed path

for the samples during electrophoresis.
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For each gel, 2 ul of the molecular weight ladder (MWT) was added into the first well, and
then the rest of the wells were filled by the sample-protein mix using gel-loading tips.
Electrophoretic separation commenced at an initial voltage of 100 V to facilitate the penetration
of the dye into the gel matrix, a process which spanned approximately 30 minutes. Subsequently,
the voltage was elevated to 150 V, propelling the dye front toward the gel’s base over an hour.
Upon completion of electrophoresis, the assembly was meticulously dismantled, and the gel, now
separated from the spacers and glass plates using a specialized plastic tool, was placed in a water-
filled plastic container to relax briefly. Afterward, the water was decanted, and the gel was
submerged in Coomassie Blue G250 staining solution on an orbital shaker overnight. The
subsequent day entailed the removal of the stain, a thorough rinse of the gel in water for an
extended duration, and a final comparison of the resolved protein bands against a standard

molecular weight marker.

3.2.4 Protein Dialysis

When the protein quality is verified, and the fractions containing the purest proteins are
identified, it is time to dialyze the protein. The dialysis process commenced to remove excess
imidazole and replace it with a sodium phosphate buffer. In this stage, first, the selected fractions
were pooled, then the dialysis membrane, with a molecular weight cut-off (MWCO) of 12000-
14000, was prepped by rinsing and securing one end with a clamp, then carefully loaded with the
protein mixture, ensuring space for expansion before sealing the other end. After clamping and
filling it with the protein solution, it was placed in 4 L of sodium phosphate buffer (100 mM, pH
7.0) to incubate overnight at 4°C with gentle stirring. The following day, a fresh dialysis buffer

was made, the protein was placed in it, and the solution was left to incubate for another day.
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Post-dialysis, protein concentration was gauged and, if necessary, concentrated via
centrifugation to eliminate the extra buffer and increase the concentration. A spectrophotometric
analysis was conducted to quantify the protein concentration. An aliquot of 200 pl of the protein’s
dilution buffer was transferred into a cuvette to establish the baseline absorbance in the
spectrophotometer. Following this calibration, the absorbance of a 200 pl protein sample was
measured at a wavelength of 280 nm. The protein concentration was deduced using the Beer-
Lambert law, A= elc, where 4 denotes absorbance, ¢ is the molar extinction coefficient, / represents
the cuvette's path length set at 1 cm, and c is the concentration [108]. The protein’s concentration
was calculated with the absorbance recorded and the extinction coefficient known. Upon
ascertaining the protein concentration, aliquots were prepared and stored at -20°C for subsequent

analysis.

3.3 Microplate Reader

The microplate reader, a staple in contemporary biological, biochemical, and biophysical
research, offers a high-throughput analytical approach to concurrently assay multiple samples.
This device can detect a range of events within the wells of a microtiter plate. A microplate reader
is equipped with numerous wells, each capable of containing up to 200 ul of a sample solution.
The standard configuration for these plates is the 96-well format, arranged in a 12x8 matrix.
Biochemical reactions occur within these wells, and the microplate reader’s role is to measure and
analyze these reactions quantitatively. It does so by detecting and interpreting the optical properties
of the samples, which could include light signals emitted from them. The detections and

interpretations vary depending on the specific reaction conditions and the constituents of each
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well. This instrument offers several operational modes, with the most prevalent being absorbance,
fluorescence, and luminescence.

In the context of this research, the absorbance mode was utilized to track changes in
absorbance that occur during the prion-like conversion of SOD1. This process is initiated by
directing a beam of light of a precise wavelength, 450 nm in this instance, chosen due to the
presence of water-soluble tetrazolium (WST-1) dye in the SOD1 assay towards the sample. This
wavelength selection is achieved through the application of a monochromator. On the opposite
side of the well, a photodetector gauges the quantity of light that passes through the sample,
establishing a relationship between the transmitted light and the concentration of the target
molecule within. This critical measurement, known as the optical density (OD) or absorbance, is

then calculated by the instrument’s software using the formula:
10
A= 10810(7)

I denotes the intensity of the light that has passed through the sample at the specified
wavelength /4, and /o represents the intensity of the light before interacting with the sample [109].
Throughout the course of this experiment, absorbance readings were taken at 5-second intervals
over a span of 60 seconds. These readings were integral to the subsequent analyses that sought to

elucidate further the characteristics and behaviour of the prion-like conversion of SOD1.
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3.4 SOD1 Activity Assay Solution

The most crucial factor influencing the biological efficacy of antioxidant enzymes lies in
their activity; therefore, enzymatic assays are utilized to assess the true functional capacity of
antioxidant enzymes [30]. The SODI activity can be measured using various assays, including
colorimetric assays. The assay used in this study works based on the change of concentration of a

colorimetric reagent WST-1 in the protein solution [110].

