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SUMMARY

A variety of human diseases, including Alzheimer's disease (AD) and
tauopathies, are associated with the accumulation of misfolded protein
aggregates. These protein aggregates are composed of amyloids, protein
aggregates that contain highly ordered B-sheet structures that are very stable and
quite insoluble. Yeast are also plagued by amyloids. In yeast, amyloids manifest
themselves as infectious proteins, termed yeast “prions” that are heritable via the
cytoplasm. While not necessarily considered a disease in yeast, our understanding
in how and why yeast prions form and propagate have led to insights that have
translated to our understanding of proteins associated with human diseases. My
thesis work has employed yeast as a model system to understand the specific
sequence elements as well as other cellular factors that contribute to protein
misfolding of proteins associated with disease in humans, including Ap42, MAPT,
and U1-70k, all of which are associated with AD. Firstly, | have shown that the AB-
based prion in yeast is controlled by the AB42 peptide. | also used this prion system
to study A42 isolated from patients suffering from AD to demonstrate that ABaz is
capable of forming prion variants. Secondly, using high expression plasmids | have
shown that MAPT, the repeat domain of MAPT, and the C-terminal domain of U1-
70k are capable of forming detergent-resistant aggregates in yeast, a
characteristic of amyloids. Lastly, | have used a novel yeast assay to study the
nucleation capabilities of protein peptides that have recently been associated with

diseases, as well as use it as a high-throughput screening platform to test newly

Xiii



synthesized compounds to determine if they can prevent the initial nucleation of
AB, the triggering event in AD. Overall, this work provides new information on the

molecular mechanisms that drive protein aggregation.
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CHAPTER 1. INTRODUCTION AND BACKGROUND: STUDYING

MAMMALIAN AMYLOIDOGENIC PROTEINS IN YEAST

Proteins can incorrectly fold and accumulate to form insoluble cross-beta
fibril structures called amyloids. Amyloids are associated with more than 50 human
diseases categorized as amyloidosis many of which are fatal and incurable, and
the list of these diseases is continuously growing [1]. This list includes many
neurodegenerative disorders including Alzheimer’s disease (AD), Parkinson’s
disease, and Huntington’s disease, but also some systemic diseases like type Il

diabetes (T2D) [2].

The common feature in this group of diseases is the emergence of proteins
folded into insoluble aggregates but the processes leading to cell death remains
to be elucidated. While there is consensus in the field that these diseases are
caused by the protein misfolding event, the mechanisms of how and when these

events occur still remain poorly understood.

Yeast have emerged as a powerful tool for understanding protein misfolding
diseases as they are also plagued by amyloids, termed yeast prions. While most
of the prions in yeast are not necessarily associated with disease, the underlying
features that drive protein misfolding are the same as in humans. Also, another
hallmark in many of these neurodegenerative diseases in that they are all mostly
late onset disease with long incubation periods, which has made their study in

traditional models arduous. In the last several years, there have been many



successful yeast models established to study many of the proteins associated with
these amyloid diseases. These models have been effective in studying different
features of amyloid biology, both protein aggregation and cellular toxicity
associated with them, however none of these models to date are capable of
demonstrating the switch between the normal monomeric form and the
amyloidogenic form of the protein, and that the amyloidogenic form is capable of
propagating in yeast. Here we will demonstrate such a model for the protein
peptide AB, one protein associated AD. We will also demonstrate other models
aimed at studying the protein aggregation of other AD associated proteins:
microtubule-associated protein tau (MAPT) and U1 small nuclear
ribonucleoprotein 70k (U1-70k). Previous models for MAPT have only
recapitulated the feature of protein aggregation, but have not demonstrated that
they are amyloid in nature. Lastly, we will demonstrate another yeast model for
studying amyloid nucleation, the first step in amyloid formation, and its use as a

high throughput drug screening assay.

1.1 Prions and amyloids

Prions are misfolded proteins that are transmissible (heritable or infectious).
The term prion (proteinaceous infectious particle) was first coined by Stanley
Prusiner in his work studying the “scrapie” agent (the PrP protein) as a protein only
pathogen capable of causing disease in mammals [3]. From this work, we now
know that prions confer changes to protein confirmation but does not alter their
genetic or amino acid sequence. Rather this change in confirmation is driven solely

by protein interactions leading them to be incorporated into fibrous aggregates like



amyloids. Amyloids are protein aggregates composed of cross-3 sheets that have
been associated with many human diseases. The distinguishing characteristics
between a prion and an amyloid is that a prion can self-propagate and is
transmissible between organisms [4]. Their key unifying feature is that many of
these proteins identified as having amyloid properties often have unstructured
domains, that are often glutamine and asparagine rich, which are important for
achieving these altered non-soluble confirmations [5, 6]. Amyloid-based prion
formation occurs via a two-step process (Figure 1.1). First is nucleation, in which
a normal soluble protein is converted into an aggregate or “nuclei” of the prion
isoform. This nucleation event can be driven by mutations, but most often this is a
sporadic phenomenon [7]. The second is ‘propagation” in which the established
seed during the nucleation step continues to grow via incorporating monomers, but
these longer fibers can then be sheared creating more, smaller infectious units or

“propagons” [8].
Il\'ammalian amyloidosis and disease related proteins

More than 50 diseases in humans can be associated with protein misfolding,
many of which are fatal and incurable (see examples in Table1.1). These diseases
are associated with at least one protein or peptide that is capable of adopting an
amyloid conformation, a protein fold associated with ordered cross- 3 aggregates.
While we most often think of these proteins as associated with disease, it is
important to note that there are examples of functional amyloids in nature. In
humans amyloids play a role in melanin formation [9], hormone storage [10], and

the formation of memories [11].



Table 1.1 Examples of human amyloid diseases.

Amyloid Disease Disease Associated Protein
Alzheimer’s Disease (AD) AB and MAPT
Parkinson’s disease :
a-synuclein

Prion disease Prion protein (PrP)

Type Il diabetes Amylin

Huntington’s disease (one type of Huntingtin
Polygluatine disease)

1.1.1.1 Alzheimer’s Disease (AD)

Alzheimer's Disease (AD) is the leading cause of dementia and is
hallmarked by the features of beta-amyloid (A) plaques and neurofibrillary tangles
(NFT’s) developing within brain tissues(Figure 1.2) [12]. AD symptoms can vary
between individuals, but they usually consist of the loss of ability to learn new
information and as the disease progresses, more neurons are deteriorating, it can
cause individuals to experience confusion, impaired thinking, and disorientation,
thus requiring long-term health care. Currently, AD is the 6" leading cause of death
[12]. However, AD has been routinely underdiagnosed in the past, thus estimates
evaluating it as the 3" leading cause of death are likely to be more realistic [13].
Also, with medical advances increasing the life expectancy of individuals into their
80’s or 90’s, and the highest risk factor of dementia related illness being age, the
number of individuals affected by these neurodegenerative diseases is only going

to increase. Currently, there are only therapeutics that help to minimize the
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Figure 1.1 Amyloid life cycle. A soluble native or unfolded protein with an
amyloidogenic domain undergoes a conformational conversion (driven either by
mutation or sporadic) via nucleation and self assembles to form a prion polymer.
The addition of monomers to the nuclei continues to grow the prion fibrils.
Chaperones can interact with these large amyloid fibrils, sheering them into small
subunits creating new propagons that can continue this process driving prion
propagation.

symptoms associated with AD but do not target the underlying mechanism of
protein misfolding [14]. As individuals affected by this disease are expected to

increase in the near future, along with an increase in health care costs and the



burden to care givers, it becomes necessary for us to elucidate the mechanisms
by which this protein misfolding begins. This will allow us to develop early detection

and therapeutic strategies.

1.1.1.2 ARB peptide and amyloid cascade model

The AB peptide is not an initial product of translation but is rather the result in
the cleavage of the amyloid precursor protein (Figure 1.3) [15]. APP can be
proteolytically cleaved by the group of enzymes known as a, 3, and y secretases.
This process can occur by either of two mechanisms: non-amyloidogenic or
amyloidogenic pathway. In the non-amyloidogenic pathway, which is the
predominant pathway, APP is first cleaved by the a-secretase. This cleavage
pathway prevents the formation of the A peptide because the a secretase cleaves
within the region for AR formation. In the amyloidogenic pathway, APP is first
cleaved by B-secretase followed by further processing by the y secretase.
Cleavage by the y secretase can lead to the formation of alternative A products.
One product is AB4o and is the most common form produced. However, there is
another variant known as ABas2 that can be produced and is known to have a higher

rate of fibril formation compared to its AB4o counterpart [16].

Since most of the cases of AD are sporadic it becomes important to
understand what are the triggering mechanisms in the production of the A peptide
as early detection is key in preventing the AD onset and progression. The model
that is currently dominant within the amyloid field when it comes to clinical and

therapeutic research for AD is the amyloid cascade hypothesis (Figure 1.4) [17].
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Figure 1.2 A diagrammatic representation of a neuron in an AD brain.
Intracellular AB is secreted from cells leading to the accumulation of AB into large
aggregates known as plaques outside of neurons while the hyperphosphorylation
of MAPT leads to it dissociation to microtubules causing the formation of
neurofibrillary tangles (NFT’s).

This hypothesis states that the formation of the AB peptide and its aggregation into
plaques within the brain is the initial triggering step that is required for the
development of AD. The accumulation of AB into plaques may then lead to the
triggering event of MAPT hyperphosphorylation, leading to NFTs [18]. The
mechanism as to how this occurs is still highly debated and poorly understood
since most of the AP that is sequestered exists in extracellular plaques while MAPT
remains intracellular [19]. While there is evidence to show the coexistence of A
and MAPT aggregates in AD pathology, there is no clear link that this occurs via
cross-seeding between AR and MAPT, rather this could occur by an alternative

pathway [20]. The currently prevalent amyloid cascade model explains a majority
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Figure 1.3 Structural organization of human Amyloid beta (AB) peptide. AB
peptide is a product from proteolytic cleavage of the Amyloid precursor protein [15]
by the B and y secretases that can produce two isoforms — AB4o and AB42.

of current research, but it has reached much scrutiny. However, it is understood
that the AB peptide is necessary for the development of AD and an understanding
of the triggering event leading to its formation is of utmost importance in designing

a therapy for AD.

1.1.1.3 Microtubule associated protein tau (MAPT)

MAPT is a member of the microtubule associated protein family that interacts
with tubulin and promotes its assembly into microtubules and helps stabilize their
structure [21]. MAPT contains repeat motifs in a proline-rich region, which are
crucial for its association with other proteins. The phosphorylation of MAPT
modulates its binding affinity to regulate the morphology of neurons and
intracellular transport. However, the hyperphosphorylation of MAPT depresses this

biological activity. In AD and a family of related neurodegenerative diseases, called
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Figure 1.4 Amyloid cascade hypothesis. This model which has been the main
explanation for AD pathogenesis starts with the accumulation of Ap oligomers that
can accumulate into large extracelluar plagues. Downstream of this event, by
either physical interaction by intracellular A oligomers or through extracellular Ap
causing activation of a signal cascade leads to the aggregation of Tau and its
detachment from microtubules (leading to NTF formation). Both of these events
work together to drive healthy neurons into the diseased state.

tauopathies, MAPT is abnormally hyperphosphorylated and aggregated into
bundles of filaments that is polymerized into paired helical filaments, forming
neurofibrillary tangles which are intracellular MAPT aggregates in AD brains
(Figure 1.5) [22]. Mutations in or even close to the repeat region of MAPT have
been shown to cause frontotemporal dementia and Parkinsonism linked to
chromosome 17 (FTDP-17) [23]. It is now widely accepted that it is not the resulting
fibrillary tangles produced by MAPT biology, but the process leading to its
aggregation that is responsible for the toxicity associated with many tauopathies

[24].

1.1.1.4 Other AD-associated proteins

U1-70k is a component of the spliceosomal U1 snRNP. The U1-snRNP is
responsible for the recognition of the pre-mRNA &' splice-site and is essential for
the assembly of the spliceosome complex [25]. The spliceosome complex is

responsible for the removal of introns from pre-mRNA, and has been found as
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Figure 1.5 Acknowledged phosphorylation sites on MAPT. Black color denotes
amino acid sites phosphorylated in the normal brain while red represents the AD
brain. Note that there are more phosphorylated sites for both sample sets than
what is denoted in figure.

cytoplasmic tangle-like aggregates in AD brains [26]. The aggregates containing
U1-70k appear to be specific to AD, as its aggregation is not found in other
neurodegenerative diseases such as ubiquitin-positive frontotemporal lobar
degeneration (FTD) and amyotrophic lateral sclerosis (ALS) [26]. U1-70k harbors
multiple low-complexity domains within its amino acid sequence [27]. LC domains
are regions that contain repeats of single amino acids or short amino acid motifs,
and have been implicated in the aggregation properties of numerous RNA-binding
proteins [28]. Other RNA-binding proteins containing LC domains have been

implicated in disease include hnRNPA1 (associated with multisystem

10



proteinopathy) and FUS, TDP-43 (both associated with Amyotrophic lateral
sclerosis and frontotemporal dementia) [29, 30]. There are now close to 70 RNA-
binding proteins that contain prion-like domains, and these domains are not only
contributing to disease but are also playing a role in their normal RNA-binding
function as well [31]. The LC domains of U1-70k are located within its C-terminus
and are essential for U1-70k aggregation [32], however it should also be noted that
in AD, it has been shown that U1-70k is N-terminally cleaved to a size of 40kDa
[33]. The N40OK fragment has been shown to have toxic effects in neurons

suggesting this protein may play a role in neurodegeneration in AD patients.

1.2 Yeast prions

It is important to mention that animals are not the only ones affected by
amyloid forming proteins, as such proteins exist in other domains of life as well.
This includes bacteria, plants, and fungi. In yeast, amyloids manifest themselves
as infectious proteins, termed yeast “prions” that are heritable via the cytoplasm
(non-mendellian inheritance). Yeast prions are formed by what is called the prion
domain (PrD) which is responsible for the intermolecular interactions that will form
the core of the fiber (Figure 1.6). In most cases these PrD’s are generally separate
from the other domains within the protein that are responsible for the major cellular
function. Most (but not all) yeast prions also have easily detectable phenotypes
(see examples in Table 1.2). This is typically due to the “loss of function” of the
normal soluble protein due to its sequestration into an amyloid fiber. While some
yeast prions can have “pathogenic properties” they are not all necessarily

associated with a “diseased” state, rather a majority of them provide adaptive
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characteristics that allow them to adapt to environmental stresses, which makes

them differ from their mammalian counterparts [34, 35].

Prion domain (PrD) Functional region

Usually at N or C terminus, QN-rich

Figure 1.6 An example of a typical yeast prion protein. The prion domain (PrD)
denotes the glutamine/asparagine-rich regions (shaded black in the figure,
explained as QN-rich) that are located at the terminal ends of proteins, followed by
a functional region that is responsible for the cellular function of the protein.

IS 035 and [PSI]

The most well studied yeast prion is [PSI*], which is formed by the yeast
protein Sup35, also known as eukaryotic release factor 3 (eRF3). In its normal
soluble state (deemed [psi]), Sup35 works in conjunction with eRF1 and the
ribosome as a GTPase to recognize stop codons and release newly synthesized
polypeptide chains from the ribosome, thus terminating translation. The protein
Sup35 consists of three domains — the Q/N rich N-terminal domain, which contains
the PrD, the middle domain which contains charged residues and is responsible
for the solubility of the protein, and the C-terminal domain which is responsible for
its functions as a translation release factor (Figure 1.7A). In its amyloid state
(deemed [PSI*]), some of the endogenous Sup35 is incorporated into an amyloid
aggregate, which leads to a “loss of function” phenotype. Specifically, in [PSI*]

cells, translation termination becomes less efficient resulting in reduced
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Table 1.2 Examples of amyloid-based fungal prions.

Protein Prion Protein Prion
Function Phenotype
. Translation Increases
Sup35 [PSF] termination factor nonsense
suppression
+ + Increases de novo
Rnq1 [PIN*J/[RNQ*] Unknown formation of other
prions
Regulatory protein
Ure2 [URE3] in nitrogen nitlsze ‘r’]f p°°rr
metabolism ogen source
Subunit of
[SWF] chromatin Altered carbon
Swi1 remodeling source utilization
complex
Cyc8 [0CT*] Transcriptional co- Altered 9arb9n
repressor source utilization,
flocculation
Mot3 [MOT*] Tra”fg”rpetg;gf' €9 Change in cell wall
P composition
T Increased level of
Mod5 [MOD"] tRNAer:Zo dr'r]:':at'on ergosterol and
y resistance to
antifungals
Nup100 [NUP1007] FG-nucleoporin Increases the rate
of nuclear export
Binds and inhibits Increases de novo
Lsb2 [LSBY] Las17, actin ; : f oth
associated ormgtlon of other
prions [PSI]
HET-s* [Het-s] Unknown Heterokaryon

incompatibility

*All prions listed are found in S. cerevisiae, except for Het-S which is found in

P. anserina.



1 123 253 685
SUP35N
-6 28 41 ARSI
QN-stretch R1|R2|R3|R4|R5|R6

Oligopeptide repeats
(PQGGYQQ-YN)

SUP35

[psi] cells [PSF] cells

UGA

Stop codon recognized Stop codon recognized;
Suppression of ade1-14
Incomplete Ade1 produced Complete Ade1 produced

No growth on —Ade . m Growth on —Ade
Red on YPD . D White on YPD

Figure 1.7 Structural composition of Sup35 and the [PSF*] detection system.
(A)The termination translation factor Sup35 is composed of the N, M, and C
domains. Numbers correspond to amino acid positions. The QN refers to the
asparagine, glutamine rich region. (B) In yeast containing the ade1-14 (UGA
reporter), cells containing monomeric versions of Sup35 ([psi] cells) leads to
termination at the premature UGA stop codon causing a truncated version of Ade1
to be produced. Because of this [psi] cells are unable to grow on medium lacking
adenine and have a red pigment on YPD. When Sup35 is in the [PSI] state, the
stop codon in ade1-14 is not recognized leading to full-length Ade1 to be produced
allowing [PSI*] cells to grow on —Ade medium and a white color on YPD.
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suppression of nonsense codons. Termination suppression can be monitored
phenotypically though the use of a read-through assay in strains incorporating
nonsense mutations within genes responsible for macromolecule biogenesis. In
our case specifically, we use a reporter system (Figure 1.7B) that contains a
premature stop codon within ADE1 [4]. In a [psr] cell, Sup35 is soluble and causes
the correct termination of Ade1. This results in a truncated version of Ade1 that is
nonfunctional causing cells to lack the ability to grow on media lacking adenine (-
Ade medium). It also causes growth on YPD medium to be red due to the buildup
of SAICAIR in the vacuole. In [PSI*] cells, Sup35 is incorporated into aggregates
(the soluble level of Sup35 is decreased to less than 1% as to that of [psi] cells
[4]), causing inefficient translation termination. This leads to readthrough of the
premature stop codon and production of Ade1. This allows for growth on -Ade

medium and normal color (whitish or light pink) growth on YPD [36].
I strains and variants

A remarkable feature in prion biology is the strain phenomenon. This is
where prion particles composed of the same protein leads to phenotypically
distinct transmissible states [37]. To reconcile the existence of strains with the
‘protein-only’ hypothesis of prion transmission, it has been proposed that a
single protein can misfold into multiple distinct infectious forms, one for each
different strain [37]. This helps to explain the pathological heterogeneity observed
in AD[38]. It has been shown that prion proteins (including mammalian PrP and
yeast Sup35) of one and the same sequence can form various amyloid

conformations with distinct structures — prion “strains” (usually called “variants” in

15



yeast), and that these different strains have different disease manifestation in

mammals or phenotypic characteristics in yeast (Figure 1.8) [39].

Prion strain or variants Prion strains faithfully
Altered prion conformation propagate their amyloid
of the same protein conformation onto

sequence monomeric proteins

% % Phenotypic detection
Monomeric ‘ gﬁ Strong

protein strain

€
™ Weak

* s
== =TT

Figure 1.8 Prion strains. Confirmational changes in the misfolding of the protein
during the nucleation step allows for the formation of prion strains (or variants in
yeast). Once formed, these strains faithfully propagate their misfolded confirmation
onto monomers of the same amino acid sequence. In yeast, these different strains
can be monitored phenotypically. Strong variants have a whitish color on YPD and
strong growth on —Ade medium, while weak variants have a darker pink color on
YPD and weaker growth on —Ade.

YPD -Ade

For the yeast prion [PSI'], it is known to exist in several different variant states
caused by different confirmations of Sup35 fibrils and their interactions with
chaperones (e.g Hsp104) leading to phenotypic differences. One of them is
deemed the “strong” variant which is characterized by white growth on YPD and
strong growth on -Ade medium. This is due to it being easily fragmented by the
chaperone Hsp104, leading to more propagons causing more efficient
immobilization of newly synthesized Sup35. In contrast the weak variant, consist
of a larger prion core, leading to less disaggregation by Hsp104, causing a

phenotype of a pinkish color on YPD and less efficient growth on -Ade medium.
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1.3 Yeast models for AB and MAPT

Budding yeast have served as a powerful tool for studying complex eukaryotic
mechanisms. The reason being is that many of the cellular mechanisms including
replication, recombination, cell division, and metabolism is conversed between
yeast and other eukaryotes, including mammals. This has held true for the study
of prion proteins, as the same features that effect protein misfolding in mammals
also holds true in yeast [40]. Yeast have been very crucial in the understanding the
molecular mechanism of prions/amyloids as disease manifestation in humans and
other mammals has long incubation periods which has made it hard for traditional
mammalian models for identification of aggregation factors and drug screening.
While many of the genes associated with these neurodegenerative diseases
caused by amyloids/prions do not have homologs in yeast, the other proteins
influencing their aggregation behavior do and their heterologous overexpression
can be phenotypically characterized and have led to major breakthroughs into
novel therapeutic targets and drugs [41, Miller-Fleming, 2008 #25]. Here | will
briefly examine some of the yeast models in Table 1.3 and Table 1.4 that have
helped in the better understanding in amyloid formation and propagation of both

AB and MAPT.
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Table 1.3 Summary of yeast models for studying Ap.