Solution Final concentrations Volume
BSA-DETAPAC mixture 1 mM DETAPAC, 0.13 mg BSA 12.9 ml
Catalase 40 U/ml 1U 0.5 ml
Xanthine 1.18 mM 100 uM 1.7 ml
WST-1 56 uM 0.5 ml
Potassium Phosphate Buffer (PB) 50 mM 0.3 ml
BCS 10 mM 50 mM 0.1 ml

Total volume - 16.0 ml

Table 2. The materials required for making SOD1 activity assay.

This assay uses xanthine and xanthine oxidase to generate superoxide anions, with WST-
1 reduction serving as the indicator for anion production. Competition for superoxide anions

occurs between WST-1 and SOD1 heterodimers, with increased WST-1 reduction indicating
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diminished SODI1 activity. Over time, as SOD1 undergoes prion-like misfolding, its activity
decreases, allowing a higher amount of WST-1 oxidation and a resultant yellow color from
forming WST-1 formazan (Figure 11). This shift in color correlates with the progression of SOD1

misfolding (Figure 12).
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Figure 11. Diagram of the SOD1 activity assay. Xanthine and xanthine oxidase catalyze the
production of superoxide anions. A competitive reaction ensues between SOD1 and WST-1
for superoxide anions. The subsequent conversion of WST-1 into WST-1 formazan,
observable as a colorimetric change, inversely indicates SOD1 activity through its superoxide

anion inhibition reaction.

To facilitate this study, a heterodimer construct combining a misfolded SOD1 mutant with
a wild-type monomer was used. The assay was designed to monitor the wild-type component,
specifically focusing on detecting reduced enzymatic activity, a marker of prion-like conversion
of the wild-type domain. But it should be noted that there is a possibility that the misfolded SOD1

mutant retains its own enzymatic activity, potentially up to levels comparable to the wild-type
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SOD1. Consequently, the absence of a detectable reduction in overall SODI1 activity may not

definitively indicate a lack of conversion within the wild-type domain.

Figure 12. SOD1 assay colorimetric transition indicative of SOD1 conversion. Color change
in the SOD1 activity assay correlates with prion-like conversion. The assay’s increasing
yellow intensity signifies more WST-1 oxidation, indicating a decrease in SOD1 activity

due to its conversion to a misfolded state.

Catalase was added to eliminate the generation of any hydrogen peroxide as the product of
the enzymatic activity of SODI1, while bovine serum albumin (BSA) was used to prevent
bathocuproinedisulfonic acid (BCS) precipitation. BCS and Diethylenetriaminepentaacetic acid
(DETAPAC) were employed to inhibit iron-dependent oxidation and radical formation. The
sequential introduction of assay reagents is crucial for accuracy. The assay was conducted under
mildly denaturing and reducing conditions to expedite the misfolding process. Enzymatic activity
quantification was achieved by measuring the absorbance of the formazan dye at 450 nm, with the

rate of dye production being directly proportional to the activity of SODI.
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The preparation of protein samples for the SODI1 activity assay entails the use of Tris(2-
carboxyethyl)phosphine (TCEP) at a concentration of 500 mM, Guanidine hydrochloride (GuHCI)
at 6 M, and a 100 mM sodium phosphate buffer with a pH of 7.0. The protein solution is utilized
at a final concentration of 25 uM. Three replicates of each protein sample were prepared and placed
in an incubator at 37°C, shaking at 300 rpm. For measurements, samples were removed from the
incubator, and 2 pl were diluted with 98 pl of potassium phosphate buffer. The diluted samples
were then allocated into a 96-well plate configured with a 2x3 (2 rows and 3 columns) matrix for
the plate reader: the first row for PB buffer as control and the second for protein samples, each
well receiving 20 pl.

Upon initial use at time zero, the plate reader’s dispensers were washed with MilliQ water,
with subsequent priming of 1 ml of the assay and XO solutions. Before each reading, the dispensers
were primed with 100 pl to 300 pl of the assay and XO solutions. Measurements were conducted
using Gen5 software, with absorbance readings taken at the 450 nm wavelength corresponding to
the absorption peak of WST-1. For each measurement, 160 ul of activity assay reagent and 20 pl
of XO solution were dispensed into each well, with absorbance measurements recorded at 5-

second intervals over a period of 60 seconds.

3.5 Data Analysis

After the measurements, the graph of absorbance vs time of both three control wells and
three protein samples was plotted (Figure 13A) and based on the best-fitted curve, the average
slope of the three control graphs was calculated. The calculated number indicates the average rate
of superoxide reduction by the WST-1 in the absence of SOD1, so this is the baseline reaction rate

without any enzymatic inhibition. The slope of the fitted curve on absorbance vs time graph of the
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protein measurements shows the rate of superoxide reduction in the presence of SOD1. Therefore,
the slope of the mentioned graph for protein solutions indicates the activity of SOD1 in competing
with WST-1 to react with superoxide. At the first hours of the experiment, wt SOD1 is active and
is able to reduce more superoxide itself, leaving less for the WST-1 to reduce, resulting in a lower
slope compared to the control. By passing time, more native SOD1 converts, leaving more for the
WST-1 to reduce, so the slopes of fitted curves on control and protein graphs are closer to each
other. Therefore, the significant difference between the control and protein slopes indicates the
effective inhibition of SOD1; conversely, the slight difference between control and protein slopes
suggests the low activity of SOD1 or the conversion of native SOD1 to its misfolded counterpart.
After determining the slopes, the percentage of relative inhibition of superoxide anion reduction
was calculated using the formula:
Control rate — Protein rate

% Inhibition of Oy reduction = x 100
Control rate

This calculation serves to normalize SODI1 activity to the control condition. By adopting
this approach, the influence of SODI1 on the reaction is isolated, effectively eliminating any
nonspecific background activity. Such normalization is crucial for precisely quantifying SOD1’s
specific activity, ensuring that the observed effects directly relate to the enzyme’s functional

impact within the experimental setup.
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Figure 13. Summary of data analysis from initial raw data to the final enzymatic activity
curve. A) Absorbance values for buffer controls and protein samples plotted against
time. The slope of the fitted curves is used to determine the percent Inhibition of Oz~
reduction at specific time points. Also, standard error of the mean (SEM) is calculated
for the triplicate protein samples. B) Final plot of percent Inhibition of Oz reduction

versus time, illustrating the enzymatic activity of the SOD1 mutant under investigation.
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Upon completion of the experimental phase, data analysis was conducted using Igor Pro 9
software. This involved plotting the percentage inhibition of superoxide anion (O2") reduction
against time (Figure 13B). The observed data trends on some of these plots were best modelled

using a sigmoidal curve, described by the general formula:

A
A=A4y+ max
=t
1 + exp(———)

In this model, 4 represents the percentage inhibition of Oz reduction, and t denotes the
time. Parameter Ao refers to the initial percentage inhibition value at the start of the time course.
Amax indicates the maximal change in 4 from its baseline value. #12, or ‘time one-half,” represents
the time at which the function achieves half of its maximum change. The parameter 7 characterizes
the steepness of the curve, reflecting the time scale over which the response variable 4 transitions
from the baseline to the maximum change. A smaller 7z value indicates a sharper transition,
whereas a larger 7 results in a more gradual change. In certain instances, the data conformed to a
pattern where a linear model with a zero slope (4=A40+A4:¢t, where 4/=0) was the most appropriate

fit.

41



Chapter 4: Results and Discussion

This research aimed to develop a simple and scalable ensemble assay for observing prion-
like conversion of wt SOD1 by SOD1 mutants associated with ALS. To achieve this, a series of
experiments were designed, which included a) the purification of SOD1 heterodimers to ensure a
reliable supply of the target proteins and b) the utilization of microplate reader technology to track
the progression of the prion-like conversion process. The findings from these investigations are

compiled and detailed within this chapter.

4 .1 Purification Results

The initial phase of assessing the prion-like conversion process involved the purification
of the proteins of interest, which were wt-G85R, wt-G127x, wt-A4V, wt-1104F, wt-G41D, wt-
D76V, wt-G93A, and wt-G418S heterodimers. The goal was to determine an optimal purification
protocol yielding the highest purity for each heterodimer. This pursuit necessitated multiple
purification trials for selected heterodimers, focusing on optimizing the imidazole concentration
in the equilibration and elusion stages. Imidazole’s role is critical as it competes with the His-
tagged SOD1 heterodimers for binding sites on the nickel affinity column.

Imidazole concentration in the equilibration buffer required optimization to ensure that this
concentration was not excessively high, which might result in the desired His-tagged proteins
being inadvertently washed away along with non-specifically bound molecules. Conversely, too
low a concentration might fail to displace non-target particles, compromising the purity of the
protein. To refine the purification protocol, the imidazole concentration in the equilibration buffer

was varied, alongside adjustments to the duration and method of the wash steps. Gradient and
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constant equilibration strategies were explored to determine the most effective purification
approach for each SOD1 heterodimer.

The chromatogram of the SODI1 heterodimer wt-A4V (Figure 14A), wt-1104F (Figure
15A) and wt-G41S (Figure 16A) illustrates the protein loading phase, which persisted for
approximately 19 minutes. The elevated absorbance at 280 nm (UV1 280 nm) during this phase
is attributable to the intrinsic light absorption properties of the tryptophan (Trp) and tyrosine (Tyr)
amino acid residues at this wavelength. A substantial absorbance peak was observed, indicating
the passage of a considerable concentration of proteins through the chromatography column. This
was followed by a reduction in UV1_ 280 nm absorbance, corresponding to the equilibration stage.
During this stage, unbound proteins and other particles were washed from the column using a
buffer containing 40 mM imidazole and 10% elution buffer. The decrease in UV1 280 nm
suggests the successful removal of these unbound components, which took approximately 20
minutes to reach a baseline comparable to the starting conditions, signifying column clearance.
Subsequently, the elution phase was initiated by increasing the imidazole concentration and
introducing 100% elution buffer, resulting in a discernible peak, indicating the release of bound
proteins from the column. The collection phase was completed in approximately 10 minutes,