Mode of Action Model Features Pitfalls Reference Paper
Both forms of AB (ABao
and AB42) fused to Since AB instantly
fluorophores (e.g aggregates, these
AB fused to
fluorophores GFP) form detergent  models cannot be (Rubel et. al. 2013)

resistant aggregates
in yeast and allow for
microscopic detection

used address
amyloid formation

Fluorophores
fused to AB

Here the fluorophore
is fused in front of Ap
(e.g. GFP-AB) and
aggregation
suppresses
fluorescence. Useful
for drug screening.

Again, AB is
always present as
aggregates, so
these models can
only address
further AP
aggregation and
cannot address
amyloid
nucleation and
polymerization

(Caine et. al. 2007),
(Macreadie, 2008)

AB with the
addition of
secretion
peptides fused
to fluorophores

Here the addition of a
secretory signal
allows for AB to be
exocytosed into the
periplasmic space (a
hallmark of AD is
accumulation of Ap
aggregates outside of
neurons)

Toxicity of A
might not be
relevant to human
AD and screening
targets do not
address Ap
aggregation, the
triggering factor
of AD.

(Matlack et. al. 2014),
(D'Angelo et. al. 2013)

Substitution of
Ap for the PrD of
Sup35

AB42 fused to the M
and release factor
domain of Sup35,
which allows for more
easy phenotypic
detection of AB
aggregation based on
readthough assay of
Sup35 (Figure1.4)

A4z fusion
constructs
instantly
aggregates which
prevents the
monitoring
between
monomeric and
aggregated Ap,
the triggering
event in AD.

(Park et. al. 2011),
(von der Haar et. al.
2007)

PrD of Sup35
fused to AB

AB4o and APz fused to
PrD of Sup35 also
allows for phenotypic
detection, however
here it is monitored
separately via
aggregation of
another protein Sup35

Only monitors the
nucleation step of
aggregation
formation, does
not address
propagation.

(Chandramowlishwaran
et. al. 2018)
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Table 1.4 Summary of yeast models for studying MAPT.

Mode of Action Model Features Pitfalls Reference Paper
Only allows for the
monitoring of
MAPT aggregation  (De Vos et. al. 2011)
via biochemical
techniques
Only allows for
studying protein-
protein
interactions and
does not address

Overexpression of
isoforms of MAPT in

both WT and gene
deletion yeast strains

Yeast shuttle
vectors
containing MAPT

MAPT in yeast Expression of MAPT

surface display on the yeast cell the (Wang et. al. 2020)
vector surface phosphorylation
and aggregation of
MAPT, its

hallmarks in AD.

1.4 Objectives

Prior to this work, our lab had established a yeast assay for studying the
propagation step in prion formation for the protein APs2, associated with AD. In this
assay it was previously shown that AB42 is capable of forming a prion and that its
switch between its soluble and aggregated state can be easily monitored using a
phenotypic assay. Here our objective is to continue some of the previous work in
establishing the model, specifically demonstrating the ability of the AP peptide to
form and maintain a prion in yeast is controlled exclusively by the AR peptide. We
will also use this assay to determine if A isolated from different patients suffering

from AD are capable of forming variants.

Also associated with AD, are the proteins MAPT and U1-70k. Previous
studies have shown that MAPT is capable of forming aggregates in yeast, but not

whether these aggregates are amyloid in nature. Using both in vivo and in vitro
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techniques we would like to determine if aggregates formed by MAPT are amyloid
fibrils. Specifically, we will use plasmids expressing different domains of MAPT to
determine specific sequence factors that control its aggregation, along with
determining if any other cellular factors such as kinases can influence its
aggregation capabilities. We will also employ similar techniques to study U1-70k,
which to date has not been specifically studied in yeast, to determine if the same

sequence factors that control aggregation in humans, also holds true in yeast.

Our lab has also established a yeast model for studying the nucleation step
in amyloid formation for mammalian amyloidogenic proteins. This assay has
shown that the same sequence elements that drive amyloid formation in humans,
remains the same in yeast. Here we will build off of those original studies to study
protein or peptide sequences that have not been clearly linked to disease.
Specifically, we will use our assay to study proteins or peptide sequences that have
been demonstrated to have amyloid-like properties either experimentally or
computationally. We will also use this assay to study novel synthesized chemical
compounds to determine if they can prevent the initial nucleation of AB, the

triggering event in AD.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

| NELS

The genotype of Saccharomyces cerevisiae strains used in this study are
listed in Appendix Table A. The haploid [PSI][PIN*] strain GT81-1C is a meiotic
spore of the homozygous autodiploid GT81. The [psr][pin]] strain GT409 was
obtained from GT81-1C via curing by guanidinium hydrochloride (GuHCI), while
the [psi][PIN*] strain GT159 was obtained via curing GT81-1C of [PSI'] using
excess Hsp104. The [psr][pinT] strains GT671 and GT680 were used as the source
for making the [ABE"] strains and checking plasmid functionality in the shuffle
experiments in Chapter 3 and are the haploid derivatives of GT81. Both GT671
and GT680 contained a sup354::HIS3 transplacement on the chromosome and
was maintained alive by a Sup35-expressing plasmid. GT671 contains the pASB2
plasmid, with a LEU2 marker, while GT680 contains the pYCH-U2 plasmid, with a

URA3 marker.

- asmids

Appendix Table B provides a list of all plasmids constructed or used for this
work together with their descriptions. Chapters 3 through 6 each contain a section
titled “Plasmids” and also contains a brief description along with construction

strategy if applicable for each plasmid used in specific work for each chapter.
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- rimers

Appendix Table C provides a list of all primers used for this work with their

sequences and descriptions.
B = 2y mes and antibodies

Enzymes used for molecular cloning, PCR, ligation, and site-directed
mutagenesis, including restriction endonucleases: BamHlI, EcoRl, Xbal, Notl, Sacl,
Xhol, Pstl, Mung Bean nuclease, Taq polymerase, and T4 DNA ligase, were
purchased from New England Biolabs. Antibody to Sup35C was a gift of Dr. D.
Bedwell (Department of Biochemistry and Molecular Genetics, University of
Alabama at Birmingham). GFP antibody was purchased from Sigma. The Rpl3
antibody was used as a loading control and was a gift from Dr. J.R. Warner
(Department of Cell Biology, Albert Einstein College of Medicine). The MAPT
specific antibodies PHFI, MCI, and CP13 were a gift of Dr. Lary Walker

(Department of Neurology, Emory University).
2.2 Genetic and microbiological techniques
I standard yeast media and growth conditions

Yeast media and protocols were as described previously (Sherman 2002)
[42]. Rich organic medium (YPD) contained 1% yeast extract, 2% peptone, and
2% dextrose. Organic YPG medium containing glycerol (3%) instead of glucose
was used to identify respiratory incompetent (Pet-) transformants that arose due

to loss of mitochondrial DNA during transformation and were eliminated from
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further analysis. Synthetic dropout (SD) media were designated by the
supplements that are missing (e.g -Ade for the synthetic medium lacking adenine)
and contained 0.17% yeast nitrogen base without amino acids or ammonium
sulfate, 0.5% ammonium sulfate, 2% glucose and 13 nutritional supplements
(adenine, arginine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, tyrosine, uracil, and valine) unless noted for
dropout. Standard medium contains 3 uM copper sulfate (CuSQs); it was
supplemented with 10, 50, 100, 150, or 300 uM CuSOs as indicated to induce
higher expression of genes under the Pcups promoter. Yeast cultures were grown
at 30°C. Liquid cultures were grown with at least at least a 1/5 media/flask
volumetric ratio in a shaking (200-250 rpm) incubator at 30°C. Optical densities of
yeast cultures were measured at 600 nm wusing Shimadzu UV-2450

spectrophotometer.

In order to examine phenotype of each yeast strain, single colonies from
purified yeast cultures were patched to YPD and grown at 30°C overnight. This
primary plate was then used to velveteen the same colonies to various media in
order to examine the metabolic phenotype for each colony. Velveteening was
performed by placing a piece of sterile velveteen fabric onto a replicating block,
the placing the primary plate over the velveteen face-down in order for the cells
from the plate to transfer onto the velveteen. The plate was then removed and the
plates for metabolic testing were placed on the velveteen, one at a time, in order

to transfer some of the cells to each plate. Each phenotype screening profile began
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with YPG and ended with YPD in order to verify that viable cells were still available

for growth, as useable colonies should grow on both these media types.
Il G- cterial transformation procedure

Chemically competent DH5a Escherichia coli were transformed using

standard laboratory protocols [43].
Bl Y -5t transformation procedure

Transformation of yeast cells was preformed similarly to the previously
described method (Gietz et. al. 1992) [44]. Briefly, a pre-culture of the desired
yeast strain was grown overnight in 10 mLs of YPD. This preculture was used to
inoculate a 50 mL flask of YPD the following day and incubated at 30°C for 2-4
hours. The culture was then transferred to two sterile Oakridge tubes and spun
down at 3,000 rpm for 10 minutes, the supernatant poured off, the cells were
washed with water, then spun down again. The water was removed, and the cells
were re-suspended in 10 mLs of 0.1 M lithium acetate Tris-EDTA buffer (LiAc-TE)
then incubated at 30°C for 60 minutes with shaking. Cells were then centrifuged
again, the supernatant was removed, and the cells were re-suspended in 0.5-1.0
mL of 0.1 M LiAc-TE (depending on number of transformations, 100 uL per
transformation). For each transformation, 100 uL of cells was placed into a
microcentrifuge tube along with 10 pug of transforming DNA and 20 ug of carrier
DNA. For each transformation attempt, one transformation had no transforming

DNA (negative control). Transformations were incubated for 30 minutes at 30°C,
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then 700uL of Lithium acetate-Polyethelene glycate-Tris-EDTA buffer (LiAc-PEG-
TE) was added to each tube, and tubes were incubated for an additional 60
minutes at 30°C. Cultures were heat shocked at 42°C for 6 minutes, then placed
at 4°C overnight. The following day, cultures were spun down at 3000 rpm for 2
minutes, the supernatant was mostly removed. Approximately 200uL of
supernatant was used to re-suspend cells and plated onto appropriate selective

media. Plates were incubated 3-4 days to obtain transformative colonies.
2.3 DNA analysis and plasmid construction
I coii small-scale DNA isolation protocol

Alkaline lysis method was used for quick isolation of small amount of plasmid
DNA from E. coli for obtaining DNA. E. coli was patched onto LB plates containing
antibiotics selective for the target plasmid. Wooden toothpicks were used to collect
cells that were then resuspended in 100uL of Solution | (25 mM Tris-HCI, 10 mM
EDTA, 50 mM glucose, pH 8.0). 200uL of Solution 1l (0.2 M NaOH, 1% sodium
dodecyl sulfate (SDS)) was added and mixed by inversion, and samples were kept
on ice. 150uL of Alkaline Lysis Solution Ill (6M potassium acetate, pH 5.0) was
added and mixed by inversion. The sample was then incubated on ice for 5 minutes
and centrifuged at 15,000 rpm for 5 minutes to pellet the cell debris. The
supernatant was collected in a new microcentrifuge tube, and 2 volumes of 95%
ethanol was added, followed by vortexing to mix, and incubated on ice for 5
minutes. The sample was again centrifuged at 15,000 rpm for 5 minutes, and the

supernatant was discarded. The pellet was washed with 70% ethanol and vortexed
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briefly. The sample was centrifuged again at 15,000 rpm for 5 minutes, and the
supernatant was discarded. The DNA pellet was dried thoroughly and
resuspended in 50uL of TE (or water) containing 10 ug/mL RNase A. The sample
was incubated at 37°C for 30 minutes for RNA removal. Isolated plasmid DNA was

stored at -20°C.

IO NA extraction from agarose gels

DNA fragments generated from restriction digestion or PCR reaction were
separated by running the fragments on a 1% TBE agarose gel stained with
ethidium bromide. DNA bands corresponding to desired products were visualized
using a UV transilluminator (Fischer Biotech 321nm Variable Intensity
Transilluminator) and excised with a scalpel and were purified using an IsoPure

DNA Purification Prep Kit (Denville).

IONA sequencing

DNA was purified for sequencing using an IsoPure DNA Purification Kit
(Denville) and was eluted in water. Purified DNA and subsequent sequencing
primers were diluted to specified concentrations for Sanger sequencing performed

by Eurofins MWG Operon Sequencing (Huntsville, AL).
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2.4 Protein Analysis
Il Y <=5t total protein isolation and Bradford assay

For total yeast protein isolation and purification, cultures were grown in a
liquid medium overnight before collection by centrifugation at 3000 rpm for 10
minutes. Pelleted cells were resuspended in 100-300 pL of ice-cold lysis buffer (25
mM Tris pH 7.5, 0.1 M NaCl, 10 mM EDTA, 100 ug/ml cycloheximide, 2 mM
benzamidine, 20 ug/ml leupeptin, 4 ug/ml pepstatin A, 1 mM N-ethylmaleimide, 1x
protease inhibitor cocktail from Roche Diagnostics, 2 mM PMSF) along with one
volume glass beads. Cells were agitated for 8 minutes using the disruptor genie in
the 4°C cold room. Cell debris was pelleted by centrifugation at 3,000 rpm for 3
minutes. The supernatant was transferred to a clean microcentrifuge tube and the
concentration of protein in the sample was determined using the colorimetric
Bradford protein assay (BioRad), which was normalized using the aforementioned
lysis buffer. Concentration was based on an absorbance shift of the dye
Coomassie Brilliant Blue G-250 using the Shimadzu UV-2450 spectrophotometer

at an absorbance of 595 nm.
I SDS-PAGE and western blotting

For denaturing polyacrylamide gel electrophoresis (SDS-PAGE) and
Western analysis, protein samples were incubated with 0.25x volume of 4x loading
buffer (240 mM Tris-HCI pH 6.8, 8% SDS, 40% glycerol, 12% 2-mercapthoethanol

and 0.002% bromophenol blue) at room temperature, boiled for 10 minutes, and
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run in a 10% SDS-polyacrylamide gel with 4% stacking gel in Tris-Glycine running
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3), followed by
electrotransfer to a Hybond-ECL nitrocellulose membrane (GE Healthcare Life
Sciences), pre-blocking with 5% non-fat milk made in 0.1% TBS-Tween, and
probed with the appropriate antibody overnight at 4°C. The following day the
membrane was thoroughly washed in 0.1% TBS-Tween 3 times with gentle
shaking for 10 minutes each wash, before probing with appropriate secondary
horseradish peroxidase-conjugated antibody for 1 hour with gentle shaking.
Visualization of the reaction was detected using the chemiluminescent detection

reagents as described in the GE Healthcare protocols.

Il sDD-AGE

Analysis of protein aggregation was achieved by running protein samples on
a semi-denaturing detergent-agarose gel (SDD-AGE) as described in Bagrianstev
et. al. 2006 [45]. Protein extracts were incubated with 0.25 volume of 4x loading
buffer (240 mM Tris-HCI pH 6.8, 8% SDS (or sarkosyl), 40% glycerol, and 0.002%
bromophenol blue) at room temperature for 10 minutes and run in a 1.8% Tris-
Acetate EDTA (TAE)-based agarose gel with 0.1% SDS in running buffer for 2-2.5
hours at 80V in the 4°C cold room followed by protein transfer to a nitrocellulose
membrane by capillary blotting. Membranes were reacted to appropriate
antibodies after pre-blocking in 5% non-fat milk. Chemiluminescent detection was

completed as described previously.
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2.5 Prion curing assay
I~ ion curing by GuHCI

To determine whether strains could be cured of respective prions by
passage on guanidine hydrochloride (GuHCI), each strain was first streaked onto
YPD for single colonies. Single colonies were then patched onto YPD containing
5 mM GuHCI, grown for 3 days at 30°C, then serially patched to YPD + GuHCI an
additional 2 times. The final patch of growth for each culture was then streaked
onto YPD for individual colonies, grown 1 day, velveteened to YPD and -Ade
medium, and visually examined and counted to determined curing via color on
YPD (red if cured) and growth on -Ade (growth indicating non-cured). Tested

colonies were simultaneously passaged on YPD medium as a control.
2.6 Microscopy

I General fluorescence microscopy and colocalization

To visualize protein aggregates tagged by GFP, YFP, and CFP
fluorophores, respective cultures were grown according to the procedures
discussed above. 500 pl samples were taken from cultures at specified time points
following expression, and spun down at 3000 rpm for 2 min, after which the
supernatant was removed and the cells were resuspended in 30-50 ul of water.
10 ul of each sample was then placed onto a microscope slide and sealed with
clear nail polish to prevent drying. Fluorescence was detected under a BX41

microscope (Olympus) at 100x (oil immersion) using the appropriate emission
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filter. For colocalization analysis, the haploid [psi][pin] strain GT409 was
transformed with the desired plasmids and co-expressed. Samples were prepared
and analyzed in the same way as above using appropriate filters for imaging.
Images were taken using an Olympus DP-71 camera, and were overlaid using the

program DP manager (Olympus) to determine colocalization.
Il - cxanediol analysis

The yeast cultures (1 ml) were pelleted at 3000 x g for 3 min and the
supernatant was discarded. The cells were then resuspended in 200 ul of medium
(SD(+13), 0.1% Triton X100, 10% 1,6-Hexanediol). Media excluding 1-6,
hexanediol was used as the control. The cells were incubated at room temperature
for 10 minutes. The cells were again pelleted (12-13 sec short centrifugation) to
concentrate them on the bottom of a microcentrifuge tube. The supernatant was
not discarded. The pellet was gently resuspended on the bottom of the
microcentrifuge tube and 5-10 ul of the dense suspension was used for slide

preparation and was imaged by fluorescence microscopy.
2.7 Statistical analysis

Experimental means are depicted in graphs, with error bars typically
representing standard deviations (unless stated otherwise), which were calculated
according to a standard formula (McDonald 2009) [46]. These numbers are shown
in tables either in the main text or located in the supplemental text. In some
instances, in the fluorescence microscopy data, error bars represent standardized

errors (SDs), calculated according to binomial or polynomial distribution formula
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(SEp = sqrt [p(1-p)/n], where p is the frequency of the given class, and n is the
total number of cells in the sample). Statistical significance of differences was
determined by Student’s t-test. Differences with P< 0.05 were considered

significant.
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CHAPTER 3. CHARACTERIZATION OF AMYLOID STRAINS

DEPENDENT ON Ap PEPTIDE IN YEAST

This chapter includes data published in

Deckner, Z., Chandramowlishwaran, P., Kulichikhin, KY., Li, NX., Walker, LC.,
Lynn, DG., Chernoff, YO. Propagation of amyloid beta strains in yeast. (In
preparation.)

3.1 Summary

Our lab has previously established a yeast model for studying the
propagation of the amyloid protein AB42 associated with AD [47]. To do this, a
portion of the prion forming domain of Sup35, specifically the glutamine and
asparagine (QN) rich region of the N-terminal domain of Sup35 was replaced by
the AB42 peptide. This chimeric protein is functional in translation termination and
can spontaneously switch to a non-functional polymeric state, generating a prion
isoform deemed [ABE']. Previous data shown in Chandramowlishwaran et al.
2018 demonstrates that the [ABE"] prion is capable of adopting differing prion
isoforms, termed variants, that can be monitored through color and growth on
yeast media using a readthrough assay [47]. She also was able to demonstrate
that amyloid “seeds” composed of in vitro produced AB42 are capable of seeding
the conversion of the chimeric protein monomers, leading to the formation of a
spectrum of prion variants. Here we are applying this model to studying ABa2
strains produce in brains of AD patients to determine if there is a link between AB42

strains and phenotypic diversity seen in AD.
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3.2 Specific materials and methods

BV aterials

Strains, plasmids, and oligonucleotide primers used in this study are

described in Appendix tables A, B and C respectively.
3.2.1.1 Strains

The S. cerevisiae strains used in this study are shown in Appendix A. The
[abeT] (strain GT2126) and the spontaneous [ABE"] strains: [ABE*-25] (GT2306),
[ABE*-10] (GT2217), and [ABE*™-9] (GT2216) were previously obtained and shown
in Chandramowlishwaran et. al. 2018 [47]. [ABE"] strains that were made via
transfection (procedure discussed in methods section) were derived from the [abe
] strain and transfected with either in vitro produced APz or protein extracts
enriched for ABa42 from patients diagnosed with AD, along with an empty LEU2

plasmid that was subsequently lost.

The [psi][pinT] yeast strain GT680 containing the chromosomal deletion of
SUP35 and kept alive via a URA3 plasmid containing wild-type Sup35 under its
own promoter was used for evaluating the functionality of the constructs [LEUZ2
SUP35NR-MC] and [LEU2 AB42>-SUP35NR-MC] used in the direct and reverse

shuffle experiments discussed in section 3.5.
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3.2.1.2 Plasmids and primers

The S. cerevisiae - E. coli shuttle plasmids and primers used in this study
are shown in Appendix Tables B and C respectively. The plasmid Psup3s-Apa2 -
SUP35NR-MC (URA3) used in this study are previously described in
Chandramowlishwaran et. al. 2018 and shown in Figure 3.1 [47]. The Pcup1-Apa2-
SUP35NR-MC (URA3) plasmid was constructed by removing the Afs. . SUP35NR-
MC fragment using the BamH| and Sacl enzymes and placed into plasmid
pMCUP1 using the same enzymes. The Pcup1-ApLs2-SUP35NR-MC (LEUZ2)
plasmid was constructed by removing the entire cassette (promoter and genes)
from the URAS3 plasmid using the Xhol and Sacl enzymes and placed into plasmid
pRS415 (LEUZ2) using the same enzymes. The control plasmid Pcup-SUP35NR-
MC (URA3) was received from the Amyloid Biology Lab at St. Petersburg
University, St. Petersburg Russia. It was then subsequently digested using the
Xhol and Sacl enzymes to remove the cassette and placed it into the pRS415

backbone constructing the Pcup1-SUP35NR-MC (LEU2) plasmid.

3.2.1.3 Antibodies

The Sup35C antibody used in this study is described in Chapter 2.