yielding nine fractions.
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Figure 14. The chromatogram of the SODI1 heterodimer wt-A4V. Part A) depicts the entire
chromatographic sequence, including protein loading, equilibration, and elution phases. Part B)
provides a magnified view of the equilibration and elution stages with an adjusted scale for

enhanced detail.
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Figure 15. The chromatogram of the SOD1 heterodimer wt-1104F. Part A) illustrates the full

chromatographic process. Part B) zooms in on the equilibration and elution phases, with the scale

refined to improve the clarity of the details.
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Figure 16. The chromatogram of the SOD1 heterodimer wt-G41S. Segment A) presents the
complete sequence of chromatography. Segment B) offers a detailed examination of the

equilibration and elution phases with a modified scale to highlight finer aspects.
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Chromatographic profiles of SOD1 heterodimers, including wt-G41D, wt-G93A, wt-
D76V, wt-G127X, and wt-G85R, are presented in Figures 17A, 18A, 19A, 20A, and 21A,
respectively. The duration of the protein loading phase varied, extending from 20 to 35 minutes,
depending on the targeted protein purification volumes. Pronounced peaks in the UV absorbance
at 280 nm were recorded, signifying the transit of proteins through the column at significant
concentrations. These peaks then diminished in intensity, marking the equilibration phase, where
conditions were optimized for each protein variant to ensure maximum purification efficiency.
Specifically, an equilibration buffer of 40 mM was employed for wt-G41D, wt-G127X, and wt-
G85R, while a 25 mM buffer was utilized for wt-G93A and wt-D76V. The equilibration stage
incorporated the equilibration buffer and the 5% to 10% elution buffer and varied in duration from
10 to 45 minutes until UV absorbance baselines were restored to initial levels, denoting the
successful elution of non-specifically bound substances.

During the elution phase, strategies were tailored to each protein to achieve optimal
separation; for wt-G41D and wt-G93A, a linear gradient reaching 100% elution buffer was applied
over a period of 10 minutes. In contrast, wt-G85R and wt-G127X experienced an immediate
introduction to a full-strength elution buffer, bypassing a gradient. Meanwhile, wt-D76V’s elution
commenced with a 50% buffer gradient over 10 minutes, followed by an abrupt shift to 100%
elution buffer. The collection of the purified proteins, delineated by these distinct elution methods,
was accomplished within a timeframe of 10 to 20 minutes. SDS-PAGE subsequently assessed the

purity of the eluted proteins.
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Figure 17. The chromatogram of the SOD1 heterodimer wt-G41D. This figure displays the entire
chromatographic process with the equilibration phase using the equilibration buffer containing 40
mM imidazole and 10% elution buffer. For elution, a gradient was applied, increasing to 100%

elution buffer over a period of 10 minutes for targeted protein detachment.
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Figure 18. The chromatogram of the SOD1 heterodimer wt-G93A. This figure illustrates the
chromatography, including equilibration with an equilibration buffer containing 25 mM imidazole

and 5% elution buffer, followed by a 10-minute elution gradient up to 100%.
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Figure 19. The chromatogram of the SODI1 heterodimer wt-D76V Part A) displays the full
chromatography sequence. Part B) zooms in on the equilibration phase using equilibration buffer
containing 25 mM imidazole, succeeded by a two-step elution process: initially, a 10-minute
gradient reaching 50%, followed by another 10-minute gradient culminating at 100%, with the

scale optimized for clarity of intricate details.
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Figure 20. The chromatogram of the SODI1 heterodimer wt-G127X. Part A) illustrates the
complete chromatographic process. Part B) focuses on the equilibration stage using an
equilibration buffer containing 40 mM imidazole buffer and 8% elution buffer, followed by the

elution stage featuring an immediate shift to 100% elution buffer.
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Figure 21. The chromatogram of the SODI1 heterodimer wt-G85R. This figure illustrates the
chromatographic sequence, which includes equilibration using a 40 mM imidazole and 10%

elution buffer, followed by a rapidly transitioning to a full-strength 100% elution buffer.

The SDS-PAGE analysis of the wt-G41S, wt-G93A, wt-A4V, wt-1104F, wt-G127X, wt-
G85R, wt-D76V, and wt-G41D (Figure 22, Figure 23) revealed distinct bands consistent with the
purified protein. Notably, bands closer to the bottom of the gel were identified as the tracking dye,
which is commonly used to monitor the progression of electrophoresis and does not indicate
contamination. Vertical inspection of each lane highlighted a pair of closely situated bands,
suggesting the presence of minimal impurities. This observation persisted across purification trials
despite alterations to the imidazole concentration in both the equilibration buffer and the
purification stages, indicating that the contaminant was not effectively removed under the
conditions tested. While this impurity persistence was generally observed, some mutants, such as
wt-D76V, wt-G127X, wt-G85R, and wt-G41D, showed very few impurities compared to the rest

of purified mutants.
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Examining the gel horizontally, four lanes displayed protein elution fractions of varying
concentrations. The band intensity diminished from left to right, indicating a reduction in protein
concentration in successive fractions. This gradation suggests that the protein eluted in a

concentration-dependent manner, with the most concentrated proteins eluting first.

Figure 22. SDS-PAGE of purified wt-G41S, wt-G93A, wt-A4V, and wt-1104F

heterodimers. Bands located beneath these borders indicate the presence of impurities

within the protein samples. These three heterodimers exhibited more noticeable impurities.

52



Figure 23. SDS-PAGE of purified wt-G127X, wt-G85R, wt-D76V, and wt-G85R

heterodimers. showing. These four heterodimers exhibited very few impurities.



4.2 Prion-like Conversion Results

To assess SOD1 prion-like conversion, the enzymatic activity of the SOD1 heterodimer
was monitored, looking for any activity decrease indicative of the wild-type monomer conversion
to a misfolded form exhibiting lower activity. The measurement of the activity is based on the
heterodimer construct’s ability to inhibit peroxide anion reduction; therefore, less inhibition
generally suggests more conversion of wt SOD1 to a misfolded form.

Grad et al. have shown that in human neural cells, the expression of the G85R and G127X
SOD1 mutants induces misfolding in wt SOD1, indicating the capability of these two mutants to
propagate misfolding [91]. Therefore, we performed our first experiments on wt-G85R and wt-
G127X heterodimers, as the results were expected, meaning observing no conversion would have
been surprising. This approach also provided a reliable baseline to validate the efficacy of our
designed assay. Additionally, we performed an experiment with wt-wt homodimers as a control,
operating under the presumption that their enzymatic activity would remain stable, given both
components are natively folded; thereby, any induction or propagation of misfolding should not
be observed.

As illustrated in Figure 24, the inhibition of peroxide anion reduction by wt-wt, wt-G12X
and wt-G85R was monitored over 40 hours. The enzymatic activity of the wt-wt homodimer
remained stable at approximately 75%, indicating consistent inhibitory performance throughout
the experiment. Conversely, wt-G127X and wt-G85R heterodimers demonstrated a decrease in
their inhibitory function by approximately 30% and 35%, respectively. During the first hours, they
both exhibited a phase of stability in their activity, known as the lag phase, followed by a gradual

decline during the conversion phase. This reduction continued until reaching a phase of stability
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beyond which their reduced activity plateaued. The observed behavior of wt-G85R and wt-G127X

suggests that a sigmoidal curve would be a suitable fit.
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Figure 24. The enzymatic inhibition of Oz reduction by wt-wt, wt-G127X and wt-G85R. This
graph highlights the differential stability and activity of the SOD1 homodimer and heterodimers.
This graph is credited to the work of Abhishek Narayan.

The next round of experiments, aimed to expand our initial study, involved testing on wt-
D76V, wt-G93 A, wt-G41D, wt-A4V, wt-G418S, and wt-1104F heterodimers to investigate whether
wt SOD1 undergo conversion. These specific mutants were selected because each exhibited a
specific survival time in ALS cases different from the other, which makes it a broad range of
survival times. Also, these mutations are located at different sites within the SOD1 structure. This
diversity allows us to investigate if there is a relation between mutation sites within the SOD1

protein and the rate of propagation of misfolding and the progression of ALS pathology.
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Three of these heterodimers, wt-D76V, wt-G93A, and wt-G41D, showed a drop in activity after a
lag phase with a sigmoidal pattern (Figure 25) similar to what was previously seen in wt-G85R
and wt-G127X activity. Two other heterodimers, wt-A4V and wt-G41S, maintained stable activity
levels throughout the experiment, exhibiting no obvious changes in their activity (Figure 26), and
finally, wt-I104F demonstrated a decrease in activity in a more complex pattern than other

heterodimers (Figure 27).
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Figure 25. The enzymatic inhibition of Oz reduction by wt-wt, wt-G41D, wt-D76V, and wt-
G93A. The activity of these three heterodimers exhibits a gradual decline after an initial lag phase,
following a sigmoidal pattern similar to what is observed for wt-G85R and wt-G127X activities.

Error bars represent the standard error of the mean calculated from three replicates.
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Figure 26. The enzymatic inhibition of O2™ reduction by wt-wt, wt-A4V, and wt-G41S. The
activity of the two heterodimers remains stable without notable change over the observed period.
The primary fit, indicated by dotted lines, aligns with a zero slope, leading to the application of a
secondary straight-line fit with a slope of zero. Error bars represent the standard error of the mean

calculated from three replicates.

The observed pattern in the enzyme activities of wt-G41D, wt-D76V, and wt-G93A was
similar to what we observed for wt-G85R and wt-G127X, suggesting that a sigmoidal curve, based
on the same equation used for wt-G127X and wt-G85R, would be an appropriate fitting curve for
describing these three heterodimers enzymatic activity and quantifying the conversions. The
parameters derived from these sigmoidal curves (Table 1) provide a basis for a comparative

analysis highlighting each mutation’s distinct effects on the prion-like conversion of wt SODI.
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Figure 27. The enzymatic inhibition of Oz  reduction by wt-I104F. The activity of this
heterodimer shows a decline in two distinct phases. The dashed line in the wt-104F graph
represents a tentative sigmoidal fit, as the rapid changes and lack of enough data points in the
initial phase make it hard to describe the observed pattern precisely with a certain fitting model.