3.2.1.4 Protein aggregates used for transfection

In vitro aggregated APs> was prepared from two different sources. We
purchased lyophilized AB42 from GenicBio and aggregates were prepared by Aditi

Sharma from Dr. Andreas Bommarius research lab (School of Chemical and
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Figure 3.1 Scheme of construction of chimera AB-NR-MC and readthrough
assay to determine prion status in yeast. (A) The region coding for the first 42
amino acids of the N-terminal domain of Sup35 was substituted with the region
coding for human A version 42. The NQ and NR region in Sup35 refers to the
asparagine, glutamine rich region and oligopeptide repeat region respectively. In
yeast strains containing ade1-14 (UGA) reporter and a deletion of Sup35 on the
chromosome, defects in translation termination caused by [ABE"] is detectable on
by growth on —Ade medium or by color on YPD media, due to the accumulation of
a red pigment within the yeast vacuole, an intermediate in adenine biosynthesis.
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Biomolecular Engineering, Georgia Tech). The other was synthesized in the lab of
Dr. David Lynn (Department of Chemistry, Emory University) and aggregates were
prepared by his graduate student Noel Xiang’ An Li. N. Li and C. Gordon in David
Lynn’s lab also prepared the samples containing ABa2 derived from human brain
extracts. Cortical brain extracts from patient samples from the Emory Brain Bank
were kindly provided by Maria Gearing through Lary Walker (Department of
Neurology, Emory University). Brain extracts arose from different classifications of
patients, based on manifestation of clinical symptoms, and will be referred to as
either regular or rapid progress AD cases. Brain samples were treated to increase
the amount of APs2 within the sample while removing other brain tissue. Here,
samples termed rapid-progress AD are determined by a steep decline in test
scores from year to year; this is particularly evident just before death, not by the
usual definition as diagnosis to death in 2 or 3 years. Samples termed in vitro APas2
seeded by brain extracts were made by taking extracts derived from AD patient
samples to be used as an initial “seed” to template the conversion of in vitro ABaz

into an aggregated state.

H/cthods

Standard protocols were used for DNA isolation, gel electrophoresis,
restriction digestion, gel extraction, ligation, and bacterial transformation as
described in Chapter 2 for plasmid construction. Standard yeast media and
standard procedures for yeast cultivation, phenotypic analysis, and transformation

were used and are also described in Chapter 2. The procedures for the plasmid
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shuffle experiment are described in the results section (section 3.3.5). The method
for the guanidine hydrochloride curing experiment is described in Chapter 2 and

the method for transfection of protein material is described below.

3.2.2.1 Transfection procedure

Aggregated protein containing AB42 either from in vitro or from brain extracts
was transfected into [abe] yeast cells containing the [URA3 AB42-SUP35NR-MC]
plasmid using our modified protocol described by Tanaka et al. 2006 [48] (Figure
3.2). Our modifications differed from the published protocol as follows: 1) 1 M
dithrothreitol was added separately to the SCE buffer (1 M sorbitol, 100 mM
sodium citrate, 10 mM EDTA, pH 5.8) to a final concentration of 10 mM; 2) PEG
buffer was prepared with 44% PEG 4000; 3) the top agar concentration was 0.8%
and incubated at 42°C to prevent solidification after autoclaving; and 4) an empty
plasmid containing a LEU2 marker was transformed together with the transfected
protein material as a marker for material uptake. Cells were plated on sorbitol
media lacking leucine to identify transformants (having plasmid uptake and
therefore, potential protein uptake). Colonies that grew in the top agar lacking
leucine were characterized further for the Ade* phenotype indicating successful

protein uptake.

3.2.2.2 Colony purification of Ade* colonies

As a step during the transfection procedure, colony purification is performed

to lose the LEUZ2 plasmid used as a marker. For this, the original Ade* transfectant
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Figure 3.2 Scheme of transfection procedure.

analyzed was streaked out onto -Ura medium to cause the spontaneous loss of
LEUZ plasmids. These streaked out plates were then velveteened to the following
medium: YPD, -Ura, and -Leu. Colonies were then selected from the -Ura plate
that grew on both YPD and -Ura medium, but not on -Leu, indicating the loss of
the LEUZ2 plasmid. Eight colonies were selected from the -Ura plate and patched
onto a new -Ura plate and allowed to grow for 2 days. This plate was subsequently
velveteened to both YPD and -Ade to check for stability of the Ade* phenotype of

the original Ade™ transfectants.
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3.3 Reslults

Il 7/=nsfection of yeast strains by unseeded and extract seeded by AB, and

directly by human brain AD extracts.

Some Ade* [ABE"] strains generated spontaneously or via transfection with
in vitro produced ABs2 were previously analyzed and shown in
Chandramowlishwaran et. al. 2018 [47]. Here, they showed that such [ABE"]
strains derived by either approach resulted in colonies displaying different
phenotypic characteristics (as seen by growth on -Ade and color on YPD)
indicative of prion variants (Figure 3.3A). It is known that in the case of the prion
protein, the molecular differences between different variants are controlled by the
prion protein itself [49]. These variants were classified into three groups designated
as “strong”, “intermediate”, and “weak” which were based upon growth and color.
Here, we expanded upon this previous research to determine if: a) brain-derived
ABs2 aggregates can seed the ABs2>-Sup35NR-MC protein into a prion form in
yeast; b) in vitro self-seeded and brain-derived or brain-seeded ABs. aggregates
produce the same or different spectra of prion strains in yeast, and c) ABa42
aggregates from patients with different levels of severity of AD (regular versus

“rapid progress” cases) produce the same or different spectra of prion strains in

yeast.

To do this, the [abeT] strain carrying the [URA3 AB42>-SUP35NR-MC]
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Figure 3.3 Generation of [ABE'] colonies spontaneously and after
transfection. (A) Representative Ade* colonies after long incubation of the Psyp3s-
AB-NR-Sup35MC (URA3) plasmid. Note the S indicates strong, | indicates
Intermediate, and W indicates weak [ABE"] variant phenotype. Here the [abeT]
strain is a strain expressing the plasmid but never became Ade*. (B)
Representative Ade* transfectants obtained after transfection with brain extracts
from different patients into a [abe’] strain containing the [AB-NR-MC URAS3] using
the procedure outlined in Figure 3.2. Transfected colonies were checked for their
Ade* phenotype after 14 days growth, in which colonies of different stringencies
could be seen by color on YPD media and by growth on —Ade media. This process
was also completed with samples of synthetic ABs2 that was seeded by brain
extracts from various brain regions (C). (D)Colonies only transfected with the
empty plasmid for selection remain [abeT].
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Table 3.1 Total Ade* colonies from transfection before colony purification.

Origin of AB42 sample Total Ade™ before Total colonies
colony purification tested
In vitro, 109 395
unseeded
In vitro seeded
by AD 46 195
brain extracts
AD brain extracts 39 285
Control (no ABa2) 1 220

Table 3.2 Classification of Ade* colonies generated in transfection
experiments after colony purification.

Origin of ABa2 Strains of Ade* transfectants .
sample Strong  Intermediate Weak Total Ade
In vitro, 40 4 35 09
unseeded
In vitro seeded
by AD brain 0 0 46 46
extracts
AD brain 0 0 30 30
extracts
Control 0 1 0 1
(no ABa2)
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plasmid was transfected with AB42 aggregates, derived from either human brain
extracts or synthetic ABs2 seeded by human brain extracts using the transfection
procedure described previously. As shown in Figure 3.3B, colonies transfected
with material derived directly from brain extracts also show different levels of
growth on -Ade and different colors on YPD as compared to strains derived
spontaneously in Figure 3.3A. The same was also true for colonies transfected
with aggregates of AB42 seeded by brain extracts (Figure 3.3C). Cells transfected
with only the empty LEUZ2 plasmid remained [abe’] as seen by red color on YPD
and lack of growth on -Ade media (Figure 3.3D). The resulting Ade* colonies
derived by transfection for each sample type is summarized in Table 3.1 and their

variant classification in Table 3.2.

In comparison to spontaneously derived [ABE'] strains, transfectants
derived from brain extracts or AB42 seeded by brain extracts appeared different.
Transfectants derived from brain extracts or in vitro ABs2 seeded by brain extracts
formed only the “weak” class of variants (Figure 3.3A-C) as determined by growth
on -Ade. However, these transfectants formed different variants of “weak” as seen
by color on YPD and growth on -Ade. These ‘weak” variants were further classified

as “subtype 17, “subtype 2”7, and “subtype 3” as seen by growth on -Ade as shown

in Figure 3.4A-B and summarized in Table 3.4.
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Figure 3.4 Classification and stability of weak subtypes of samples derived
from brain extracts. Examples demonstrating the different subtypes of weak
transfectants derived from brain extracts. Examples shown in A are from brain
extracts from patient OSO-163 and examples shown in B are transfectants from in
vitro AB42seeded by brain extracts from the frontal lobe. The images from the YPD
plates and -Ade plates for each sample set are from the same plate, but have been
cropped to place samples next to each other for comparison. (C) Ade* colonies
from transfections were streaked out and six colonies were patched to a YPD plate
and velveteened to YPD and -Ade medium to check for color and growth
respectively. Colonies derived from both transfections from in vitro AP42 seeded by
brain extracts and direct brain extracts all grow on -Ade medium indicating stability.
Control strains and transfection strains from brain extracts are the same plate, only
cropped for labeling. Control strains for transfections seeded by in vitro APaz
seeded by brain extracts are not shown.
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Table 3.3 Stability of Ade* phenotype of transfectants derived from AD brain
extracts after colony purification.

Ade™* after Ade" after

Type of AD Patient ID of colony colony Total colonies
case transfecant origin Y Y tested
purification purification
E14-14 colony #1 1 7 8
Rapid E14-14 colony #2 0 8 8
progress E14-14 colony #3 8 0 8
cases E10-64 colony #1 0 8 8
E10-169 colony #1 0 8 8
E10-169 colony #2 1 7 8
0OS0-300 colony #1 6 0 6
Regular 0OSO0-300 colony #2 6 0 6
AD case 0OSO0-300 colony #3 6 0 6
0S0-159 colony #2 6 0 6
0S0-163 colony #3 6 0 6

Table 3.4 Summary of weak subtypes generated after transfection from
samples derived from AD brain extracts.

. Weak Strains of Ade* .
PatientlD  —s hype 1 Subtype 2 Subtype 3 | Oial Ade
0S0-159 1 . 3 »
0S0-300 1 . 5 g
0S0-163 ) A A 0

E14-14 1 0 1
Totals 4 14 12 30
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I Comparison of phenotypes of the [ABE+] strains obtained by transfection

from regular AD cases and rapid progress AD cases

All tested Ade™ colonies produced by brain extracts from regular AD cases
or by AB42 seeded from regular AD cases remained stable after colony purification
as seen in Figure 3.4C and summarized in Table 3.3. In contrast, most
transfectants derived from samples with rapid progress AD have lost Ade
phenotype after colony purification, with only occasional Ade* colonies remaining,
that points to high mitotic instability of respective prion isolates in yeast (Figure 3.5
and Table 3.3). This points to the differences in the AB42 seeds formed in the brains

of regular and rapid progress AD patients.

Transfectant derived
from patient E14-14

Transfectant derived
from patient OSO-163

YPD -Ade

Figure 3.5 Transfectants derived from rapid progress AD cases are not
stable. Initial screening from transfections of samples of both normal and rapid
progress AD led to initial Ade* colonies, however after streaking out the initial
colony on YPD medium to lose the empty LEUZ2 vector, the colonies derived from
the rapid progress cases (example patient E14-14) remain unstable as compared
to those from normal AD cases (example patient OSO-163). Colonies shown are
from the same plates, but are cropped for comparison. Data shown are from the
same transfection experiments.

45



Il Giochemical characterization of Ade* colonies derived both spontaneously

and via transfection

Proteins were harvested using our standard extraction procedure describe
in Chapter 2 from representative Ade* strains generated either spontaneously or
via transfection and expressing AB42-Sup35N-MC. Protein extracts were
normalized using the Bradford assay prior to running on a 10% SDS-PAGE gel.
As per our data, differences in prion stringencies are not due to differences in the

AB42-Sup35NR-MC protein levels (Figure 3.6). However, it should be noted one of

[ABE*]

Spontaneous Transfection

Anti-Rpl3

Figure 3.6 Expression of AB-NR-Sup35MC is the same between [ABE']
colonies of different variants. The AB-NR-MC chimeric protein is expressed as
the same size protein in each transfection strain indicating that difference seen are
not due to the chimeric plasmid, but rather from the initial material templating the
chimeric protein. Proteins were isolated and ran on 10% SDS-PAGE gel, followed
by Western blotting and reaction to the anti-Sup35C antibody. The membrane was
striped and then re-probed with the anti-Rpl3 antibody as a loading control.
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the strains, [ABE"-28], generated by transfection from a regular AD brain extract,
produced detectable chimeric protein at a lesser level to [abe’] and other [ABE"]
strains. Possible explanations could be that either protein in this strain is more
proteolytically unstable, or forms very rigid aggregates that are not even solubilized
by boiling in detergent in the conditions used in our experiments. In addition, we
characterized representative [ABE™] strains of different stringencies by employing
semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) as described
in Chapter 2. As expected, [ABE"] strains produced detergent resistant polymers,
a characteristic of amyloids, on SDD-AGE (Figure 3.7). Moreover, polymers from
the strong and weak strains run in different ways, showing the differences in

polymer distribution between these strains.

sJawAjod

Anti-Sup35C

Figure 3.7 Biochemical characterization of different [ABE*] variants. The
semi-denaturing detergent agarose gel electrophoresis (SDD-AGE) shows that
APBa42 is capable of forming different strains (or variants).
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I Guanidine hydrochloride treatment of [ABE+] colonies

Guanidine hydrochloride (GuHCI) is a known agent that cures a majority of
yeast prions, including [PS/I*] [50-52]. GuHCI’'s curing mechanism is not due to
prevention of the aggregation of Sup35 or destruction of [PS/*] aggregates. Rather,
millimolar concentrations of GuHCI blocks the generation of new “propagons”
(proliferating prion subunits), thus antagonizing the ability of yeast prions to be
passed on to daughter cells and decreasing their mitotic stability [53]. This is
achieved via inhibition of Hsp104, the crucial chaperone involved in aggregate
fragmentation and propagon generation [54]. Here, we investigated the effects of
GuHCI on the proliferation of the [ABE"] prion using the GuHCI curing procedure
outlined in Chapter 2. Following the third passage, strains were streaked out onto
a YPD plate to check for the appearance of red colonies (indicative of prion curing).
Growth of these colonies on -Ade was also tested. The [PSI*] yeast strain GT81-
1C was used as a positive control for curing. As shown in Figure 3.8, among the
eight [ABE"] strains tested, generated either spontaneously or via transfection,
none was curable of a prion state by GuHCI. In contrast, the [PS/I*] control GT81-
1C was efficiently cured of the [PS/*] prion following passaging on the GuHCI (but
not after passaging on control YPD) medium. Results of this experiment are

summarized in Table 3.5.
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Colony #1 | +5mM GuHCl

From YPD
Colony #2 | +5mM GuHCI £
Colony #1 YPD

+5mM GuHCI

From YPD
Colony #2 1 | M GuHCI

-ADE

Figure 3.8 [ABE"] strains are not curable by GuHCI. The [ABE"] prion of
different stringencies and formed both spontaneously and from transfection
maintain their Ade* phenotype after 20-40 generations in the presence of 5mM
guanidine hydrochloride (GuHCI), an agent antagonizing the propagation of some
yeast prions. The [PSI*] strain GT81-1C was used as a control.

I cvidence that [ABE*] strain propagation requires the AB42 portion of a

chimeric protein.

To eliminate the possibility that the prion established (either spontaneously
or by transfection) is not dependent on the NR portion of Sup35 present in our
chimeric plasmid, we employed a plasmid shuffle procedure to demonstrate that
the presence of AB42is necessary to keep the [ABE*] prion present in these strains.
First, we checked if the Sup35NR-MC (Figure 3.9A) protein produced is efficient
in translation termination in the absence of complete Sup35. Poor termination
efficiency could mimic the presence of a prion, and therefore could be confused

with a prion phenotype. For checking protein functionality, the Pcup1-Sup35NR-MC

49



Table 3.5 Summary of [ABE"] strains checked by GuHCI.

Numbe_:r of Numbgr of Number of Number of
colonies colonies . .
assaged streaked subcolonies subcolonies
[ABE] P d checked checked
strain Strain Name through after 3 from from colonies
number YPD or passage colonies passaged
YPD + 5 on YPD or
passaged through YPD +
mM YPD+5 i ough YPD 5 mM GuHCl
GuHCI  mM GuHCI 9
[abeT] GT2126 6 4 24 24
[ABE™-25]  G19036 6 4 24 24
[ABE™-10] GT2217 6 4 24 24
[ABE™-9] GT2216 6 4 24 24
[ABE™4]  G12170 6 4 24 24
[ABE™-371 12387 6 4 24 24
[ABE™-301  G12380 6 4 24 24
[ABE™-26] 512376 6 4 24 24
N/A (§T409 1 8 8
[psi] control
N/A GT81-1C 1 1 8 8

[PSI*] control

plasmid was transformed into a [psr][pin]] strain containing the chromosomal

deletion of Sup35 (sup354). This strain also contained a URA3 plasmid containing

Sup35 under its own promoter as SUP35 is an essential gene and cannot be

deleted. These strains also contain the ade7-14 reporter system allowing for the

detection of nonsense suppression as indicated by growth on -Ade medium (Figure

1.7). The plasmid containing Sup35NR-MC was fully efficient at terminating

translation, in the presence of Sup35, however only when overexpressed in the

presence of 150 uM CuSOs (Figure 3.9B). We also tested termination efficiency
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Figure 3.9 Functionality of plasmid Pcup-SUP35NR-MC (LEU2). (A) Diagram
showing the structure of the Pcup1-SUP35NR-MC (LEUZ2) plasmid. The region
coding for the first 42 amino acids of the N-terminal domain of Sup35 has been
removed. (B) The [psi][pinT] strain simultaneously expressing both Sup35 protein
(chromosomal copy of SUP35 is deleted by HIS3, cells are kept viable by a URA3
plasmid containing SUP35 under its endogenous promoter) and Sup35NR-MC
protein, do not cause nonsense suppression. (C) After losing Sup35 (URA3) by
plasmid shuffle, Sup35NR-MC (LEUZ2) remains capable of nonsense suppression
with the addition of 150uM CuSOs4 (copper is required to increase the abundance
of Sup35NR-MC since the plasmid is under the copper promoter).
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Figure 3.10 Functionality of plasmid Pcup-AB-SUP35NR-MC (LEU2). (A)
Diagram showing the AB-SUP35NR-MC cassette moved to the Pcups promoter in
a plasmid backbone with a LEU2 marker. (B)The [psi][pin7] strain simultaneously
expressing both Sup35 protein (chromosomal copy of SUP35 is deleted by HIS3,
cells are kept viable by a URA3 plasmid containing SUP35 under its endogenous
promoter) and AB-Sup35NR-MC protein, causes slight nonsense suppression. (C)
After losing Sup35 (URA3) by plasmid shuffle, AB-Sup35NR-MC(LEUZ2) remains
capable of nonsense suppression with the addition of 150uM CuSO4 (copper is
required to increase the abundance of AB-NR-Sup35MC since the plasmid is under
the copper promoter).
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after loss of the Psup35-SUP35 URAS3 plasmid by using 5-FOA. Again, Sup35NR-
MC was able to terminate translation but only on media containing additional
copper (Figure 3.9C). The same was true for the LEUZ2 plasmid containing ABao>-

NR-Sup35MC under the Pcups promoter (Figure 3.10).

For checking the maintenance of the [ABE'] prions in the shuffle
experiments, the control [abe’] strain along with several [ABE?"] strains of various
origins (Figure 3.11A and Table 3.5) were transformed with either the [LEUZ2
SUP35NR-MC] or [LEU2 AB42SUP35NR-MC], generating two-plasmid
combinations (Step ). Then, the original [URA3 AB42>-SUP35NR-MC] plasmid was
lost using 5-FOA media (Step Il). Growth of resulting single-plasmid colonies on -
Leu-Ade medium with 150 uM CuSO4 was then checked. The Ade* phenotype
disappeared in the colonies originating from [ABE*] now containing only the
plasmid [LEU2 SUP35NR-MC] (data not shown). They have become
indistinguishable from the [abe’] control, indicating that the prion state was not
transferred to the Sup35NR-MC protein. However, all [ABE*]-derived colonies
containing the [LEU2 AB42 SUP35NR-MC] construct grew on -Ade with CuSOys, in

contrast to those derived from the [abe’] control (data not shown).

To ensure that the Ade* phenotype has indeed disappeared after transfer to
Sup35NR-MC and could not be restored by reintroducing the plasmid containing
AB42-Sup35NR-MC protein, we transformed the strains from Step Il with the URA3
AB4+2-NR-Sup35MC plasmid (Step Ill), and then streaked resulting transformants

on -Ura media containing an additional 150 uM CuSOs in order to lose the LEU2
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Table 3.6 [ABE*] strains checked via direct/reverse shuffle.