Error bars denote the standard error of the mean calculated from three replicates.

Looking at the initial percentage inhibition of the superoxide anion reduction, all

heterodimers started at a lower level than the wt-wt homodimer. Between heterodimers, wt-G85R
started at the lowest value compared to the others, while wt-G41D began with the highest initial
inhibition and was closest to the initial inhibition value of wt-wt.
Regarding the maximal change in inhibition from baseline, noticeably, wt-G41D showed the
greatest reduction with a 55 + 5% decrease in activity from the start point, indicating a more
substantial alteration in activity. On the other hand, wt-G127X, wt-G85R, and wt-G93A
demonstrated the least amount of decrease in activity with 29 £ 1%, 33 £ 1%, and 34 + 3%
reduction from the initial activity, respectively.
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The parameter ti2 represents the time it takes for the inhibition of the superoxide anion
reduction to reduce by half, or in other words, the enzymatic activity of a heterodimer reaches half
of'its initial amount. While some heterodimers like wt-G85R and wt-G127X have relatively shorter
t12 values within a close range, wt-D76V and wt-G41D showed markedly longer ti/2, even when
accounting for fitting errors. This suggests that the conversion process in wt-D76V and wt-G41D
is significantly slower in time.

Regarding the transition rate during the conversion phase, which relates to the steepness of
the sigmoidal curve once the decrease started, wt-G41D exhibited a more gradual transition
indicated by a larger 7 value, suggesting a slower rate of inhibition decrease. Conversely, wt-G85R
and wt-G127X displayed a sharper transition with smaller 7 values, indicating a faster rate of
inhibition decrease. These differences are significant even when considering the variability

indicated by the error margins of the fits.

SOD1 heterodimers Initial value of | Maximal change from | ti2 (hrs) T (hrs)
inhibition (%) baseline (%)
wt-G85R 457+0.7 33+1 13.6£0.2 23+0.2
wt-G127X 56 £1 29+1 153+0.3 1.5+£03
wt-D76V 66 £5 45+ 6 36 £4 12+4
wt-G93A 66+3 34+3 18+2 T+2
wt-G41D 73+4 55+£5 58+4 22+4

Table 3. Sigmoidal fit parameters for wt-G85R, wt-G127X, wt-D76V, wt-G93A, and wt-G41D

heterodimers
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SOD1 heterodimers wt-A4V and wt-G41S demonstrated a lower mean value of percentage
inhibition of superoxide anion reduction compared to the wt-wt homodimer. A linear fit was
applied given the lack of significant change and maintained stability in their activity. The resulting
slopes of -0.06 + 0.04 for wt-A4V and 0.01 + 0.06 for wt-G418S are consistent with a negligible

slope, verifying the use of a final straight-line fit with a zero slope.

SOD1 heterodimers Mean value of Inhibition (%) Rate (%/hrs)
wt-wt 74.6 £0.6 -0.10 £ 0.04
wt-A4V 58+1 -0.06 £ 0.04
wt-G41S 53+2 0.01 £0.06

Table 4. Straight-line fit parameters for wt-wt homodimer and wt-A4V and wt-G418S heterodimers

The enzymatic activity of wt-I104F, starting with an initial percentage inhibition of
superoxide anion reduction at 55 + 5%, exhibited a biphasic decrease pattern. A rapid decline was
observed initially, plateauing shortly after, followed by a much slower decline before stabilizing.
The initial decline in activity suggests a potential single-phase transition within the first 5 to 15
hours. The rapid changes in the initial phase make it hard to describe the observed pattern precisely
with a certain fitting model. Also, there are not enough data points to quantify the kinetics of the

first transition accurately.
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The second phase showed a much more gradual decrease, aligned with a sigmoidal curve.
Notably, the maximal decrease in activity was roughly similar for both phases: 19 + 6% initially,
followed by 24 + 3% in the latter phase. Further research is required to characterize the initial
phase of wt-1104F activity more accurately. It is a provisional assumption that the initial transition

may follow a sigmoidal pattern.

4.3 Discussion

This study is the first to systematically investigate which SOD1 mutants associated with
familial ALS can induce prion-like propagation of misfolding, as well as the timeline and rate of
such transformations. It specifically quantifies the prion-like conversion of wt SOD1 by different
SOD1 mutants to address the mentioned aspects of prion-like conversion, underscoring the novelty
and significance of this research.

The SOD1 homodimer wt-wt exhibited consistent enzymatic activity throughout the assay,
indicating that wt-wt interactions do not lead to misfolding under the experiment. This observation
serves as a critical control, establishing a baseline for comparison with other SOD1 heterodimers’
enzymatic activity. The lower initial activity level of SOD1 heterodimers, compared to the wt-wt
suggests that specific mutations may affect protein structure and function. However, these
observed differences might also arise from something more subtle, such as lower affinity of SOD1
mutant for the copper or challenges in copper ion insertion by chaperones.