[ABE] strain Strain AP variant Origin Transfection  Patient ID
number Name phenotype Sample
[abeT] GT2126 N/A N/A N/A N/A
[ABE*-25] GT2036 Strong Spontaneous N/A N/A
[ABE*-10] GT2217 Intermediate Spontaneous N/A N/A
[ABE*-9] GT2216 Weak Spontaneous N/A N/A
[ABE*-4] GT2170 Strong Transfection  In vitro ABaz N/A
Synthetic
APs2 seeded
[ABE*-37]  GT2387 Weak  Transfection 0y brain N/A
extract from
parietal lobe
[ABE*-30] GT2380 Weak Transfection Brain 0S0-159
extract
[ABE*-26] GT2376 Weak Transfection Brain 0S0-163
extract

plasmid. Ura* Leu" colonies resulting from such a reverse shuffle were identified
(Step IV). Selected colonies were patched onto -Ura media and allowed to grow
for 2 days. These plates were then velveteen replica plated to -Ura medium
containing an additional 150 uM CuSO4 to induce expression of the AB4.-
SUP35NR-MC construct, and allowed to grow for three days, followed by
velveteen replica plating to -Ura-Ade media containing 150 uM CuSQOg4. As shown
on Figure 3.11B, colonies that previously originated from Step Il derivatives
containing the SUP35NR-MC plasmid maintained the Ade  phenotype after
reintroduction of the plasmid containing AB42-SUP35NR-MC, independently of

whether they have originated from [abe’] or [ABE"] strains. This shows that [ABE"]
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Figure 3.11 Analysis of [ABE"] isolates by direct and reverse plasmid shuffle. Step I. The
Ade* colonies generated from both spontaneous and transfection experiments were
transformed with either the plasmid [Pcur-SUP35NR-MC LEUZ] or [Pcur1-AB-SUP35NR-MC
LEUZ]. (A) Representative colonies from each experimental type and of different stringencies
chosen to be tested by direct shuffle Step Il. Colonies underwent plasmid loss procedure using
5-FOA media to generate cells containing only either [Pcupi-SUP35NR-MC LEUZ2] or [Pcup1-
AB-SUP35NR-MC LEUZ]. Step lll. Cells generated from Step Il were transformed with plasmid
[Pcup1-AB-SUP35NR-MC URAS3] to generate colonies of either [Pcup-SUP35NR-MC LEUZ2)
and [Pcup1-AB-SUP35NR-MC URA3J] (left column) or [Pcup-AB-SUP35NR-MC LEUZ2] and
[Pcup1-AB-SUP35NR-MC URAJ] (right column). Step IV. The LEUZ2 plasmids placed into the
strain during STEP | was lost spontaneously by streaking out on —URA media containing 150
uM CuSOs. Colonies were velveteened to both —URA and —LEU media to select colonies only
containing the URA3 plasmid for analysis. (B) Step IV of reverse shuffle transformed with
Pcup1-AB-SUP35NR-MC URAS3 continue to show no growth on -Ade with 150 yM CuSOQOs, as
the [ABE"] prion was lost previously during Step Il of direct shuffle. (C) The original [ABE"]
strains maintain the Ade™ phenotype with only the Pcup1-AB-SUP35NR-MC URAS3 plasmid, as
the AB region was maintained thought Step Il of direct shuffle to allow for the continual
propagation of the [ABE™] prion.
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prion was lost after shuffle to Sup35NR-MC and could not be recovered in yeast
after reintroduction of AB42-Sup35NR-MC. However, the colonies originated from
Step |l derivatives containing the AB4-SUP35NR-MC plasmid retained Ade*
phenotype, if they have originated from [ABE"], after reintroduction of the URA3
AB42-SUP35NR-MC construct plasmid (Figure 3.11C). Only Step IV derivatives
originated from the control [abe] strain stayed Ade . These results demonstrate
the [ABE"] prions generated either spontaneously or via transfection require ABa2

to maintain the Ade* phenotype.

3.4 Discussion

The phenomenon of amyloid/prion variants describes the difference in
phenotypic manifestation for both mammalian and yeast amyloids that cannot be
explained by differences in protein sequence. The strain concept postulates that
the differences between amyloid variant are fully determined by the particular
structure of nuclei or “seeds” that establish and propagate the amyloid state. Once
a particular variant structure has been established it is then faithfully propagated
onto all joining monomers of the same protein sequence [55, 56]. The transfection
procedure has previously been used in yeast to provide proof for the “protein only”
information transfer upon infection by a prion protein, demonstrating that seeds of
different variants maintain the respective phenotypes after transfection [37, 57].
Thus, transfection becomes a powerful tool for studying amyloid strains of different

origins. For [PSI*] prion, different variant stringencies correlate with varying ratios
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of aggregated versus non-aggregated protein. This results in differing levels of
translational readthrough, leading to different levels of pigment accumulation due
to the lack of Ade1 in the ade7-714 reporter system as discussed in Chapter 1
section 1.3.1 and shown in Figure 1.7B. Strains that have a higher abundance of
aggregated protein and have more translational readthrough (appear white) and
are termed strong variants while those with less aggregated protein and less
translational readthrough (appear pinker) and are termed weak variants [55, 58].
Here, we took advantage of the same translational readthrough system to study
the variants produced by ABs2 containing chimeric protein, AB42-Sup35NR-MC.
Previous (Chandramolishwaran et. al. 2018 [47]) and new (presented in this work)
data show that AB42 produced in vitro and transfected into an [abe] strain is
capable of converting resident AB42-Sup35NR-MC protein into a variety of [ABE"]
phenotypes as seen by both color on YPD and growth on -Ade (Figures 3.3 and

3.4, and Table 3.2) [47].

We furthered this initial study by studying [ABE™] isolates, produced by
aggregated ABa42 that is derived from brains of AD patient samples classified as
having various forms of AD (either regular or rapid progress AD). We show that
aggregated AB42 from AD patient brains is indeed able to seed the conversion of
the chimeric protein AB42-Sup35NR-MC into the prion form, [ABE"] (Figure 3.3).
Moreover, spectra of [ABE"] strains transfected from brain extracts, or by in vitro
aggregated ABa42 that was seeded by brain extracts, are different in comparison to
those formed spontaneously and those transfected with in vitro self-aggregated

AB42. Essentially all [ABE™] isolates originated from brain extracts are weak as
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judged from color on YPD and growth on -Ade medium, while self-aggregated AR
can produce [ABE"] isolates of different classes (weak, intermediate or strong) as
shown in Figure 3.3 and summarized in Table 3.2. A possible explanation for this
is that the “strong” or “intermediate” strains cannot propagate in human brains with
AD, so that interactions of AB42 with the chaperone machinery and/or other proteins

within the AD brain preferentially dictate AB42to adopt a weaker amyloid variant.

It should be noted that even though AB4> from AD brains produces weak
[ABE"] strains in yeast, they are not all the same. Careful phenotypic analysis as
shown in Figure 3.4, A and B and Table 3.4 confirms that these weak strains can
be divided into at least three different subtypes. Moreover, [ABE"] strains obtained
by transfection from “rapid progress” AD cases differ drastically from those
originating from regular AD cases, because rapid progress AD derived [ABE"]
isolates show extremely high mitotic instability in yeast (Figure 3.5 and Table 3.3).
This enables us to establish a link between the patterns of an AD case and
characteristics of the [ABE™] strain obtain after transfection of respective amyloids
into the yeast cells. While molecular foundations of these differences are still to be
determined, these correlations demonstrate a usefulness of the yeast model for

the propagation of disease-related patterns of ABs2 amyloids.

Complete removal of the N-domain, would completely eliminate the
possibility of Sup35 from converting to a [PSI*] state. However, this resulted in the
instant aggregation of AB42-Sup35MC demonstrating that it was poorly functional
in terminating translation as shown in Park et. al. 2011 and confirmed in

Chandramowlishwaran et. al. 2018 [47, 59]. In order to prevent the instant
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aggregation of AB42 in our system, the NR portion of Sup35N domain needed to
be retained. As previously discussed, the N-domain of Sup35 contains a portion of
the PrD of Sup35. However, it should be mentioned that the glutamine/asparagine
rich region which is crucial for prion formation of [PS/*] is absent in our APao-
Sup35NR-MC construct. Thus, the possibility remains that the Ade* phenotype
formed by our chimeric construct could be maintained by the large portion or the
PrD of Sup35 that remains. Here we show that through plasmid shuffle, when only
the Sup35NR-MC protein is present, the Ade+ phenotype is lost. Subsequent
transformation with the plasmid containing AB42-Sup35NR-MC did not re-establish
the Ade* phenotype, thus the NR-domain of Sup35 is not capable of maintaining

the prion established by AB42 (Figure 3.11B).

It has been shown in the case of [PS/*] variants produced by Sup35 that
weak variants are less easily fragmented and present as larger average polymer
size on SDD-AGE gels, while strong variants of [PSI*] are more easily fragmented
and present as smaller average polymer size. The inverse seems to be true for
AB42. As seen in Figure 3.7, strong [ABE"] strains run as a larger polymer size,
while weak strains contain more small polymers. This result was also previously
seen in Chandramowlishwaran et. al. 2018 [47]. Both strong and weak [ABE"]
variants were also resistant to GuHCI (Table 3.5), so differences in polymer size
seems unlikely to be driven by interaction with chaperone machinery as is the case
in [PSI], at least in yeast. It seems plausible that difference could be that the prion
fiber formed by AB42 could be compositionally different in different variants. This

could be due to the initial formation of distinct nuclei.
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Our data demonstrate that APs2 is capable of substituting for the
aggregation portion of the Sup35 PrD, so that the respective chimeric protein can
form and propagate a prion state termed [ABE"] in yeast. This ability, coupled with
the use of transfection procedure enables us to amplify and characterize the brain-
derived amyloid state of ABs2 in yeast. Moreover, our yeast assay can potentially
be used as a screening platform to look for proteins or chemical screens that
influence the propagation of AB42 and may be employed in the development of new

therapeutic strategies for AD.

3.5 Conclusions

e Human AB42 can substitute for aggregation-prone region domain of the
Sup35 prion domain, leading to the conversion of a chimeric protein into a
partly non-functional prion state, and propagating distinct prion strains.

e AR amyloids, produced in vitro or originated from human brains, can
generate self-propagating strains of the chimeric AB42-Sup35NR-MC
protein after transfection into yeast cells.

e The spectrum of yeast AB-based prion strains seeded from brain extracts is
different from those produced spontaneously in yeast cells or in vitro.

e Yeast AB-based prion strains seeded from “regular” or “rapid progress”
Alzheimer’s disease cases differ from each other by mitotic stability.

e APaso-region is required for the maintenance of prion state by the chimeric

AB-NR-MC protein.
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CHAPTER 4. CHARACTERIZATION OF THE AGGREGATION

PROPERTIES OF TAU PROTEIN IN YEAST

4.1 Summary

The previous chapter focused on developing a yeast model for studying the
amyloid properties of AB. Here we will shift our attention to microtubule associated
protein tau [60], another protein associated with AD. Previously reported yeast
models developed for studying tau have been limited in scope, and do not address
the broad array or properties surrounding tau’s aggregation. For this work, we
constructed plasmids containing either full length tau (MAPT), or different domains
of tau (TauRD), including the C-terminal repeat regions that have been associated
with the amyloid properties of tau and fused them to a YFP fluorophore under
different promoters. High expression of these constructs from plasmids in yeast
leads to the formation of aggregates that can be detected using fluorescent
microscopy techniques. Furthermore, our data demonstrates that these
aggregates are also detergent-resistant, a characteristic of amyloids, and that
these aggregates are phosphorylated. Another advantage of our model is that it is
applicable to studying other factors that can either promoter or inhibit tau’s
aggregation, such as mutations related to disease as well as the presence or
absence of particular kinases that have been shown to phosphorylate tau. In this
chapter we will describe a yeast model for studying the amyloid properties of tau

using both in vivo and biochemical techniques.
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4.2 Specific materials and methods

BV aterials

Strains, plasmids, and oligonucleotide primers used in this study are

described in Appendix tables A, B and C respectively.
4.2.1.1 Strains

The [psi][pin’] strain GT409 of the GT81 strain series was used extensively
for this study and was previously described in Chernoff et al. 2000 [61]. The wild-
type haploid strains of the BY4741 series containing the mds14 and pho854 are
from the Invitrogen collection. The double deletion strain mds714 pho854 was
obtained using the Pringle method, described in Longtine et al. 1998, as shown in
Figure 4.1, specifically by adding the pho854 to the BY4741 mds1A4 strain. To do
this, primers were designed with gene specific sequences at the 5’ end and tags
for deletions to the 3’ end. PCR was preformed using these primers and the
respective marker from a plasmid as template (in this case HIS3 was used) [62].
The PCR product was transformed via lithium acetate transformation, as
previously described in Chapter 2, and plated onto selective media (-His), and
incubated 3-4 days at 30°C. Transformants were restreaked on selective media to
purify colonies, and single colonies were chosen and patched onto selective media
to determine phenotype. Potentials with desired phenotype (identical to BY4741
strain with mds 14 except growth on the medium for the selectable transplacement

marker - in this case, -His) were checked via PCR to determine whether the desired
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gene had been successfully deleted. It should also be noted that the pho854 leads

to an increase in mitophagy conferring a petit phenotype in yeast colonies.

Pringle plasmid Deletion primers
5 33 5
- Marker
S2  (HISH)

l PCR

Marker
(HIS5)
Homologous
recombination
Gene
Strain

with gene

S
deletion )

PCR product

Yeast
strain of
choice

Figure 4.1 Pringle method of gene deletion. Deletion primers were designed to
include either just upstream/downstream of the gene being deleted through the
start codon and a sequence homologous to sequence on the Pringle plasmid.
During PCR, this creates a fragment with approximately 40bp homology to just
upstream/downstream and approximately 20bp slightly internal to the gene being
deleted, and the marker from the plasmid, in this case HIS5. When transformed
into the desired strain, homologous recombination causes the gene to be replaced
with the marker, HIS5. The loci of the deletion can be checked using a separate
set of primers that are both upstream and downstream of the gene that was
deleted, and this strain will also now be His™.

4.2.1.2 Plasmids and primers

The overall scheme for construction of the MAPT genes and repeat
domains of tau (Figure 4.2) is described in detail as follows. The Pgpp-YFP and

CFP plasmids were received from the Laboratory of Amyloid Biology at St.
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Petersburg University, St. Petersburg Russia, and are previously described by
Rubel et al. 2013 [63]. The Pgpp-TauRD-YFP plasmid was constructed using PCR
to add the restriction sites BamHI and Sacll. The plasmid containing the amino
acid coding region of 244-372 of TauRD (containing 4 repeat regions of tau)
received from Dr. Marc Diamond at Washington University was used as a
template. The PCR product was digested and ligated into the Pgrp-YFP using the
same enzyme sites. The Pgpp-TauRDpro-YFP plasmid was constructed similarly
to the wild-type plasmid, however the template plasmid containing TauRD with
mutations P301L and V337M, which confers the autosomal dominant tauopathy,
FTDP-17, also received from Dr. Marc Diamond was used as a template for PCR.
The Pspp-AP42-CFP plasmid was also constructed by using PCR, digestion, and
ligation using the same enzyme sites as previously described for the other Pgpp

plasmids.

The Pcupi-YFP and CFP plasmids were also received from the Amyloid
Biology Laboratory. The CFP plasmid was constructed using the centromeric
plasmid Pcupi1-GFP, received from Dr. Susan Lindquist (Whitehead Institute, MIT),
by replacing the gene for GFP with that for CFP. The backbone of this plasmid is
based upon pRS316 plasmid. The YFP plasmid was constructed by removing the
Pcup1-CFP cassette and switching out the CFP fluorophore for that of YFP into the
pRS315 backbone to give a LEU2 marker allowing for colocalization studies using
both the CFP and YFP fluorophores under different markers. The Pcup-MAPT-
YFP plasmid was constructed using PCR to amplify the full-length version of MAPT

(containing 2N4R) and add restriction sites for cloning. The PCR product was
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digested and ligated using the same enzyme sites. All plasmids were confirmed

via enzyme digestion and sequencing.

Microtubule- associated protein tau (MAPT)
r 1 plasmid
Mutations cause autosomal
dominant tauopathy FTDP-17

YFP

proline rich reglon P301L V337M

1 441 Peur
D W

Mlcrotubule binding domain

O O

TauRD-YFP TauRDpro-YFP MAPT-YFP

Figure 4.2 Scheme of the construction of plasmids with MAPT protein or its
repeat domains, fused to fluorophores. Schematic diagram of the protein
domains of tau and highlights certain features as it is related to specific amyloid
properties.

4.2.1.3 Antibodies

The antibodies to GFP, PHFI, MC1, and CP13 used in this study are
described in Chapter 2. PHF1, MC1 and CP13 were gifts from Dr. Lary Walker

(Department of Neurology, Emory University).
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H/cthods

Standard protocols were used for DNA isolation, gel electrophoresis,
restriction digestion, gel extraction, ligation, and bacterial transformation and are
described in Chapter 2. Standard yeast media and standard yeast cultivation and
transformation were used and also described in Chapter 2. The methodology for
fluorescent microscopy experiments along with the use of 1,6-hexanediol is also

found in the methods chapter.
4.3 Results

I Vicroscopic detection of aggregation of fluorophore tagged Tau-derived

constructs in yeast

Considering that previous data indicates the role of the C-terminal repeat
domain (TauRD; amino acids 244-372) on tau’s ability to aggregate, we enquired
whether the expression of this protein domain alone would lead to the formation of
protein aggregates in yeast. High expression alone of TauRD resulted only in the
appearance of diffuse fluorescence, however the addition of pro-aggregation
mutation associated with FTDP-17 (TauRDpro) results in detectable foci (Figure
4.3A). Quantitative data showing the percentage of cells with aggregates is
provided in Figure 4.3B and summarized in Table 4.1. We also studied the
aggregation properties of full-length tau (MAPT). Again, upon high expression of
TauRD alone results in only the appearance of diffuse fluorescence (Figure 4.4A),
which is consistent with our previous result. Surprisingly, high expression of wild-

type MAPT-YFP from the Pcups promoter, induced by CuSOs results in the
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Expression from Pgpp promoter
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Figure 4.3 Microscopic detection of the aggregation of tau repeat domains
under the Pepep promoter. (A) Aggregation of the control plasmid (YFP), and
experimental plasmids containing either 4 repeats of Tau (TauRD), and the same
region with the pro-aggregation mutations of P301L and V337M (TauRDpro) under
the Pgpp promoter in a [psi][pin] strain (GT409). (B) Comparison of the percent
aggregation between plasmids. Three colonies were analyzed for each
strain/plasmid combination after six hours of growth. Error bars depict standard
deviations. Numbers for this experiment are shown in Table 4.1.
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Table 4.1 Microscopic detection of the aggregation of tau repeat domains under
Pgpp promoter.

Cells with aggregates relative to all cells with

_ Protein fluorescence
Strain Expressed Analyzed % _ SD N:or::)?]ei;:f
colony aggregation Range analyzed

Colony #1 0 193

Colony #2 0 71

YFP Colony #3 0 78
Average 0 0-0.9 342

oras - Coomiz 0 24
[ost1pir] auRD- Colony #3 0 101
Average 0 0-6.4 153

Colony #1 14.3 63

K Colony #2 18.6 70

TauRDpro-YFP colony #3 8.9 56
Average 14% 9.2-18.8 189

Data for Figure 4.3B

formation of detectable foci, in contrast to wild-type TauRD, expressed from the
same promoter (Figure 4.4A). Quantitative data showing the percentage of cells
with aggregates is provided in Figure 4.4B and summarized in Table 4.2. We also
checked if the high expression of TauRD could be toxic in yeast and thus result in
its inability to aggregate. Here, we show that high expression of TauRD (Figure

4.5A), TauRDpro (Figure 4.5A) or MAPT (Figure 4.5B) are not toxic in yeast.
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Expression from P¢yp; promoter
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Figure 4.4 Microscopic detection of the aggregation of MAPT under the Pcup1
promoter. (A) Aggregation of the control plasmid (YFP), and the experimental
plasmids containing either 4 repeat of Tau (TauRD), or full-length tau (MAPT). All
plasmids were transformed into a [psi][pin] strain (GT409). (B) Comparison of the
percent aggregation between plasmids. Three colonies were analyzed for each
strain/plasmid combination after six hours of expression. Error bars depict
standard deviations. Numbers for this experiment are shown in Table 4.2.
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Table 4.2 Microscopic detection of the aggregation of Tau protein under Pcyps
promoter.

Cells with aggregates relative to all
cells with fluorescence

Strain Protein Time Number
expressed Analyzed % SD ranae of
colony aggregation 9 colonies
analyzed
Ohr Colony #1 0 211
0 hr Colony #2 0 90
Ohr Colony #3 0 166
0 hr Average 0 0-0.2 467
3 hrs Colony #1 0 225
YEP 3 hrs Colony #2 0 124
3 hrs Colony #3 0 82
3 hrs Average 0 0-0.2 431
6 hrs Colony #1 0 260
6 hrs Colony #2 0 195
6 hrs Colony #3 0 150
6 hrs Average 0 0-1.6 605
Ohr Colony #1 0 181
Ohr Colony #2 0 78
O hr Colony #3 0 212
0 hr Average 0 0-0.3 471
3 hrs Colony #1 0 255
GT409
gy 3 hrs Colony #2 0 125
[psfllpin]  TauRD-YFP 3o Colony #3 0 167
3 hrs Average 0 0-0.2 547
6 hrs Colony #1 0 207
6 hrs Colony #2 0 178
6 hrs Colony #3 0 149
6 hrs Average 0 0-0.3 534
Ohr Colony #1 0 197
Ohr Colony #2 0 92
Ohr Colony #3 0 168
0 hr Average 0 0-0.3 457
3 hrs Colony #1 3.1 257
3 hrs Colony #2 5.8 292
MAPT-YFP  3hrs  Colony#3 57 204
3 hrs Average 4.9 3.3-6.5 843
6 hrs Colony #1 171 211
6 hrs Colony #2 14.29 77
6 hrs Colony #3 29.3 140
6 hrs Average 20.2 12.3 — 28.1 428
Data for Figure 4.3D
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6 hours 24 hours

Control

YFP
TauRD-YFP

TauRDpro-YFP

6 hours 24 hours

No 300uM No 300uM
Treatment CuSO, Treatment CuSO,

Control A

YFP §
MAPT-YFP

Figure 4.5 Effects of Tau plasmids on growth in a [psi][pin] background.
Overnight precultures were diluted to an ODgoo of 0.1 in selective medium. Serial
dilutions were prepared after both 6 hours and 24 hours to check for toxicity of the
plasmids. (A) Shows results from Pgprp expression plasmids and (B) shows plasmid
under the Pcups plasmid. For those under the Pcups plasmid it is compared
between no additional copper and medium containing 300 uM CuSOa.