SOD1 heterodimers wt-G85R, wt-G127X, wt-G41D, wt-D76V, and wt-G93 A exhibited a
sigmoidal decline in enzymatic activity. This pattern aligns with the prion-like conversion
mechanism, where a decline follows an initial phase of stability in function as more native proteins
undergo misfolding. The final phase of stability suggests a saturation point where most native

structures have been converted. This sigmoidal pattern is like what is seen for protein aggregation,
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where a slow nucleation process leads to a lag phase, followed by rapid growth and saturation
when all the proteins are aggregated [111], [112]. However, a study on SOD1 heterodimers wt-
G85R and wt-G127X using mass photometry shows that the decrease in the activity is not related
to the protein aggregation, suggesting that the activity reduction is due to prion-like conversion in
individual heterodimers [100].

In this case, the most straightforward model to describe the conversion would be a single-
exponential decay, which typically does not include a lag phase [113]. However, the presence of
a lag phase in the observed prion-like conversion patterns suggests that the conversion process
involves multiple steps. As a result, the time distribution for a given molecule to undergo
conversion does not remain constant; instead, it tends to peak at a value greater than zero. This
phenomenon occurs due to the convolution of several single-exponential distributions, each
representing different steps in the conversion process, which collectively contribute to the
emergence of a lag phase. The size of this lag phase and the steepness of the subsequent activity
decline may be related to the rates of various microscopic steps involved in the SOD1 conversion
process. However, distinguishing these rates can be complex due to their convolution.

Upon conversion, the heterodimers that displayed a sigmoidal pattern for conversion
showed varying amplitudes in their activity changes. This variation suggests that the efficiency of
conversion, which refers to the proportion of wild-type SOD1 molecules that undergo conversion,
might differ among the mutants. Alternatively, it is possible that the activity level of the wild-type
domain within the converted state varies across different mutants. This could be due to each mutant
potentially templating distinct misfolded structures, each with its own unique activity profile.

However, distinguishing between these possibilities remains a challenge in our study.
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The SOD1 heterodimers wt-A4V and wt-G41S demonstrated notable stability, with their
enzymatic activity remaining largely unchanged. This observation in the prion-like conversion
pattern could be attributed to the possibility that the mutants retain some activity of their own. If a
mutant is misfolded but continues to exhibit activity levels comparable to the wild-type, then a
conversion of the wild-type domain may not lead to any detectable change in activity.
Consequently, the conversion pattern would exhibit no significant alterations. Additionally, it is
plausible that the conversion rate of these mutants is slower, potentially becoming apparent only
over an extended observation period. The other possibility is that these mutants are not able to
convert wt domain; therefore, no activity change is shown.

The wt-1104F heterodimer exhibited a biphasic reduction in enzymatic activity, distinct
from the patterns observed in other heterodimers. This suggests that the mutant may undergo two
separate processes. One explanation for the biphasic activity decline is that initially, the mutant is
not in a misfolded state; therefore, it has native-like activity levels. The initial phase could involve
a misfolding process, potentially induced by the mildly denaturing and reducing conditions used
to promote conversion in the assay. Following this misfolding, the mutant can convert the wt
domain into the misfolded state, accounting for the second distinct phase observed in the activity
data.

One point that should be kept in mind is that before publication, we would want to repeat
the measurements with controls (wt-wt) continued for the whole period of the conversion process
to ensure that the observations are robust and to rule out any potential variability in the assay
conditions or temporal stability of the enzyme.

In this study, one of the interesting questions we explored was whether the rapidity with
which fALS progresses in patients correlates with the lag time observed for wt SOD1 conversion

by different mutants. Initially, we hypothesized that there might be a relation between the time it
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takes for wt SODI to be converted by a specific mutant and the survival time of that mutant’s
associated ALS, meaning the faster the conversion process, the faster the disease spreads, hence
the shorter survival time. Figure 28 illustrates the data of patients’ survival times and ti/2 obtained
from the activity graphs of explored SODI heterodimers, which helps to test this hypothesis.
Despite not showing any noticeable change in activity, AV4 and G41S were also included on this
graph, represented as distinct points due to their undefined ti2. The graph shows no obvious
correlation between survival time and conversion time; hence, the initial hypothesis is rejected.
The fact that why some SOD1 mutations lead to very aggressive disease, whereas some
have significantly extended survival times, remains unclear in ALS research. Previous
investigations into SOD1 mutants have not found strong links between specific mutant properties
and disease severity [34], [114], [115], [116], [117], [118], [119]. Given that conversion time has
not been studied in this context, it was assumed that this factor might hold significance. However,

the data obtained so far (from a limited number of mutants) do not support a direct relationship.
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Figure 28. Correlation between SOD1 mutants’ conversion times and ALS patient survival times.
This graph assesses the relationship between the half-life of SOD1 mutant conversions and the
survival times of ALS patients carrying these mutations. The data reveals an absence of a clear
and direct correlation. wt-G41D and Mutants wt-G41S and wt-A4V maintain consistent enzymatic
activity, making their ti2 immeasurable, represented here by a dashed line extending towards
infinity. Survival time data for ALS patients with specific SOD1 mutations are adapted from [34],
[115], [116], [117], [118]

This research has shed light on the diverse prion-like conversion abilities of various fALS-
associated SOD1 mutations. While we have advanced our knowledge of how different mutations
affect protein misfolding propagation, the connection between these conversion processes and
ALS’s actual progression remains unclear. The findings suggest that despite the lack of a clear
connection, the role of prion-like conversion in the pathogenesis of the disease is an important area
for future investigation. Further studies are essential to discover which aspects of these mutants
contribute to the different ALS outcomes and severity. Even though we could not find a meaningful

relation between prion-like conversion of wt SOD1 by different mutants and the severity of ALS,
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our findings are nonetheless significant. They highlight the complexity of the disease and the
necessity for continued research to unravel the relationship between prion-like conversion and

ALS pathology.
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Chapter 5: Conclusions and Future Work

This study focused on the prion-like conversion of natively folded wild-type SODI, a
protein linked to ALS, by various SOD1 mutants. Inspired by the prion interactions seen in prion
diseases, we investigated how misfolded SOD1 interacts with and induces misfolding in wild-type
SOD1, leading to the propagation of this misfolded structure. Our experiments were conducted
using heterodimer structures comprising a wild-type SOD1 monomer tethered to a mutant SODI1
monomer with a 50 amino acid-long tether. To monitor prion-like propagation, we designed an
assay tracking the enzymatic activity of wt SODI1, considering the decrease in enzymatic activity
as a potential marker of conversion. We performed our experiments on the wt-wt homodimer as
control and wt-G85R, wt-G127X, wt-D76V, wt-G93A, wt-G41D, wt-1104F, wt-G41S, and wt-
A4V heterodimers.

Our findings revealed a sigmoidal decline in the enzymatic activity of certain heterodimers,
such as wt-G85R, wt-G127X, wt-G41D, wt-D76V, and wt-G93A. Initially, these heterodimers
showed a stable phase of activity, followed by a decrease representing the conversion phase, and
finally reaching stability, suggesting the completion of the conversion. This pattern indicated that
a sigmoidal curve would be an appropriate fit for the observed data.

The wt-A4V and wt-G41S heterodimers maintained stable enzymatic activity throughout
the experiment, suggesting that these mutants either retain some functional activity when
misfolded or have a slower conversion rate. The wt-I104F heterodimer demonstrated a biphasic
pattern in its activity decline, distinct from the other mutants, indicating a possible two-step
conversion process.

The pattern seen in the enzymatic activity of tested heterodimers assisted in quantifying

the prion-like conversion, which provides insights into the timeline and rate of such conversions.
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Between heterodimers, the wt-G41D heterodimer showed the highest maximal change in
activity and presented a more gradual transition phase, implying that the conversion extended over
a longer duration. Also, it took the longest to reach half of its initial activity. In contrast, wt-G85R
and wt-G127X displayed relatively quick transition phases, resulting in steeper conversion curves
coupled with shorter times to half-maximal activity or, in other words, smaller ti2, suggesting a
more rapid conversion process.

Our investigation into the correlation between the rapidity of fALS progression in patients
and the lag time observed for wt SOD1 conversion by different mutants revealed no direct relation,
challenging our initial hypothesis that a faster conversion equates to more aggressive disease
progression and a shorter survival time.

This study motivates us to conduct further studies to explore various aspects of prion-like
conversion and propagation of misfolded SOD1 structure. One key area involves developing a
microscopic model to accurately describe the prion-like conversion process, particularly for
heterodimers exhibiting a lag phase and a sigmoidal decline in activity. This model would consider
the convolution of various single-exponential distributions representing the different stages of
conversion [113]. By analyzing the lag phase and activity decline rates, we can gain insights into
the microscopic steps involved in the conversion process.

A future area of work involves conducting additional experiments on wt-I1104F to collect
more data points, especially for the first phase, so that we can define a more accurate pattern for
the conversion of this heterodimer. Then, we could fit the data on the mentioned microscopic
model to assess and validate the model’s accuracy in describing the conversion process.
Additionally, expanding our research to investigate a wider range of the over 220 known SODI1

mutants could potentially uncover a meaningful correlation between the rapidity of ALS
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progression and conversion time, a connection that may have remained undetected in our current
research due to the limited number of mutants that has been looked into.

Building on recent findings, introducing proline mutations into specific regions of a SOD1
protein mutant significantly reduces aggregation and toxicity [36]. Further exploration of these
mutations with our assay could be invaluable. Assessing how these specific proline substitutions
affect the prion-like conversion of SOD1 can offer deeper insights into the critical regions and
mechanisms of SOD1 prion-like conversion.

Another promising direction is extending conversion studies using Forster Resonance
Energy Transfer (FRET). This method directly observes structural changes during the conversion
process, providing a valuable alternative perspective to enzymatic activity assays.

With these future directions, we aim to unravel the complexities of SOD1 prion-like conversion
further, advancing our understanding of ALS and paving the way for new possibilities in

therapeutic interventions.
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