Il Giochemical characterization of Tau-derived aggregates in yeast

One possible explanation for the lack in ability of TauRD to induce
aggregation could be due to low levels of expression as compared to TauRDpro.
However, in fact, levels of TauRD are higher when compared to TauRDpro,
indicating such a simple explanation does not apply (Figure 4.6A). MAPT’s

expression level is equal to the YFP control as shown in Figure 4.6B.
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Figure 4.6 Biochemical detection of aggregates formed by Tau. (A) The repeat
domains of Tau (TauRD and TauRDpro) expression in yeast. Proteins were
isolated after 6 hours of growth and ran on 10% SDS-PAGE gel, followed by
Western blotting and reaction to the anti-GFP antibody. Another gel was ran
simultaneously was ran with the same protein extracts and strained in coomassie
as a loading control. (B) Expression of full-length MAPT after six hours of
expression in 300 yM CuSOas. Here, the membrane after probing with the anti-GFP
antibody was striped and then reprobed with the anti-Rpl3 antibody as a loading
control. (C) The semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE) of MAPT in the presence of sarkosyl. The same protein extract was ran in 4
individual lanes on the same gel and transferred to the same membrane. The
membrane was then cut and probed with the following antibodies: anti-PHF1, anti-
CP13, and anti-MC1, and anti-GFP. (D) SDD-AGE of TauRD and TauRDpro in the
presence of sarkosyl following high expression in yeast. These membranes were
probed using the anti-GFP antibody.
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Next, we wanted to determine if the aggregates seen as fluorescent foci
were amyloid in nature or another type of protein aggregate. To date, data only
shows that tau is capable of aggregating in yeast, but not if these are amyloid
aggregates or another type of protein aggregate. To do this, we employed the
technique termed semi-denaturing detergent agarose gel electrophoresis (SDD-
AGE) as described in chapter 2. Detergent resistance is a characteristic of amyloid
aggregates, but not those of other types (e. g stress granules or liquid-liquid phase
separation condensates). Per our data, MAPT is able to form detergent-resistant
aggregates as shown in Figure 4.6C. Notably, these aggregates also react to
antibodies that recognize specific phosphorylation sites or specific tau species
found in AD, or a combination of both. We show that aggregates of MAPT reacted
to the PHF-1 antibody, who's epitope recognizes paired helical flaments (PHF)
that is phosphorylated at both serine 396 and 404 residues [64]. However, MAPT
species that are phosphorylated at serine 202, were detected only as monomers
by the CP13 antibody. The CP13 antibody’s epitope recognizes phosphoserine
202. We also show that only monomers of MAPT are detected by the MC1
antibody. The MC1 antibody recognizes a specific conformation of pathological tau
associated with AD, involving the intramolecular conformation involving portions of
the N and C-terminal domains of tau [65]. Our data also shows that TauRDpro,
which contains pro-aggregation mutations, forms detergent-resistant aggregates
as compared to TauRD which is only detected as a monomer as shown in Figure

4.6D. Overall, our biochemical data supports what is seen by microscopy.
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B/ alysis of the sensitivity of Tau-based aggregates to hexanediol

To further characterize the aggregates formed by both TauRDpro and
MAPT, we employed 1,6-hexanediol, an aliphatic alcohol that weakens
hydrophobic interactions and can inhibit liquid-liquid phase separation (LLPS).
LLPS is associated with the formation of membraneless bodies, which are
important in a myriad of cellular functions [66-68]. While the involvement of LLPS
is still poorly understood in its role in the formation of amyloids, there is a general
consensus that LLPS could serve as a possible driver to nucleating aggregation

[69].

As a control we first studied 1,6-hexanediol’s effect on Sup35N (the PrD of
Sup35) fused to GFP. The overexpression of Sup35N results in the formation of
[PSI*], the prion isoform of Sup35, but only in the presence of a pre-existing prion,
such as [PIN'] formed by the Rnq1 protein. In Figure 4.7A, we confirm that the
overexpression of Sup35N-GFP in a [psi][PIN*] strain leads to the formation of
amyloid aggregates that can be microscopically detected. This is an expected
result as multiple labs have confirmed the appearance of fluorescent foci following
the expression of the PrD of Sup35 as long as the strain contains either [PIN*] or
is already [PSI*] [70, 71]. We also show that these aggregates remain resistant
10 minutes post treatment with hexanediol. Furthermore, Sup35N-GFP is able to
form a biocondensate when expressed at high levels in the [psi][pin] cells,
however, these aggregates are not amyloid in nature, as they disappear following
the 10-min hexanediol treatment (Figure 4.7B). This confirms data by A.V. Grizel

and Y.O. Chernoff (personal communication) showing that Sup35N-YFP forms
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Figure 4.7 Hexanediol treatment with Tau and A4 plasmids. Cells
transformed with plasmids (A) Sup35N-GFP in a [psi][PIN*] strain, (B) Sup35N-
GFP in a [psr][pin] strain, (C) AB42-CFP in a [psi][pin7] strain, (D) MAPT-YFP in a
[psi][pinT] strain, and (E) TauRDpro-YFP in a [psi][pinT] strain were visualized by
fluorescence microscopy following either 10 minutes of no treatment (control) or
with hexanediol. Graphs depict pairwise comparisons within one experiment,
however three cultures were analyzed, showing a difference in the same direction.

Error bars depict standard error.
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Table 4.3 Hexanediol treatment with plasmids.

Cells with aggregates relative to all cells

. Protein Treatment ; >k
Strain expressed with fluorescence
P Average % SE range Number

[psSi[PIN*] Sup35N-GFP Control 12.3 11.8-12.8 57
GT159 Hexanediol 13 12.99 — 13.01 54
Control 10.3 10.2-104 107

Sup3dN-GFP | anediol 0 0-0.05 88

[psi[pin] i Control 26.7 26.5-26.9 30
GT409 AB4-CFP Hexanediol 21.3 212-214 61
Control 22.6 22.57 — 22.63 62

MAPT-YFP Hexanediol 0 0-0.01 40

Control 14 13.99 - 14.01 43

TauRDpro-YFP . anediol 0 0 - 0.01 94

Data for Figure 4.7

***Experiment shows pairwise comparison of one colony. Three colonies were examined
showing a difference in the same direction. Standard error was calculated by binomial
distribution.

LLPS biocondensates rather than amyloids in [psi][pin’] cells. We also examined
the effects of hexanediol on another amyloidogenic protein, ABs2. We have
previously shown that the aggregation AP42 leads to the formation of fluorescent
foci and that these aggregates are also detergent resistant [63, 72]. Here, we also

show that these aggregates are also hexanediol resistant (Figure 4.7C).

Next we studied both MAPT (Figure 4.7D) and TauRDpro (Figure4.7E),
both of which formed fluorescent aggregates and were detergent resistant.
However, 10 minutes post-treatment with hexanediol aggregates by both domains
of tau were dissolved. This data indicates that aggregates formed by tau in yeast
cells combine properties of both amyloids (detergent resistance) and LLPS

biocondensates (hexanediol sensitivity). While this is somewhat a surprising result,
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it does highlight the unique features of tau aggregates that are different from both

AB42 Sup35N aggregates.
-Colocalizaiton of Tau derived aggregates with Ap42

The coexistence of AP plaques and neurofibrillary tangles in the brain is a
histopathological hallmark of AD. As previously discussed in Chapter 1, the
amyloid cascade hypothesis has been guiding AD research for the past several
decades [73, 74]. In short, it states that AP as the causative agent of AD pathology,
and that the accumulation of tau into neurofibrillary tangles is a direct result of AB’s
deposition. While there is consensus that both proteins aggregate during AD
progression, the molecular link between AB and tau still remains poorly
understood. To check to see if there is a possible interaction between Ap and tau,
we co-expressed YFP tagged either TauRDpro or MAPT along with CFP-tagged
AB. Following high expression, cells containing both plasmids showed
colocalization of either TauRDpro (Figure 4.8A) or MAPT (Figure 4.8B) with Ap.
Numbers for the quantitative analysis are shown in Figure 4.8C and summarized

in Table 4.4.
Il =octs of protein kinases on Tau aggregation

Phosphorylation events are important in regulating tau’s normal cellular
function in regulating microtubule dynamics. Dysregulation of phosphorylation, as
is found in AD, can lead to tau dysfunction and mislocalization, possibly

contributing to its polymerization. Previous data has shown that tau is
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Figure 4.8 Colocalization of MAPT-YFP or TauRDpro-YPF with AB42-CFP. (A)
[psil[pin] strain co-expressing both TauRDpro-YFP and Ap4-CFP tagged
plasmids visualized by fluorescence microscopy following 6 hours expression. (B)
MAPT-YFP and AB42-CFP co-expressed in a [psi][pin’] strain and visualized by
fluorescence microscopy following 6 hours expression with additional 300 pM
CuSOs. (C) Quantitation of YFP (either MAPT or TauRDpro) and AR4-CFP
colocalization. Percentages of colocalized dots detected in cells containing both
types of aggregates are shown. Error bars depict standard deviations.
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Table 4.4 Colocalization of MAPT-YFP or TauRDpro-YFP with AB42-CFP.

Protein Cells with aggregates relative to all cells with

Strain expressed fluorescence
P Average % SD range Number
TauRDpro-YFP
e and 100 96.3 - 100 30
[psr[pin] ABa42-CFP
GT409
MAPT-YFP 96.6 — 100
and 100 - 23
AP42-CFP

Data for Figure 4.8

phosphorylated in yeast. Specifically, purified MAPT from yeast strains containing
the deletion of PHO85, the homolog of Cdk5 in humans, showed a decrease of
sarkosyl-soluble tau as compared to that found in wild-type, indicating a link

between phosphorylation and its ability to aggregate [75].

To further explore the aggregation patterns of tau in yeast and to determine
if aggregation was influenced by phosphorylation in our yeast model, we
expressed MAPT in the BY4741 background strain (WT), along with strains
containing single kinase deletions (either mds14 or pho854). The strain containing
both deletions was also used in these experiments. Here, we show that deletion
of MDS1 leads to an increase in aggregation of MAPT as seen in both mds714 and
mds14 pho854 strains as compared to the wild-type strain, while deletion of
PHOB85 had no noticeable effect (Figure 4.9C). In order to determine if this increase
in aggregation was due to changes in phosphorylation, we conducted this same
experiment using the peptide ABs2 that also aggregates in AD, but its aggregation

pattern is not linked to phosphorylation in either yeast or mammals. Following high
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Figure 4.9 Studies on MAPT and AB42 aggregation in kinase deletion strains.
Yeast strains of the BY4741 series expressing either the control plasmids (A)
PCUP1-YFP or (B) PCUP1-CFP and experimental plasmids (C) PCUP1-MAPT-
YFP or (D) PCUP1-AB42-CFP. Cells with transformed plasmids were visualized
by fluorescence microscopy after 6 hours following expression with 300 yM
CuSO4.(E) Percent of cells with aggregates following high expression of plasmid
after 6 hours, as detected by fluorescence microscopy. Numbers of cells for this
experiment are shown in Table 4.4. Error bars depict standard deviations and
statistical calculations indicating differences in p-values are shown in Table S4.1.
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Table 4.5 Studies on MAPT and A4z in kinase deletion strains.

Protein

Cells with aggregates relative to all cells with

Strain expressed fluorescence**
Average % SD range Number

YFP 0 0-0.2 895
WT CFP 0 0-0.3 833
(BY4741) MAPT-YFP 29 14-44 1258
AB42-CFP 1.7 15-1.9 839
YFP 0 0-05 472
CFP 0 0-0.6 176
mds14 MAPT-YFP 35.6 19.4-51.8 262
AB42-CFP 222 18.9-25.5 443
YFP 0 0-06 400
CFP 0 0-1.3 228
pho854 MAPT-YFP 06 03-09 2000
ABas2-CFP 1.8 0.3-3.3 813
YFP 0 0-042 287
mds1A CFP 0 0-0.88 198
pho854 MAPT-YFP 21.8 15.5 — 28.1 648
AB4o-CFP 19.9 174 -22.4 508

Data for Figure 4.9.

**Three colonies were analyzed for each strain/plasmid combination.

expression of AP42 in the kinase deletion strains, we observed the same trend as
seen with MAPT. AB42’s aggregation increased in strains containing the mds74 as
compared to wild-type, while pho854 had no noticeable effect (Figure 4.9D). This
indicates that while this specific kinase deletion does effect protein aggregation in
yeast, it does not appear to be specific to tau, nor does it appear to be increasing
aggregation due to changes in phosphorylation patterns. Quantitative data for this

analysis is shown in Figure 4.9 and summarized in Table 4.5 and S4.1.

Further analysis by Western blotting demonstrated differences in the

abundance of MAPT in the kinase deletion strains. Here, we show that in strains

containing the deletion of MDS1, MAPT is in higher abundance as compared to
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Figure 4.10 Biochemical detection of aggregates formed by Tau. (A) MAPT is
in higher abundance in strains containing the mds1A. Proteins were isolated after
6 hours of expression in media supplemented with 300 uM CuSO4and ran on 10%
SDS-PAGE gel, followed by Western blotting and reaction to the anti-GFP
antibody. The membrane was stained with Ponceau S prior to probing with
antibody as a loading control. (B) Second gel showing same conditions as shown
in A, however Coomassie was used as a loading control. (C) Fold change relative
to the level of MAPT in the wild-type strain. Results are averaged from 3 repeats.
Error bars depict standard error. (C) SDS-PAGE gel with the same protein extracts
as depicted in A, however, probed using the anti-PHF1 antibody to detect
phosphorylation of MAPT in the kinase deletion strains. A separate gel ran with the
same extracts was ran and stained with coomassie as a loading control.
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WT, while in strains containing the deletion of PHOS85, it is less abundant (Figure
4.10A). Differences in protein abundance may explain the effects of respective
deletions on aggregation. Notably, mds7A is epistatic to pho85A in regard to both
aggregation (Figure 4.9C) and abundance (Figure 4.10A) of tau-based constructs.
Moreover, tau levels are even higher in the double mds1A pho85A deletion,
compared to both WT and any single deletion (Figure 4.10B). Interestingly,
phosphorylation of MAPT was not abolished at serines 396 and 494 as determined
by the PHF1 antibody (Figure 4.10C), however further analysis would be required
to determine if overall changes to phosphorylation occur in the kinase deletion
strains. Despite altered protein levels, high expression of MAPT is not toxic to
mds1A strain, as compared to wild-type. Here, we show that the PHO85 deletion
on its own decreases growth as compared to WT, this could be related to its altered
respiration pattern as discussed previously (Figure 4.11A). The MDS 1 deletion has
no noticeable effect on growth. The added expression of either MAPT (Figure
4.11B) or APa2 (Figure 4.11C) are not toxic in strains harboring these kinase

deletions.
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Figure 4.11 Toxicity of Tau and AB42 in kinase deficient strains. Overnight
precultures were diluted to an OD600 of 0.1 in selective medium. Serial dilution
were prepared after both 6 hours and 24 hours to check for toxicity of the plasmids.
(A) Shows results of strains containing no plasmids. (B) Shows result for plasmids
containing the YFP fluorophore and (C) shows results for plasmids with the CFP
fluorophore. Comparison is shown between samples treated with no additional
copper and medium containing 300uM CuSOa.
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4.4 Discussion

Our data demonstrates that we are able to recapitulate the conditions
necessary for tau to aggregate in yeast. Previous studies of tau in yeast have only
pointed to changes in phosphorylation, not its aggregation. Specifically, they have
only shown by western blotting that partial amounts of tau are present in the
sarkosyl-insoluble fraction, possibly indicating the presence of aggregates [76-78].
With our model we are able to visualize these cytoplasmic aggregates and confirm

that they are indeed detergent resistant using subsequent biochemical techniques.

While yeast does not have a tau homolog, the phosphorylation machinery
that targets tau is highly conserved between yeast and humans. This is useful as
post-translational modifications (specifically phosphorylation) of tau are thought to
be critical to the biology behind is normal and toxic gain of functions. In the normal
soluble form of tau, phosphorylation is crucial for the regulation of microtubule
dynamics [79-81]. Alterations in the phosphorylation patterns of tau have been
shown to prevent its normal function (its ability to bind to microtubules), however,
hyperphosphorylated versions are found in the deposits in AD brains [82]. It should
be mentioned that the actual role of hyperphosphorylation in tau’s aggregation

remains unclear.

By using tau specific antibodies, we were able to detect full-length tau
aggregates that were phosphorylated. Specifically, we showed this via the PHF1
antibody, as its epitope as previously discussed recognizes the phosphoserines at

position 396 and 404. While this result is not unique to our model, as other studies
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in yeast have also shown that tau is phosphorylated [76], it shows the relevance

of the yeast system to processes in human cells.

Also, since most of the machinery for the phosphorylation of tau is
conserved in yeast [76, 77], it makes yeast models powerful tools in being able to
address questions if kinases and phosphatases also play a role in tau’s ability to
aggregate. In our model, we investigated the role of both Mds1 (Gsk-3p3) and
Pho85 (Cdk5) on tau’s ability to aggregate. Here, we show that the deletion of
MDS1 does increase both levels and aggregation of tau as compared to wild-type,
while the deletion of PHO85 decreases them. Previous studies have only
investigated the effects of kinase deletions on phosphorylation alterations, not
directly on changes in aggregation. However, it should be mentioned that in
Vandebroek et. al. 2005, they showed an increase in tau species detected by MC1
in the pho854 strain as compared to wild-type, suggesting an increase in

aggregation [77].

Overall, our data suggest that kinases modulate levels of tau protein rather
than directly influencing its aggregation. It should also be noted that mds1A
increases aggregation of AB, not known to be phosphorylated. It is therefore
possible that effects of kinases on tau are at least in part due to phosphorylation
of other (yet unknown) proteins influencing aggregation of both tau and A, rather

than due to direct phosphorylation of tau protein itself.

While our current data cannot fully address questions surrounding if

changes in phosphorylation are driving aggregation in our yeast model, we can
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show that we have a system in which future experiments could address these
questions, as our yeast model is able to replicate the phosphorylation of tau. Also
due to its design, our model could easily be adapted to incorporate downstream
approaches such as mass spectroscopy to address large scale changes in

phosphorylation patterns in yeast which to date have not be completed.

Tau has also been demonstrated to be able to undergo LLPS [83, 84]. LLPS
are drivers in the formation of many membraneless compartments with the cell [69,
85]. These types of biocondensates can also be detected visually as a type of
aggregate, so alternative techniques are necessary in order to decipher between
those that are amyloid or other types of protein aggregates, such as stress
granules. LLPS have been shown to drive the amyloid formation of other
amyloidogenic proteins such as FUS [86-88] and hnRNPA1 [89], however
conflicting data has been shown for tau, and it remains unclear on whether LLPS
is necessary to drive tau’s aggregation [90]. To our knowledge, this is the first time
that tau aggregates have been examined in yeast using hexanediol. To date, this
type of assay has only been performed on purified tau protein aggregates.
Previous studies involving hexanediol have shown that tau aggregates formed
under high salt conditions were dissolved in the presence of hexanediol [84, 91],
while those that were electrostatically driven were not [91]. This indicates that tau
forms aggregates of different types under different conditions. This is also
suggested by data in which our SDD-AGE data demonstrates tau is detergent-
resistant (Figure 4.6C), a characteristic of amyloids, but our hexanediol data

suggests otherwise (Figure 4.7D). To date there is no published example of a
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protein aggregate being both detergent resistant and hexanediol sensitive,
although it is known that multi-protein complexes such as stress granules may
include both detergent-resistant hexanediol-sensitive components [92]. One
possibility is that tau may form aggregates of the mixed composition in yeast cells,
so-that amyloid-type detergent resistant protofibrils are assembled into the
cytologically detectable complexes via interactions with other molecules
undergoing phase separation. It should also be mentioned that hexanediol should
be used with caution when applied to live cells as it changes the permeability of

membranes and thus can lead to additional artifacts (Kroschwald 2017).

It is shown in specific models that the aggregation of AB happens first,
followed by the deposition of tau into NFT’s within the AD brain [60, 93-95]. While
the molecular mechanism behind the ability of AB to cross-seed tau remains
elusive, there have been data to indicate that this is possible. With our model, we
have been able to demonstrate that aggregates of ABs2 and tau are found
colocalized in the yeast cell. This does provide potential credence to the
hypothesis that tau could be directly cross-seeded by Ap, although of course this
does not prove it [38, 96]. While more work would be necessary to demonstrate
cross-seeding in our system, our model is able to address such questions. Notably,
constructs based on the wild-type tau repeat domain region (TauRD) remain
soluble in yeast even at high levels of expression (Figure 4.3 and 4.4). As
previously shown in Chapter 3, we also have a system in which we can control the
aggregation of AB. Merging these two approaches would allow us the ability to

study if aggregates of Ap are able to cross-seed the aggregation at least of TauRD.
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Overall, our data strongly supports the notion that a yeast-based model can
be used for studying the amyloidogenic properties of tau. Both MAPT and
TauRDpro have the ability to form aggregates following high expression, along
with preliminary evidence showing that tau phosphorylation is maintained in yeast
indicating that our model could be used in future studies in unraveling the

properties and conditions that control amyloidogenic features of tau.

4.5 Conclusions

e Full-length MAPT protein fused to a fluorophore forms
microscopically detectable aggregates in yeast, while the repeat
domain (TauRD) does not.

e Tauopathy-associated mutations P301L and V337M confer
aggregation capacity to TauRD expressed in yeast.

e Aggregates formed by both MAPT and TauRDpro are detergent-
insoluble, as typical of amyloids.

e Aggregates formed by both MAPT and TauRDpro are dissolved
following 10 minute treatment with hexanediol.

e Aggregates of AB42 peptide colocalize with aggregates of either full-
length wild-type MAPT or mutant TauRD in yeast, supporting the
amyloid cascade model for Alzheimer’s disease.

e Deletion of the gene coding for the protein kinase Mds1 (homologous
to human tau phosphorylating kinase GSK3p) increases abundance

and aggregation of MAPT in yeast while MAPT, while deletion of the
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gene coding for the protein kinase Pho85 (homologous to human tau

phosphorylating kinase cdk5) decreases them.
Effect of mds1A on protein aggregation is not specific to tau as it also

seen for ABs2 which is not known to be phosphorylated.
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CHAPTER 5. CHARACTERIZATION OF THE AGGREGATION

PROPERTIES OF THE U1 RIBONUCLEOPROTIEN 70

5.1 Summary

A newly identified protein found to be aggregated within the AD proteome is
the U1 small nuclear ribonucleoprotein-70k [97]. It is a spliceosome component of
the U1 snRNP. This protein is of interest to us, as there are now other examples
of other RNA-binding proteins found aggregated in other neurodegenerative
diseases such as TDP-43 and FUS that have also been studied in yeast. As with
other proteins, expression of these proteins in yeast are able to recapitulate key
features of proteinopathy [97, 98]. For this work, we constructed plasmids
containing different domains of U1-70k and fused them to a YFP fluorophore under
a Pcupr promoter. High expression of these plasmids in yeast leads to the
formation of aggregates that can be detected using fluorescent microscopy
techniques. Furthermore, our data demonstrates that only the U1-70kC domain,
which harbors two low-complexity domains, forms aggregates which are also
detergent-resistant. In this chapter we will demonstrate a yeast model for studying
the amyloid properties of the domains of U1-70k using both in vivo and biochemical

techniques.
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5.2 Specific materials and methods

BV aterials

Strains, plasmids, and oligonucleotide primers used in this study are

described in Appendix tables A, B and C respectively.
5.2.1.1 Strains

The [psi][pin’] strain GT409 of the GT81 strain series was used extensively

for this study and was previously described in Chernoff et al. 2000 [61].

5.2.1.2 Plasmids and primers

The overall scheme for construction of the U1-70k domains (Figure 5.1)
fused to fluorophores are described in detail as follows. The Pcupr-YFP and CFP
vectors were previously described in Chapter 4. Plasmids containing the full coding
region of U1-70k were received from Dr. Nicholas Seyfried (Department of
Biochemistry, Emory University) and used as templates. For these studies we used
the N-terminal domain (U1-70kN), amino acids 1-99, the middle domain (U1-70kM)
encompassing amino acids 100-181, and the C-terminal domain (U1-70kC) which
includes amino acids 182-437. A plasmid containing both the N-terminal and
middle domains together (U1-70kNM) was also included. PCR was used to amplify
the coding region of each domain along with adding the restriction sites for BamHl|
and Xbal. The PCR product was digested and ligated into the Pcurs-YFP plasmid
using the same enzyme sites. All plasmids were confirmed via digestion and

subsequent sequencing. The CFP fusion plasmids were constructed by removing
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the promoter and U1-70k coding domain via enzyme digestion and subsequent

ligation.

U1 small nuclear ribonuclear protein 70 (U1-70k) plasmid
LC= low amino acid complexity YEP
1 99 181 437

Pcup
RRM ! LC1 ! LC2 !

U1-70kN-YFP U1-70kM-YFP U1-70kNM-YFP U1-70kC-YFP

Figure 5.1 Scheme of construction of plasmids with U1-70k domains fused
to fluorophores. Schematic diagram of the protein domains of U1-70k and
highlights certain features as it is related to specific amyloid properties.

5.2.1.3 Antibodies

The GFP antibody used in this study is described in Chapter 2.

B/cthods

Standard protocols were used for DNA isolation, gel electrophoresis,
restriction digestion, gel extraction, ligation, and bacterial transformation and are
described in Chapter 2. Standard yeast media and standard yeast cultivation and

transformation were used and also described in Chapter 2. The methodology for
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fluorescent microscopy experiments along with the use of 1,6-hexanediol is also

found in the methods chapter.
5.3 Results

Il Characterization of aggregation properties of the domains of U1-70k by

fluorescence microscopy

Previous data has shown that U1-70k has amyloid-like properties and is
found aggregated in AD brains [32, 99]. In order to better understand the
aggregation patterns of this protein and the properties that drives its aggregation,
we expressed plasmids harboring different domains of U1-70k in yeast to
determine if any were capable of forming aggregates. High expression of the YFP
control leads to diffuse fluorescence as expected (Figure 5.2A). The N-terminal
domain of U1-70k is intrinsically disordered. While not all disordered domains are
PrD, there are several RNA-binding proteins that contain disordered domains that
are also known to have amyloid-like properties. Interestingly, the high expression

of U1-70kN (Figure 5.2B) leads to the appearance of only diffuse fluorescence.

In AD brains it is known that U1-70k can be N-terminally cleaved, resulting
in a smaller protein product (denoted N40k) that includes both the N-terminal
domain and the middle domain [100]. Here, we investigated to see if further protein
sequence was necessary in order to lead to protein aggregation besides the N-
terminal domain alone. For this, we expressed both the middle domain (U1-70kM)
alone and a plasmid containing both the N-terminal and middle domains (U1-

70kNM) together. High expression of both U1-70kM (Figure 5.2C) and U1-70kNM
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Figure 5.2 Characterization of the aggregation properties of U1-70K domains
by fluorescence microscopy. (A) Fluorescent microscopy of the YFP control and
different domains of U1-70k (B) U1-70kN, (C) U1-70kM, (D) U1-70kNM, and (E)
U1-70kC expressed under the Pcups promoter in a [psi][pin] strain. Overnight pre-
cultures of cells were diluted to on ODsgo of 0.5 and supplemented with 300 uM
CuSOs. At each time point 0, 3, and 6 hours, cells were harvested, washed with
water, and the plated onto microscopy slides for imaging. Each panel shows were
three colonies were analyzed for each strain/plasmid combination after
expression. Error bars depict standard deviations. Numbers for this experiment are
shown in Table 5.1.
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Table 5.1 Characterization of the aggregation properties of U1-70k domains
by fluorescence microscopy.

Cells with aggregates relative

Strain Transformed Time to all cells with
plasmid fluorescence™*
(Average %) SD Range Number

0 hrs 0 0-0.2 467

YFP 3 hrs 0 0-0.2 473

6 hrs 0 0-0.2 605

0 hrs 0 0-0.3 635

U1-70kN-YFP 3 hrs 0 0-0.6 432

6 hrs 0 0-0.2 771

e 0 hrs 0 0-04 204

[pé’T]L[fo’g] U1-70kM-YFP 3 hrs 3.67 2.57-4.77 720

6 hrs 7.75 1.85-13.65 309

0 hrs 0 0-0.3 447

U1-70kNM-YFP 3 hrs 2.44 0-5.04 508

6 hrs 15.35 2.15-28.55 592

0 hrs 0 0-1.6 61
U1-70kC-YFP 3 hrs 6.77 3.27-10.27 404
6 hrs 18.9 6.5—-31.3 566

Data for Figure 5.2

**Three colonies were analyzed for each strain/construct combination.

(Figure 5.2D) both lead to the formation of cytoplasmic detectable foci, indicating

a possible involvement of the M-domain to be necessary for aggregation.

Lastly, we examined the C-terminal domain’s ability to aggregate. The C-
domain contains LC domains, which are regions that contain repeats of single
amino acids or short amino acid motifs, and have been implicated in the
aggregation properties of numerous RNA-binding proteins [28]. Here, we show that
high expression of U1-70kC (Figure 5.2E) also leads to the formation of
cytoplasmic detectable foci, indicating that multiple domains of U1-70k are capable

of forming aggregates in yeast.
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We also wanted to determine if the high expression of U1-70k domains
could be toxic in yeast and thus result in its inability to aggregate. Here, we show
that the high expression of the domains of U1-70k do not result in any toxic effects

in yeast as shown in Figure 5.3.

6 hours 24 hours

No
Treatment

No 300uM
Treatment CuSO0,

YFP
U1-70kN-YFP [ I B R0
U1-70kM-YFP £ I B

U1-70kNM-YFP [ 1% TF SRR
U1-70kC-YFP & & & & & =

Figure 5.3 Growth effects of U1-70k domain plasmids in a [psi][pin]
background. Overnight precultures were diluted to an ODsgo of 0.1 in selective
medium. Serial dilutions were prepared after both 6 hours and 24 hours to check
for toxicity of the plasmids and plated onto —Ura medium. Media supplemented
with 300 yM CuSO4 was used for plasmid expression and compared to culture
grown in medium lacking additional copper.

Il Biochemical detection of aggregates formed by domains of U1-70k

We again compared the expression levels of our fusion plasmids to
determine if there were altered protein levels between protein domains. Previously,
we did see a difference between domains of MAPT in Chapter 4. When comparing
U1-70kN, a domain that does not aggregate, to that of U1-70kC, a domain that
does, there is a decrease in expression for U1-70kC as compared to U1-70kN

(Figure 5.4A). We previously saw a decrease in protein levels between TauRD

97



Q Q
: g gggis
XX XN X &3
§§s535¢s
NER KRR
™~ ™~ ™~ ™~ ™~ ™~
S O 5 5 25 °
CusO, - + - + - +
75 kDa - — 45kDa
anti-GFP == -
35 kDa e 1 ap ~ 3°kDa
U C— anti-GFP
25 kDa ‘
- 45kDa
L ——— anti-Rpl3 = 45 kDa
anti-Rpl3
C D E
Q Q
0 &
& S & &
. S s > >~
g s § § §
Q N N N N N
& w o w ) w
A S o] S ) S
6 hrs 6 hrs 3 hrs 6 hrs 3hrs 6hrs
) D [
Q Q o
@ @ @
) & &
3 3 3
=] =] 1
3 E 8
“ 2 2 2
(7] (7] a
-
anti-GFP anti-GFP anti-GFP

Figure 5.4 Biochemical characterization of aggregates formed by the U1-70K
domains in yeast. (A) Overexpression of the constructs U1-70kN and U1-70kC
and (B) U1-70kM and U1-70kNM fused to YFP in a [psi][pin] strain. Protein
extracts were ran on a 10% acrylamide gel and detected using the anti-GFP
antibody. The membranes were stripped and reprobed with the anti-Rpl3 antibody
as a loading control. (C) Checking for detergent resistance by U1-70kM domain
following overexpression, as detected by semi-denaturing detergent agarose gel
electrophoresis, followed by Western blotting and reaction to anti-GFP antibody.
Cell lysates were treated with sarkosyl and run on the agarose gel. (D and E) Same
treatment as in Figure B, but for the U1-70kNM and U1-70kC constructs

respectively.
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(does not aggregate) and TauRDpro (does aggregate). There does appear to be
a pattern on total protein levels between fusion proteins that do and do not
aggregate. We also checked expression levels for the other domains, U1-70kM
and U1-70kNM, to U1-70kN (Figure 5.4B). These domains all appear to be
expressed at similar levels. The ribosomal protein Rpl3 was used as a loading

control for comparison.

Next, we wanted to determine if the aggregates seen as fluorescent foci
were amyloid in nature or another type of protein aggregate. Previous data has
shown that U1-70k is a part of the sarkosyl-insoluble fraction in the AD brain
proteome, and that its aggregation is dependent upon the LC1 domain located
within the C-terminus [32]. To determine if our aggregates seen by fluorescent
microscopy are amyloid in nature, we employed the technique of semi-denaturing
detergent agarose gel electrophoresis (SDD-AGE) as described in Chapter 2.
Detergent resistance is a characteristic of amyloid aggregates, but not those of
other types (e.g stress granules). While multiple domains appeared to aggregate
in our fluorescent microscopy assay, different domains had different results when
analyzed by SDD-AGE. The RNA recognition motif U1-70kM ran as a monomer
band, the same as compared to the YFP control as seen in Figure 5.4C. This same
result was also seen by the U1-70kNM domain in Figure 5.4D. However, U1-70kC,
which also formed fluorescent foci ran as an elongated smear on the gel, indicative
of an amyloid aggregate (Figure 5.4E). While multiple domains of U1-70k are able
to form fluorescent foci, there does appear to be a difference in the types of

aggregates between these different domains.
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Il A alysis of U1-70k aggregates by hexanediol

To further characterize the aggregates formed by both U1-70kNM and U1-
70kC, we again employed the use of 1,6-hexanediol. As previously discussed in
Chapter 4, 1,6-hexanediol is an aliphatic alcohol that weakens hydrophobic
interactions and can inhibit LLPS. We studied both U1-70kNM (Figure 5.5A) and

No Hexanediol

treatment treatment Percent of cells

with aggregates

Cc
A 20% 1
15% 1 13.8%
U1-70kNM-YFP 10% A
5% 1
0.0%
0%

Control Hexanediol
B
D
20% 1
15% | 14.1%
U1-70kC-YFP 10% |
5% -
0.0%

0% -

Control Hexanediol

Figure 5.5 Hexanediol experiment with U1-70k plasmids. (A) Cells transformed
with U1-70kNM-YFP or (B) U1-70kC-YFP were visualized by fluorescence
microscopy following either 10 minutes of no treatment (control) or with hexanediol.
(C) Quantitative analysis of aggregates by fluorescence microscopy by U1-70kNM
and (D) U1-70kC following either no treatment or hexanediol treatment. Graphs
depict pairwise comparisons within one experiment; however, three cultures were
analyzed, showing a difference in the same direction. Error bars depict standard
error.

U1-70kC (Figure 5.5B), both of which we previously showed formed fluorescent
aggregates, however only U1-70kC was determined to be detergent resistant. As
previously shown for both TauRDpro and MAPT, both domains of U1-70k were

dissolved 10 minutes post-treatment with hexanediol. Numbers for the quantitative
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analysis of U1-70kNM are shown in Figure 5.5C and U1-70kC in Figure 5.5D and

are summarized in Table 5.2.

Table 5.2 Hexanediol treatment with U1-70k plasmids.

Cells with aggregates relative to all

Strai Transformed Treatment 7 x
rain plasmid cells with fluorescence
Average % SE Range  Number
s Control 13.8 13.79 - 13.81 43
perlip]  UTTOKIMAYPR Hexanediol 0 0—0.01 34
U1-70KC-YEP Control 14 .1 14.09 — 14.11 92
Hexanediol 0 0-0.01 80

Data for Figure 5.5

** Experiment shows pairwise comparison of one colony. Three colonies were
examined showing a difference in the same direction.

Il Colocalization of U1-70k with other mammalian amyloidogenic proteins

We also performed colocalization studies between aggregating domains of
U1-70k and AB42 and also MAPT. Colocalization of the aggregates could imply an
interaction between these proteins; namely, that the aggregation of one could lead
to the aggregation of another as discussed in the amyloid cascade hypothesis in
Chapter 1. Here we show that both U1-70kNM (Figure 5.6A) and U1-70kC (Figure
5.6B) are both found colocalized with APB42 when co-expressed. Numbers for the
quantitative analysis is shown in Figure 5.6C and summarized in Table 5.3.
However, we did see a difference in colocalization between the U1-70kNM and
U1-70kC domains when co-expressed with MAPT. Here we show that the U1-
70kNM domain (Figure 5.7A) is less likely to be found colocalized with MAPT as
compared to the U1-70kC domain (Figure 5.7B). Numbers for the quantitative

analysis is shown in Figure 5.7C and summarized in Table 5.4.
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A

U1-70kNM-YFP AB-CFP Merge
B
U1-70kC-YFP AB-CFP Merge
C
100% - 96.2% 100.0%
s
N 80% -
% 60% -
=)
S 40% -
E’ 20% -
o
= 0%

U1-70kNM-YFP U170kC-YFP

Figure 5.6 Colocalization of U1-70k-derived aggregates with AB in yeast
cells. Fluorescent microscopy of (A) U1-70kNM and (B) U1-70kC along with AB42
expressed under the Pcups promoter in a [psi][pin7] strain. Overnight pre-cultures
of cells expressing both plasmids were diluted to on ODeoo of 0.5 and
supplemented with 300 yM CuSOs. Cells were harvested after 6 hours of
incubation, washed with water, and the plated onto microscopy slides for imaging.
(C) Quantitation of YFP (either U1-70kNM or U1-70kC) and Ap4-CFP
colocalization. Percentages of colocalized dots detected in cells containing both
types of aggregates are shown. Error bars depict standard error.
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Table 5.3 Colocalization of U1-70k domains with Afaa.

% of cells with aggregates colocalized out of total
cells with both aggregates™*

Transformed

Strain plasmid Total cells
% Colocalization SE range with both
plasmids
U1-70kNM-YFP
and 96.2 96.16 — 96.2 26
[ps[pin’] AB42-CFP
GT409 U1-70kC-YFP
and 100 + 0.01 99.9-100 24
AB42-CFP

Data for Figure 5.6

**Standard error is calculated by binomial distribution.

5.4 Discussion

Our data demonstrates that the same sequence elements that drive amyloid
formation in humans for U1-70k also drives protein aggregation in yeast,

demonstrating the value of yeast models for studying protein aggregation.

The high expression of U1-70kN in our model results in the appearance of
diffuse fluorescence, similar to that of the YFP control. While the N-domain
contains an unstructured domain, a common element in many prion-like domains,
it does not lead to the formation of cytoplasmic detectable aggregates in our assay.
These results match findings by Diner et al. 2014, in which they showed the 1-99
amino acid region, the same as our U1-70kN construct, was unable to aggregate
when seeded by AD brain homogenate [32]. In their experiments they also
demonstrated a similar result for the U1-70kNM domain. Here, we are able to

detect cytoplasmic aggregates formed by the high expression of U1-70kNM,
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A

MAPT-YFP U1-70kNM-CFP Merge
B
MAPT-YFP U1-70kC-CFP Merge
c 100% - 94.9%
S
S 80%
3
(—8) 60%
S
= 40% A 29.6%
2
(o]
2
0%

U1-70kNM-YFP U1-70kC-YFP

Figure 5.7 Colocalization of U1-70k-derived aggregates with MAPT in yeast
cells. Fluorescent microscopy of (A) U1-70kNM and (B) U1-70kC along with MAPT
expressed under the Pcups promoter in a [psi][pin7] strain. Overnight pre-cultures
of cells expressing both plasmids were diluted to on ODeoo of 0.5 and
supplemented with 300 yM CuSOs. Cells were harvested after 6 hours of
incubation, washed with water, and the plated onto microscopy slides for imaging.
(C) Quantitation of CFP (either U1-70kNM or U1-70kC) and MAPT-YFP
colocalization. Percentages of colocalized dots detected in cells containing both
types of aggregates are shown. Error bars depict standard error.
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Table 5.4 Colocalization of U1-70k domains with MAPT.

% of cells with aggregates colocalized
out of total cells with both aggregates**

Transformed

Strain lasmid Total cells
P (% Colocalization) + SE with both
plasmids
U1-70kNM-CFP
o and 296+ 0.7 59
[psi][pin’] MAPT-YFP
GT409 U1-70kC-CFP
and 94.9 + 0.01 27
MAPT-YFP

Data for Figure 5.7

**Standard error is calculated by binomial distribution.

however, analysis by SDD-AGE and sensitivity to hexanediol. These results taken
together indicate that the U1-70kNM aggregates may be non-amyloidogenic in
nature, which matches their previous result in which AD brain homogenate was
unable to seed its conversion. In our model, we also tested the RNA recognition
motif, U1-70kM, alone and showed a similar result to that of the U1-70kNM
construct. While our data currently points to the idea that the aggregates formed
by both U1-70kM and U1-70kNM may be a type of LLPS, it cannot be overlooked
that these protein domains may have amyloidogenic properties as well. Recent
data has shown that the RRM domains of other proteins associated with
neurodegenerative diseases including TDP-43, FUS, and RBM45 are capable of
forming amyloids in vitro[101]. Here, they show that the RRM domains of disease-
associated proteins have different properties as compared to those from non-
diseases-associated proteins, including reversable thermal folding and unfolding.

While it is still unclear the exact role that RRM’s play in protein aggregation, the
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concept that they can play a role in the phase transition due to RRM domains
unique properties remains a possibility, and could explain the results shown here

for U1-70kM and U1-70kNM in our yeast model.

Our findings also show the detection of cytoplasmic aggregates for the U1-
70kC domains as well. However, in the case of this domain, the aggregates do
appear to by detergent-resistant. This result is again supported by existing findings
indicating the aggregation-inducing abilities of that domain. Again, in Diner et. al.
2014, they show that the C-domain is required for aggregation, which they show
by recombinant protein being seeded by AD brain homogenate and that it is

located in the sarkosyl-insoluble fraction [32].

Just as MAPT has been demonstrated to be able to undergo LLPS, so has
U1-70k [102]. In the study by Xue et. al. 2019, they are able to show that both the
LC1 and LC2 domains of U1-70k are able to undergo LLPS, however, only the
LC1 domain was able to also undergo aggregation, as they define as solid-like
aggregates [102]. They use the method of fluorescence recovery after
photobleaching (FRAP) to identify LLPS. They contribute this to the LC1 domain
containing a high number of ampholytic residues. They were also able to show this
both in vitro and in vivo in Neuro2a cells. Furthermore, they were also able to detect
both LLPS and solid aggregates for both LC1 domain and full-length U1-70k
simultaneously in N2a cells. They contribute that both types being found together
as support for a hypothesis in the field of LLPS research, that aggregation may be
a result of LLPS. As for our results, our fusion plasmid of U1-70kC-fused to YFP,

which harbors both the LC1 and LC2 domains, was not resistant to treatment by
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hexanediol, indicating that the cytoplasmic aggregates are LLPS. However, we
were also able to show that the expressed protein of U1-70k was also able to form
detergent-resistant aggregates in cells, indicating that there is a diversity of
aggregates formed by U1-70kC in our yeast model. To our knowledge, no one to
date has studied whether the region containing the first 181 amino acids (U1-
70kNM) is capable of undergoing LLPS. Here, we show that aggregates formed
by U1-70kNM are not detergent resistant and are sensitive to hexanediol indicating
that they may be an aggregate that is non-amyloid in nature. One type of aggregate
that is thought to form through LLPS are stress granules. Stress granules are
membrane-less cytosolic bodies composed of mMRNAs and proteins that assemble
when translation initiation is limiting, and are thought to represent a pool of mMRNPs
stalled in the process of translation initiation [103, 104]. Genetic evidence has
emerged implicating stress granules as a subcellular compartment that is central
to the pathogenesis of a closely related set of degenerative diseases, including
amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD) and inclusion
body myopathy (IBM) [86, 105]. While stress granule formation has not been
shown for U1-70k, it has been shown for other RNA-binding proteins, including
hnRNPA1. Previous studies have shown that the RNA-recognition motif
contributes to LLPS, but only in the presence of RNA, and that fibrilization can
occur in these protein rich droplets [89]. While most in vivo evidence points to the
significance of the LC1 domain located in the C-terminus of U1-70k as the domain
responsible for protein-protein interaction and driving aggregation, there is some

in vitro evidence to suggest that the N-terminal domain of U1-70k can form high-
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molecular weight oligomers [106]. Also, it is important to note that located within
the N-terminus not only are there regions of disorder, but there is also a region of
disorder containing a stretch of both acidic and basic amino acid residues,
although shorter in comparison to both the LC1 and LC2 domains. While are
current data cannot definitely confirm LLPS driven by the M-domain of U1-70k,
current data does support that this is a theoretical possibility, and through other

experiments are model is primed to be able to address these types of questions.

The aggregation of U1-70k has been shown to be exclusive to AD [99]. As
such, we examined co-localization of U1-70k domains with both AB42 and MAPT,
both of which are also found aggregated in AD, and are reviewed in Chapters 3
and 4 respectively. Here, we show that aggregates formed by both U1-70kNM and
U1-70kC are found colocalized with AB42. This is somewhat a surprising result as
previous reports do not show a direct connection between U1-70k and Apao.
However, it has been reported that the aggregation of U1-70k is correlated to the
amount of AB deposition, and this occurs in the absence of MAPT aggregates
[107]. One explanation for this is that Af is secreted and predominantly aggregates
in the extracellular space [108], so while an interaction may be possible, it may not
have been previously shown in screens studying AD brain pathology due to spatial
separation. We also investigated the colocalization of both U1-70kNM and U1-
70kC with MAPT. Here, we show that aggregates composed of U1-70kC are able
to interact with MAPT, while those of U1-70kNM. This matches what has been

previously described for U1-70k, in which the LC1 domain located in the C-terminal
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domain was found to interact more with MAPT in AD brain homogenate as

compared to the N-domain alone[106].

Overall, our data strongly supports a yeast-based model that can be used
for studying the amyloidogenic properties of U1-70k. Here, we show that in yeast
it maintains its ability to form aggregates, with indication that specific domains are
capable of forming different types of aggregates. We are also able to demonstrate
that specific domains are also able to colocalize with other proteins associated with
AD, matching what has been previously demonstrated. Our model could be used
in future studies in unraveling the properties and conditions that control not only
U1-70k’s amyloidogenic nature, but other RNA-binding proteins associated with

disease.

5.5 Conclusions

The M, NM, and C-domains of U1-70k form fluorescent aggregates when

expressed in yeast cells.

e Only aggregates formed by U1-70kC are detergent-insoluble, as typical of
amyloids.

e Aggregates formed by both U1-70kNM and U1-70kC are dissolved
following 10-minute treatment with hexanediol.

e Aggregates formed by the NM, and C-domains colocalize with Apaz,

however only aggregates of the C-domain colocalize with MAPT.
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CHAPTER 6. DETECTION OF NOVEL AMYLOIDOGENIC
PROTEINS AND ANTI-AMYLOIDOGENIC COMPOUNDS BY

AMYLOID NUECLATION ASSAY IN YEAST

This chapter includes data published in Future Medicinal Chemistry.

Hamulakova, S., Kudlickova, Z., Janovec, L., Mezencev, R., Deckner, Z., Chernoff, Y.O.,
Janockova, J., lhnatova, V., Bzonek, P., Novalkova, N., Hepnarova, V., Hrabinova, M.,
Jun, D., Korabecn, J., Soukup, O., Kuca, K. (2021). Design and synthesis of novel tacrine-
indole hybrids as potential multitarget-directed ligands for the treatment of Alzherimer’s
disease. Future Medicinal Chemistry

6.1 Summary

Amyloid formation occurs via a two-step process. First is nucleation, in which
a normal soluble protein is converted into an aggregate or “nuclei” of the prion
isoform. This nucleation event can be driven by mutations, but most often this is a
sporadic phenomenon. Our lab has previously published a yeast assay in which
we can detect the nucleation step of many amyloidogenic proteins/sequences that
are associated with diseases in humans. This includes proteins such as PrP
(associated with mammalian prion diseases), Ap (AD), and a-synuclein
(Parkinson’s disease) just to name a few. We have also shown that the same
sequence elements (protein domains/ mutations) in humans control protein
aggregation in yeast. In this work, we attempted to expand our nucleation assay
to study proteins that have been shown to have amyloid-like properties, whether
experimentally or computationally, but are not classically associated with disease

to determine if they also can nucleate [PSI*] when fused to the prion domain of
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Sup35 in the absence of a preexisting prion. This will provide further credence to
our assay as a tool to determine whether proteins or protein sequences have

amyloidogenic properties.
6.2 Specific materials and methods

BV aterials

Strains, plasmids, and oligonucleotide primers used in this study are
described in Appendix tables A, B, and C respectively. The antibodies to Sup35C

and HA are described in Chapter 2.
6.2.1.1 Strains

The haploid [PSI*][PIN*] strain GT81-1C is a meiotic spore of the
homozygous autodiploid GT81. The [psi][pinT] strain GT409 was obtained from
GT81-1C via curing by guanidinium hydrochloride (GuHCI) and was previously
described in Chernoff et al. 2000 [61], while the [psi][PIN*] strain GT159 was
obtained via curing GT81-1C of [PSI*] using excess Hsp104. The [psi][pin] strain
GT17 of the 74-D694 genotype was also employed in this study and is described

in Bailleul et. al. 1999 [109].

6.2.1.2 Plasmids and primers

The overall scheme of construction of the mammalian genes of interest
fused to prion forming domain of Sup35 (Sup35N or NM) (Figure 6.1) is described

in detail as follows.
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SUP35
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protein gene
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SUP35N Pcup-N-MAPG

SUP35N - Pcupi-NM-MAPG

Figure 6.1 Scheme of construction of Su35N(NM) fused to amyloidogenic
protein of interest. Any amyloidogenic protein (MAPG) of interest (small peptide
or full protein) is attached to the C-terminal region of either the coding region of
Sup35N or Sup35M to form chimeric genes. These fusions are under the copper
inducible promoter.

6.2.1.2.1 Construction of Pcups expression vector

In order to generate the initial backbone vector, a centromeric shuttle vector
containing the Pcups promoter with Sup35N with a URA3 marker initially described
in Chandramowlishwaran et al. 2018 [110] was digested with the restriction
endonuclease EcoRI. This product was then subsequently digested using the
Mung Bean nuclease to create blunt ends and then re-ligated together. This
resulted in a vector containing a single EcoRI restriction site in the multi-cloning
site that could be used for constructing chimeric genes. No other restriction sites

in the multi-cloning sites were disrupted.

6.2.1.2.2 Construction of TauRD expressing plasmids

The gene coding for TauRD was PCR-amplified from the plasmid pcDNA-
RD(WT) (kindly provided by Dr. Marc Diamond, Washington University) using

primers containing EcoRI and Sacl restriction sites. The resulting EcoRI-Sacl
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TauRD fragment was inserted into the previously described vector using the same

enzyme sites to generate a plasmid expressing Sup35N-TauRD.

6.2.1.2.3 Construction of U1-70k expressing plasmids

The SUP35N(NM)-U1-70kN, SUP35N(NM)-U1-70kNM, and SUP35N(NM)-
U1-70kC genes were made by using the plasmid containing the full coding region
of U1-70k with a Myc tag in the pcDNA3.1 vector (provided by Dr. Nicholas
Seyfried, Emory University). U1-70kN confers to the N-terminal domain of the
protein containing amino acids 1-99. The NM domain describes the N-terminal
domain along the DNA-binding domain of the protein encompassing the 1-181
amino acids. U1-70kC is the C-terminal portion of the protein containing the 182-
437 amino acids. The chimeric fusions were generated by using PCR to amplify
the corresponding regions of U1-70k with the addition of EcoRI and Xbal enzyme
sites. These PCR products were then digested with these same enzymes and
ligated into the Pcupr-Sup35N vector digested by the same enzymes. The
corresponding Sup35NM chimeric constructs containing these U1-70k domains
were generated by digesting the Sup35N chimeric fusions with EcoRI-Xbal

enzymes and ligating them into the Pcup7-Sup35NM shuttle vector.

6.2.1.2.4 Construction of CREST and CBP expressing plasmids

The SUP35N-CREST(C), SUP35N-CREST, and SUP35N-CREST(Cmut)
were generated using the plasmid (provided by provided by Dr. Mike Sherman,
Boston University) containing the full-length version of rat calcium responsive

transactivator (CREST) protein. CREST(C) refers to the C-terminal domain of
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CREST from amino acid 273 to 401. The CREST(Cmut) refers to the nonsense
mutation at position 393 (position 388 in humans) which leads to a truncation of
the protein by 9 amino acids and has been implicated in ALS [111, 112]. The
CREST domains as well as full-length rat CREST were PCR-amplified using
primers that included an EcoRI site along with an Xbal site that included an HA
tag. The resulting fragments were then ligated into the Pcup-Sup35N vector using
the same sites. The pYES2-CBP-GFP plasmid (also provided by Dr. Mike
Sherman) containing the 5812 to 7290 bp coding sequence of mouse CBP was
PCR-amplified using primers to encode EcoRI and Xbal restriction sites along with
an HA tag in the reverse primer. The subsequent PCR product was digested using
the same restriction enzymes and ligated into the Pcups-Sup35N shuttle vector to

generate the chimeric gene containing the 2193-2360 amino acid region of CBP.

6.2.1.2.5 Construction of p53 expressing plasmids

To express genes of SUP35N(NM)-p53N and SUP35N(NM)-p53M, we
used the plasmid pc53-SN3 containing wild-type human p53 (provided by Dr.
Muxiang Zhou, Emory University). The domain p53N refers to the N-terminal
domain of the protein containing the 1-63 amino acids, while p53M refers to the
portion of the middle domain of p53, the 94-312 amino acids. The pc53-SN3
plasmid was used to PCR-amplify the respective p53 domains while encoding
EcoRI and Xbal restriction sites. The PCR products were subsequently digested
using the same enzymes and placed in the Pcupr-Sup35N shuttle vector. To
generate the SUP35NM-p53N-HA and SUP35NM-p53M-HA genes, the p53

domain coding regions were removed from the Sup35N chimeric genes using the
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EcoRI and Xbal enzymes and placed into the Pcup-Sup35NM shuttle vector. It
has been previously described that mutations within the p53 gene can confer
amyloidogenic properties in cancer [113, 114]. One such mutation is the R248Q
mutation, which confers a mutation that prevents target DNA interaction [115]. In
order to generate this mutation in our SUP35N-p53M gene, we used the
QuikChange Site-Directed Mutagenesis protocol as described in Chapter 6. To
generate the SUP35NM-p53M(R248Q) gene, the pb53M(R248Q) gene was
removed from the Sup35N fusion by the EcoRI and Xbal enzyme and

subsequently placed in the Pcup-Sup35NM shuttle vector.

6.2.1.2.6 Construction of PCH3 expressing plasmids

The Sup35N fusion plasmids containing the various isoforms of PHC3 were
provided by the Amyloid Biology Lab at St. Petersburg University, Russia, and
were generated by Dr. Nina Romanova. These cassettes containing the isoforms
of PHC3 were amplified from a human cDNA library. One of these isoforms that
was generated does not match the currently recognized list in UNIPROT. It has
similarities to both the currently recognized isoform 5 and 6 of the protein and in
this work, we list it as isoform 5-2. This protein was also studied using the Curli-
amyloid generator (C-DAG) assay [116]. The plasmids pVS72 (Psap-CSgAss-
Sup35NM-Hiss) and pVS105 (Psap-csgAss-Sup35M-Hiss) were provided along with
the required strain VS which contains the A(csgBAC). The C-DAG constructs
containing the isoforms PHC3is5-1 and PHC3is6 were made by amplifying the
PHC3 isoforms from the Sup35N plasmids using primers that contain Notfl and

Xbal restriction sites. These PCR sequences were digested and ligated into the
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Psap-csgAss-Sup35M-Hise vector digested by the same enzymes. This removed the
Sup35M insert and generated the Pgap-csgAss-PHC3is5-1-Hise and Ppap-CsgAss-

PHC3is6-Hise plasmids.
6.2.1.2.7 Control plasmids

The plasmids used as both positive and negative controls in the nucleation
assay including: Pcur1-Sup35N-PrP(90-230), Pcup1-Sup35N-ABa2, Pcup1-Sup35N-
IAPP, Pcup1-Sup35N-Myo(WT), Pcupr-Sup35N-Ade2, along with the plasmids
used in the chemical curing experiments: Pga-Sup35N and Pga-Sup35N-ARa42
were created by previous members of the lab either here at Georgia Tech or at St.

Petersburg University and are described in Chandramowlishwaran et al. 2018 [1].

H/cthods

Standard protocols for plasmid construction including: DNA isolation, gel
electrophoresis, restriction digestion, gel extraction, ligation, and bacterial
transformation are described in Chapter 2. Procedures for inserting Standard
procedures for yeast cultivation and transformation are also described in Chapter
2. Standard yeast and bacterial media, except for the media used in the C-DAG
system, were used and are provided in Chapter 2. The C-DAG systems

procedures and media are provided below.

6.2.2.1 Plate assay for [PS/*] nucleation

To check for [PSI] nucleation by our protein sequences of interest, the

chimeric fusion proteins containing MAPG’s were transformed into a [psr][pin’]
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Chimeric construct

(Sup35N fused to MAPG) [psi][pin] Select
transformants
Transform into on selective
yeast media f‘/’\\
— — ()

Master plate on Selective media -Ade to check
selective media with extra CuSO, for [PSI*] induction
(10 to 150 uM) or galactose

Figure 6.2 Schematic of nucleation assay of [PSF] by chimeric protein
containing mammalian amyloidogenic proteins.

yeast strain. Tranformants were grown on media that was selective for the plasmid
(e.g. -Ura). Transformants were selected and patched onto a master plate, again
selective for the plasmid, and then subsequently velveteen replica plated onto the
media containing the addition of either 0, 10, 50, 100, or 150 uM CuSOa4 (note that
yeast media contains a background concentration of 3uM CuSO4) to induce
expression. After 3 days of growth, to allow for induction, the plates were replica
plated onto -Ade media to check for [PSI*] formation (Figure 6.2). [PSI*] formation
was scored by papillation on -Ade media after approximately 7-10 days of
incubation. At least 8 independent transformants were checked for each plasmid
to assure reproducibility, however for simplicity only one representative colony for
each plasmid is shown in all figures. Strains carrying the control and experimental

plasmids were always examined on the plates.
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6.2.2.2 Site-directed mutagenesis of DNA

For site-directed mutagenesis to generate the R248Q mutation in the RRM
domain of p53. Oligonucleotide primers that incorporate the desired point mutation
were generated using the Primer X program. The site-directed mutagenesis
procedure was carried out using the material and procedures provided in the
Quickchange SiteDirected Mutagenesis kit (Agilent Technologies). Incorporation
of the mutation into the plasmid was confirmed using Sanger sequencing provided

by Eurofins MWG Operon Sequencing.

6.2.2.3 Curli-dependent amyloid generator (C-DAG) system

We also employed another assay developed by Anne Hochschild at
Harvard University [116]. This assay uses another prion Curli (caused by the CsgA
protein and is a part of the csgBA operon) in E. coli as a readout to determine if
target proteins or protein sequences have amyloidogenic properties. It is also takes
advantage of the phenotypic characteristics of Curli, in which it is able to stain red
in medium supplemented with the dye Congo red (CR), a dye that is specific to

amyloid binding [117].

For the colony color phenotype assay (Figure 6.7A) the plasmids containing
these isoforms fused to the csgA exportation signal were transformed into the E.
coli strain VS39 (an E. coli strain that is competent in Curli production and has a
deletion in the genes of CSgA, csgB, and csgC
) and selected on LB media containing 100 pg/ml ampicillin, 25 pg/ml

chloramphenicol, and 0.5% (wt/vol) glucose. A single transformant was then
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inoculated into LB supplemented with 100 upg/ml ampicillin and 25 pg/mi
chloramphenicol and grown overnight at 37°C as a preculture. The overnight
preculture was then diluted to an ODeoo of 0.1 and shacked at ¢ for 30 minutes.
The culture was then spotted (5 uM) onto multiple plates. Each culture was then
spotted onto a LB media supplemented with ampicillin and chloramphenicol, a
Congo-Red inducing plate (LB supplemented with 100 pg/ml ampicillin, 25 pg/mi
chloramphenicol, 0.2% (wt/vol) L-arabinose, 1 mM IPTG, and 10 pg/ml Congo
Red), and a Congo-Red non-inducing plate (LB supplemented with 100 pg/mi
ampicillin, 25 ug/ml chloramphenicol, and 10ug/ml Congo Red). Once the spot has
been absorbed into the media, the plates are grown upside down at 22°C for 5
days. Plates were examined for the formation of a red ring as indication of amyloid
formation in the presence of Congo Red. The plasmids pVS72 and pVS105 were
used as controls and examined on the same plates as colonies containing the
experimental plasmids. Multiple colonies were analyzed for reproducibility. For the
Congo Red birefringence analysis, colonies were selected from the Congo Red
Inducing plate from the color-phenotype assay and spotted with 1 mL PBS to
resuspend them and transferred into a 1.7 mL microcentrifuge tube. 5 uL of each
sample to be tested were spotted onto a microscope slide and allowed to air-dry
for 2 minutes. A coverslip was placed on top of each sample on the slide and
examined under a light microscope with polarizing light for birefringence (note this
assay was done both at Georgia Tech using the microscopy core facility located in
EBB and at St. Petersburg University, Russia. Results shown are from the

experiment completed in Russia by Konstantin Kulichikhin).
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6.2.2.4 Inhibition of AB-dependent amyloid nucleation assay

The [psr][pin’] strain GT17 were transformed with the HIS3 marker plasmid
expressing the chimeric construct SUP35N- Apfs2 under the Pgar promoter.
Nucleation was detected using the readthough assay as previously discussed in
Chapter 1 section 1.3.1. Yeast cultures were grown overnight in -His liquid medium
supplemented with glucose, washed and inoculated into -His medium containing
2% galactose instead of glucose for induction of the Pga. promoter. The tested
compound (140 uM) or solvent control (70% EtOH:DMSO in a 1:2.18 v/v ratio) was
added at a starting cell density of ODsoo of 0.1. After a period of 16-36 hours, as
indicated, dilutions were either spotted or plated onto the following solid medium:
-His for the detection of plasmid containing cells, or -His-Ade for the detection of
cells with [PSI*]; in some cases, spotting or plating onto YPD was performed in
parallel. Concentrations of plasmid-containing cells were determined form
numbers of colonies grown on -His medium (detected after 3-4 days of incubation),
whereas concentrations of plasmid-containing cells with the [PS/*] prion were
determined from numbers of colonies grown on -His-Ade medium (as detected
after 10-14 days of incubation). The frequency of prion nucleation was determined
as a ratio between the concentration of [PSI*] cells and the concentration of

plasmid-containing cells (amyloid, nucleation frequency [ANF]).
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6.3 Results
I~ rotein or protein domains with [PSI*] nucleating abilities

Here, we wanted to continue to check if certain domains of proteins that
have been previously reported to be associated with mammalian amyloidogenic
diseases, or were reported to have amyloid-like characteristics could also nucleate
[PSI"] when fused in tandem to the prion domain (PrD) of Sup35 (Sup35N). As has
been previously published, we know that the overexpression of only the PrD of
Sup35 is inefficient to induce [PSI*] (only after high treatment of CuSO4 and
extended incubation can this be seen in plate assays)[51]. Another prion (e.g Rnq1
or [PIN]) is required as shown in Figure 6.3A. It has been previously published
that the fusion of a PrD of previously known and well characterized mammalian
amyloidogenic proteins are able to nucleate [PSI*] de novo [110]. Here, the
mammalian amyloidogenic protein is able to oligomerize and promote the PrD of
Sup35 to convert into its prion state. The amyloid seed containing the chimeric
fusion of both the PrD of the mammalian amyloidogenic proteins and the PrD of
Sup35 is able to recruit the endogenous Sup35. The PrD of Sup35 in the oligomer
of the chimeric seed is able to convert the endogenous Sup35 into [PS/*] as shown
in Figure 6.3B. The propagation of [PSI*] can then be determined phenotypically
by growth on -Ade medium (caused by the nonsense suppression by the

readthrough of the ade1-14 allele).

We wanted to expand our nucleation assay to proteins that are not

classically thought of as being associated with disease, but have been suggested
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to have amyloidogenic properties. For this we chose to looked at both the CREST
protein (also known as SS18L1) and polyhomeotic like protein 3 (PHC3). The

CREST protein is a component of the CREST-BRG1 complex (Figure 6.4A), which
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is a transcriptional activator required for calcium dependent dendritic growth in
cortical neurons. There have been some recent publications indicating that specific
domains of CREST have amyloidogenic properties and has been associated with
ALS. PHC3 plays a key role in the polycomb-repressive complex. The PRC1
complex is responsible for maintaining a transcriptionally inactive state. It does this
through chromatin remodeling via the modification of histones. Specifically, this
complex monoubiquitinates the histone tail (Lys119) of the histone H2A (Figure
6.5A). While there are multiple isoforms of this protein that arise due to alternative
splicing, previous computational work has shown that several short isoforms of the
protein contain sequences that have the potential to produce amyloids (Figure

6.5B).

In our assay, we used rat CREST, which has 88% similarity to the human
version. To study its properties, we fused the full-length version of CREST, as well
as just a portion of the C-terminal domain which is proposed to be the PrD of
CREST (referred to as CREST(C)) as shown in Figure 6.4B. We also introduced a
mutation into the C-terminal construct (Q393Stop), which corresponds to the
Q338Stop mutation in humans that has been associated with ALS. This construct
is referred to as N-CREST(Cmut). The overexpression of N-CREST(C) in a [psr
1[pin] strain is able to induce [PS/I*] de novo (Figure 6.6A) as seen by growth on -
Ade medium and biochemically by SDD-AGE (Figure 6.6C and D). This new data
indicates for the first time (to our knowledge) that the C-terminal portion of rat

CREST has amyloidogenic properties. The chimeric construct containing CREST
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and CREST(Cmut) did not nucleate [PSI*], however they also did not nucleate
[PSI'] in a [psi][PIN*] strain either (Figure 6.6B). Fusion of the short isoforms of
PHC3, isoform 5 (both 5-1 and 5-2) and 6, that had been identified to have
amyloidogenic properties computationally, to the PrD of Sup35 results in the
nucleation of [PSI*] de novo (Figure 6.5B), and is also capable of nucleating in a
[psi][PIN*] strain (Figure S6.1). This is for the first time, evidence that an epigenetic

factor in humans has amyloidogenic properties.
Bl A ralysis of [PSI*] strains induced by SUP35N-CREST(C)

It has been shown that a single protein has the ability to misfold into various
amyloid structures, which are referred to as prion strains (or “variants” in yeast).
This includes the yeast prion protein Sup35 [55, 71]. Strains of Sup35 can be easily
differentiated from each other based on phenotypic manifestations and
biochemical characteristics. For Sup35, strains are typically classified between
classes of “stronger” and “weaker” variants. Stronger [PSI*] variants are created
by amyloid fibrils that are shorter cores, which can be more easily fragmented by
the chaperone machinery. This leads to the production of more “seeds”, which in
turn can proliferate the prion [PSI*] state more efficiently. Strains that contain
strong variants of [PS/*], usually have phenotypes associated with stronger growth
on -Ade media (caused by higher levels of nonsense suppression associated with
the readthrough of the ade 1-74 reporter system) and high mitotic stability. Weaker
variants are associated with lower mitotic stability, and the [PSI*] state can be lost

in colonies through multiple generations.
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Since the C-terminal fusion of CREST was able to nucleate [PS/*], we also
wanted to determine if it could generate different prion variants (or “strains) as has
been reported for other mammalian amyloidogenic proteins [110]. In order to
determine this, [PSI*] colonies were streaked out from the -Ade plate, and colonies
were divided into “variant/strain” categories based on growth on -Ade medium and
color on YPD. The colonies were scored after loss of the chimeric plasmid, in order
to exclude that the variant of [PSI*] was determined by its continuous presence.
As shown in Figure 6.6F, Sup35N-CREST(C) is able to nucleate both strong and
weak variants of [PSI*], while the control of Sup35N-AB4. induced only strong

variants as previously published [110].
I/ alysis of PHC3 isoforms using the C-DAG assay

To expand our understanding on the isoforms of PHC3 and its
amyloidogenic properties, we also employed another assay developed by Anne
Hochschild at Harvard University. Here, we show that the overexpression of both
these isoforms are able to lead to biofilm production that is able to be stained by
the Congo red supplemented in the medium that also contains IPTG and
arabinose. This staining is seen as a red ring around the colony in which the protein
is being expressed (Figure 6.7B). This was done in comparison to the published

controls of Sup35NM (positive control) and Sup35M (negative control) [116].

Because these proteins are exported from the cell, this assay also makes it
possible to study these proteins of interest using in vitro assays as well. Another

one of these assays takes advantage of another characteristic of amyloids,
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birefringent properties when bound with congo red. Birefringence is an optical
property of material caused by double refraction (a phenomenon in which a ray of
light is split by polarization into taking different paths). Here, we show that
PHC3is5-1 produce the goldish birefringence when visualized under polarized light
(Figure 6.7C). This again is in comparison to the published controls of Sup35NM
and Sup35M. As expected Sup35NM also had birefringence capabilities due to its
ability to form an amyloid, while Sup35M did not. PHC3is6 also had birefringence
properties, but data is not shown. We were also able to visualize the specific fibers
formed by the proteins using transmission electron microscopy (Figure 6.7D). This
analysis was completed by Konstantin Kulichinkin using the facilities at St.

Petersburg University, Russia.
I~ rotein domains that nucleate [PSI*] only when fused to Sup35NM

It has also been reported that the tumor suppressor protein 53 (p53) also
has amyloidogenic properties [113]. p53 is known for its role as a regulator of the
cell cycle through its ability to activate DNA repair mechanisms. Because of this, it
has been deemed the “guardian of the genome” for its ability to prevent genome
mutations (Figure 6.8A). Cancer, as its own group of associated disease, is known
to cause serious illness and death, but is not classically associated with
amyloidogenic proteins. However, there is increasing evidence indicating a link
between cancer and amyloidogenic proteins. An example of this can be seen with
PrP, the human prion protein, associated with human spongiform encephalotomy
(human mad cow disease) [118]. Furthermore, 50% of cancers are associated with

a loss of function in p53, giving further credence to the suggestion of the role of
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amyloids in tumor formation. For our study we chose to study specific domains
that had been implicated to have amyloidogenic properties that had been reported
in mammalian cell models. This included the N-terminal portion of the protein which
included the 1-93 amino acids (referred to as p53N) and the region of the 94-312
amino acids, which includes the DNA-binding domain (referred to as p53M). There
are also several mutations known to occur in reference to p53 and its ability to
adopt and amyloid fold[119]. One of these mutations, R248Q, was studied in our

yeast model and referred to as p53M(R248Q) as shown in Figure 6.8B.

Upon over-expression of the p53 domains fused to Sup35N, there is no
induction of [PSI'] as seen by no growth on -Ade medium. However, upon
overexpression when fused to the Sup35NM domain, the Sup35NM-p53M and
Sup35NM-p53M(R248Q) are able to cause nonsense suppression leading to
papillation of -Ade medium (Figure 6.8C). This is interesting as other mammalian
amyloidogenic proteins show decreased ability to induce [PSI'] when fused to
Sup35N as compared to Sup35NM. The M domain of Sup35 contains a large
number of charged amino acids and is thought in helping to keep Sup35 in a
soluble state. Also, interestingly, upon biochemical characterization of the
endogenous Sup35 after overexpression of Sup35NM-p53M the endogenous
Sup35 remains monomeric as seen on the SDD-AGE gel in Figure 6.8D and Figure
S6.2. This indicates that the growth on -Ade medium shown in Figure 6.8C is not

caused by the formation of [PS/*] by the endogenous Sup35.
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I~ rotein or protein domains that nucleate [PSI*] only in a [PIN*] background

Also associated with the Brg1 complex, the transcription factor CREB-
binding protein (CBP), has also been implicated to have amyloidogenic properties
[15]. It should also be noted that CBP also has functions outside of this complex,
but all are involved in transcriptional coactivation and acetyltransferase activity.
For this protein, we studied the mouse version and chose the domain of amino
acids of 2193-2360 which contains the PolyQ portion of the protein (Figure 6.9A),
which has been implicated as its prion forming domain. The polyQ portion is of
significance as many PrD’s have been known to be glutamine/asparagine rich in

numerous eukaryotes [120].

We also examined the amyloidogenic properties of microtubule associated
protein Tau (MAPT). As previously discussed in Chapter 4, it is thought that the
amyloidogenic properties of Tau are associated with the microtube binding domain
(TauRD). For this assay we fused TauRD containing the amino acids 244-372
(also known to be the region containing 4 repeat domains) to the PrD of Sup35

(Figure 6.10A).

Here we show that fusion of either CBP (Figure 6.9B) or TauRD (Figure
6.10B) to the PrD of Sup35 is unable to nucleate [PSI*] de novo as determined
phenotypically. For TauRD this matches the data presented in Chapter 4, in which
overexpression of TauRD fused to YFP is seen as diffuse fluorescence (Figure 4.3
and 4.4). However, overexpression of the same constructs in a [psi][PIN*] strain

is able to nucleate [PS/*] indicating that the chimeric construct containing Sup35N
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CBP. (A) Schematic of nucleation assay of [PSI*] by chimeric protein containing
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(also containing both CBP and TauRD) is still able to be nucleated by other PrD’s
(e.g [PIN']) and nucleate the endogenous Sup35 into [PSI*] (Figure 6.9C and
Figure 6.10C). Lack of nucleation by CBP was also confirmed biochemically using
SDD-AGE. The chimeric protein containing CBP is unable to form a detergent
resistant aggregate as indicated by the monomeric band on the SDD-AGE gel

(Figure 6.9D and E).
I~ rotein or protein domains that do not nucleate [PSI*]

Next, we looked at the amyloidogenic properties of specific domains of the
U1 ribonucleoprotein 70k (U1-70k) that was also previously examined by
fluorescence microscopy in Chapter 5. Here we fused the following domains of U1-
70k to the PrD of Sup35: the N-domain (amino acids 1-99), the NM-domain (amino
acids 1-181), the C-domain (amino acids 182-437), and the full-length protein
(referred to as U1-70k). We also examined the yeast homolog of U1-70k, SNP1,
however it was not expected to produce an amyloid as it only has 30% similarity
to U1-70k, and there is no evidence to suggest a PrD as seen in other proteins
(e.g QN rich domains) (Figure 6.11A) [121]. After over-expression of all of the
domains of U1-70k, as well as SNP1, and then replica plating onto -Ade medium,
none of the colonies tested showed [PS/*] induction (Figure 6.11B). This is
especially interesting, since the U1-70kNM and U1-70kC domains were able to
form their own aggregates in yeast when over-expressed, as shown in Figure 5.2.
We confirmed this biochemically using the technique of semi-denaturing detergent
gel electrophoresis in which the endogenous Sup35 runs as a monomer on the gel

after over-expression of U1-70k (Figure 6.11C). Interestingly however, when
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Figure 6.11 Effects of U1-70k on yeast prions. (A) Schematic diagram of the
protein domains of U1-70k and highlights certain features as it is related to specific
amyloid properties. (B). Copper induced overproduction of the chimeric proteins
fused to Sup35N(NM) containing domains of U1-70k do not promote the de novo
formation of [PSI'] in a [psi][pin] strain. (C) Biochemical characterization and
toxicity of chimeric fusion containing domains of U1-70k. No formation of [PSI*] by
the endogenous Sup35 following overexpression of the NM-U1-70k, as detected
by semi-denaturing detergent agarose gel electrophoresis, followed by Western
blotting and reaction to anti-Sup35C antibody. Cell lysates were treated with SDS
and run on the agarose gel. (D) Copper induced overproduction of the chimeric
proteins containing Sup35N(NM) fused to domains of U1-70k do not promote the
formation of [PSI*] in a [psi][PIN7].
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overexpressing these same chimeric constructs in a [psi][PIN*] strain, none of the
chimeric constructs containing domains of U1-70k were able to nucleate [PSI*]
indicating some sort of anti-amyloid effect as seen as Figure 6.11D. However, it
should be noted that SNP1 was able to nucleate [PS/*] in this strain indicating that
there is something different going on between those chimeric constructs expected

to have amyloidogenic properties as compared to those that do not.
I 7oxic effects upon overexpression in the presence of [PSI']

One possible explanation for the inability of some protein domains to not
induce the formation of [PS/*] is due to toxicity upon overexpression. It was
previously known that the overexpression of Sup35N in a [PS/*] strain is toxic [51].
To test for toxicity in the presence of [PSI*] the chimeric plasmids were transformed
into the [PSI*] strain GT81-1C. Single colonies were inoculated into 10 mL of -Ura
medium and grown overnight at 30°C. Cultures were then diluted into new tubes
to an ODeoo of 0.1 containing only -Ura medium or -Ura medium supplemented
with an additional 150 uM CuSOs. Cultures were again incubated for 18 hours,
followed by serial dilutions and plating onto -Ura plates. Plates were examined

following 2-3 days of growth for toxicity.

The overexpression of the Sup35N-TauRD (Figure 6.10D) and Sup35N-
CBP (Figure 6.9F) leads to high toxicity in the presence of [PSI*], as compared to
the Sup35N control. Both of these protein domains were unable to nucleate [PSI*]
in a [psr][pin] strain. The high toxic nature of these plasmids in the presence of

[PSI*] could be a possible explanation for the why these domains are unable to
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Table 6.1 Summary of nucleation and toxicity data for each chimeric
construct.

Toxicity
. . Aggregatesin
Nucleation of Nucleation of
(PSH] [PSF] ﬂuores;:negt assay
Plasmids ina ina [psi] [psi] [PSI*] [psi][pir] strain
[p:{r]gi’r'lrr] [pssl;]rg?:qu pim] [PIN'] [PIN'] not fused to
Sup35N
Vector No No No No No N/A
Sup35N No Yes No No Yes Yes (non-prion
aggregates)
Yes (Rubel et.al.
Controls N-ABa, Yes Yes No No No 2013/This study)
N-IAPP Yes Yes No No No Not checked
N-Myo(WT) Yes Yes No No No Not checked
Yes (Rubel et.al.
N-PrP(90-230) Yes Yes No No No 2013)
Tau N-TauRD No Yes No No Yes  Yes(This Study)
domain
N(M)-U1-70kN No No No No No No (This study)
N(M)-U1-70kM No No No No No Yes (This Study)
U1-70k
domains N(M)-U1-70kC No No No No No  Yes(This Study)
N(M)-U1-70k No No No No No Not checked
N(M)-SNP1 No Yes No No No Not checked
N-CREST(C) Yes Yes No No Yes Not checked
CREST N-CREST No No No No No Not checked
domains
N-CREST(Cmut) No No No No No Not checked
osp N-CBP No Yes No No Yes Not checked
omain
N(M)-p53N No Yes No No Yes Not checked
N-p53M No Yes No No No Not checked
p53 N-p53M(R248Q) No Yes No No No Not checked
domains
NM-p53M Yes Yes No No No Not checked
NM-p53M(R248Q) Yes Yes No No No Not checked
N-PHC3is5-1 Yes Yes No No No Not checked
_PHC3 N-PHC3is5-2 Yes Yes No No No Not checked
isoforms
N-PHC3is6 Yes Yes No No No Not checked

nucleate in our system. However, toxicity may not completely abolish the

capabilities of protein domains form being able to nucleate [PS/*] in our system.
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The CREST(C) chimeric construct is slightly toxic as compared to the Sup35N
control, indicating that protein domains with at least slight toxicity are still able to
nucleate [PS/I*] (Figure 6.6E). The chimeric constructs containing Sup35N-CREST
and Sup35N-CREST(Cmut) showed no toxicity (Figure 6.6E) and were also unable

to nucleate [PSI*] de novo (Figure 6.8A).

We also examined the chimeric constructs expressing the domains of U1-
70k for toxicity. Interestingly, these chimeric constructs showed no toxicity ruling
out the possibility that the lack of nucleating potential is due to toxicity (Figure

$6.3).

We also observed in Figure S6.4, that the control plasmid Sup35N-ABa42
when overexpressed is not toxic in the presence of [PSI*]. This matches other
characteristics of other proteins, either here or in Chandramolwishwaran et. al.
2018 that proteins or amyloidogenic domains capable of inducing [PS/*], are not
toxic in yeast and can also induce [PS/I*] in a [psi][PIN*] strain when fused to the
PrD of Sup35. Table 6.1 summarizes both the toxicity and nucleation data seen

for each chimeric construct tested.
-Nucleation reduction by chemical 3C by Sup35N-Ap42

Initial prion nucleation is postulated to be an early step in the formation of
amyloidogenic fibrils associated with numerous amyloid/prion diseases. In
previous sections we have demonstrated that our nucleation assay can be used to
identify proteins or protein domains that contain amyloidogenic sequences. Here

we show that it can also be employed to investigate potential therapeutic
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Figure 6.12 Semi-quantitative detection of the inhibition of amyloid nucleation by 3c in
the yeast assay. (A) Scheme of curing assay for studying effects of chemicals on prion
nucleation by Sup35N-ABs-42in yeast. [psi-][pin-] strain GT17 expressing the chimeric Sup35N-
AB42 construct from the galactose-inducible Psa. promoter were grown in the galactose
medium in the presence of either compound 3c or solvent control for 36 hours. (B) Serial
dilutions of 3c-treated (upper line) and solvent-treated control (lower line) cultures were spotted
on the plasmid-selective medium (-His), compete organic medium (YPD) or plasmid-selective
medium lacking adenine (-His-Ade), that allows for the detection of [PS/*] colonies originated
from cells in which nucleation of an amyloid has occurred. Equal dilutions of cultures treated
with solvent (C) or 3c (D) were plated onto -His medium (1); -His/-Ade medium (2); and YPD
medium (3); or velveteen replica-plated from -His medium to -His/-Ade medium. (E)
Quantitative detection of the inhibition of amyloid nucleation by 3c in the yeast assay. Cells of
the [psi][pin7] strain GT17 expressing the chimeric Sup35N-AB42 construct from the galactose-
inducible PcaL promoter were grown in the galactose medium in the presence of either
compound 3c or solvent control for 16 hours, followed by plating cells onto the -His and -His-
Ade media (as shown on Figure 6.20B and C). Amyloid nucleation frequency (ANF) was
determined as the ratio between the concentrations of His* Ade* and total His* cells as
described in Experimental section. Means and standard deviations are shown for 3 biological
replicates (p-value as per two-tailed t-test).
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compounds and conditions specifically modulating the process of initial amyloid
nucleation in both a general and a protein-specific manner. For this study we
investigated the compound 3C, a newly synthesized compound whose structure
combines both tacrine and indole moieties that have been shown to have effects
in the treatment of AD [122]. To do this we used the chimeric plasmid containing
the SUP35N-Apfs2 under the PgaL promoter, that has already been shown to be

able to nucleate [PSI'] in the absence of any preexisting prions [110].

To do this we transformed the PGAL-SUP35N-ARB42 construct into both the
[psi][pinT] strain GT17. Plasmid-containing cells were grown in galactose medium
for protein expression, in either the presence or absence of 3c (140 uM), and
plated onto glucose medium, where the PGAL promoter was repressed, lacking
either only histidine (—His), for determining the concentration of plasmid containing
cells, or both histidine and adenine (—His/—Ade), allowing for the detection of Ade+
colonies resulting from the nucleation of the amyloid form of Sup35 protein, [PSI*]

(Figure 6.12A).

The culture treated with 3c displayed reduced formation of His® Ade*
colonies in comparison with the solvent control-treated culture (Figures 6.12B-E).
This decrease indicated inhibition of AB-dependent amyloid nucleation. The result
was confirmed two different periods of time, 36 h (Figure 6.12B-D) and 16 h (Figure
6.12E), respectively. Statistical significance of the differences shown in Figure
6.12B-D was confirmed by the t-test (two-tailed p = 0.0337). Thus, 3c is likely to
inhibit an early triggering step in the AB cascade. Further experiments are needed

to determine if 3c physically interferes with amyloid nucleation and whether or not
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this effect is specific to AB. However, even if 3c possesses a general anti-
nucleation effect applicable to various amyloids, it does not invalidate its potential

anti-Alzheimer’s properties.

6.4 Discussion

Our lab has previously demonstrated that the fusion of the Sup35 PrD to a
mammalian protein or protein domain with proven amyloidogenic properties is
sufficient for nucleating the formation of Sup35-based prions in yeast cells lacking
known pre-existing prions [47, 110]. Here we are able to demonstrate that our
experimental system can also be used to demonstrate in vivo (inside a living
organism) protein misfolding of proteins or protein domains that have only been
implicated in having amyloidogenic properties. This is demonstrated by our data
showing that the overexpression of our chimeric fusions with both the rat
CREST(C) domain (Figure 6.6C) and our data with the protein isoforms of PHC3
(Figure 6.5C) To our knowledge, no one has demonstrated that the CREST
protein in rats had amyloidogenic properties, only that the human version is
implicated in ALS. Interestingly, only the C-terminal portion of CREST in our assay
was able to nucleate [PS/*], not the full protein. One explanation for this is that the
protein sequence in the proposed PrD of CREST is more similar in sequence
between rat and humans and that the full-length protein is capable of overriding
this feature. Only certain isoforms of PHC3 were predicted to have amyloidogenic
properties. This was done using the computational ArchCandy 1.0 program,
developed by Dr. Andry Kajava (Montpellier University, France) which can predict

proteins sequence that are able to adopt B-arcade structures [123].
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In our model certain chimeric constructs containing fusions to proteins that
were predicted to have amyloidogenic properties were unable to induce [PSI*].
This includes both TauRD (Figure 6.10B) and CBP (Figure 6.9B). In both cases
the overexpression of these chimeric fusions was either more or had similar toxicity
to the overexpression of the control of Sup35N alone. As previously discussed, the
overexpression of Sup35 in a [PS/*] strain inhibits growth. This is due to the
sequestration of Sup45, the polypeptide release factor (eRF1). Sup35 in its non-
prion form is able to associate with Sup45 via its C-terminal domain, and both work

together to terminate translation of newly formed polypeptide chains [124].

One possible explanation for both TauRD and CBP’s inability to nucleate
[PSI] is that their expression is so toxic that the formation of [PS[*] is lethal in
these strains, which would result in their inability to be detected by growth on -Ade
medium. However, in the case of the chimeric fusion Sup35N-CREST(C) which
showed mild toxic behavior (Figure 6.6E) was still able to nucleate [PSI*]. This
could be due its ability to partly counteract sequestration of Sup45 into amyloids,
because Sup45 interacts with the C region of Sup35, and these proteins, when
included into the heterogenous structure, may shield Sup35 C-regions from

interaction with Sup45.

With our model we have also previously demonstrated that the ability of these
chimeric constructs to induce [PSl*] is based on the fusion proteins
amyloidogenicity [47, 110]. Multimerization alone was not sufficient to trigger the
formation of [PSI*]. This was specifically demonstrated by both the non-

amyloidogenic multimeric proteins Ade2 and LacZ [110]. Interestingly, here we
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show that the p53M domain was able to nucleate [PSI*], but only when fused to
the Sup35NM domain (Figure 6.8C) In most cases, we previously demonstrated
(such as in the case of PrP) that the M-domain when present in these chimeric
constructs takes on an anti-nucleation effect, which could be due to the presence
of potentially repulsive charged residues. In the case of p53M, which is a protein
domain capable of oligomerizing in its normal cellular function. Here the addition
of the M-domain of Sup35 to the chimeric fusion could allow for enough distance
in which to allow the domains of p53M to interact leading to the ability to grow on

-Ade medium giving the false impression of [PS/*] formation (Figure 6.13).

Amyloidogenic protein Oligomeric Proteins
amyloidogenic Proteins can form

protein with oligomers as normal
cross-B-sheets folding

i

fsuiz?ftg E===) Sup35N fused to an
&= oligomeric protein
MAP ﬂ
szzzgr;lg/' Sup35NM fused to an
oligomeric protein
MAP

Figure 6.13 Model for [PSF] induction by oligomeric prone proteins.
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We were also unable to detect [PSI*] formation of by the protein domain U1-
70kC using this assay. This is interesting as we previously demonstrated that the
overexpression of this protein domain led to the formation of cytoplasmic
aggregates that were detectable in yeast (Figure 5.2E) and that these aggregates
were detergent resistant (Figure 5.4E). One possible explanation for this includes
that fusion of protein sequences could lead to folding conformations in which the

PrD’s are not accessible or in conditions that are undesirable.

This data and those previously published (Chandramowlishwaran et. al
2018) demonstrated that our assay can be used to identify amino acid residues
specifically important for polymer nucleation, a crucial step triggering the
subsequent amyloid formation and pathogenicity of disease-related amyloidogenic
proteins. The rapid and easy phenotypic detection of prion nucleation in yeast
makes our assay amenable to high- throughput approaches. Moreover, this assay
can be employed to search for chemical factors and conditions specifically

modulating the process of initial amyloid nucleation.

6.5 Conclusions

e The QN-rich C-terminal domain of CREST and PHC3 isofoms5-1, 5-2,
and 6 can nucleate [PSI']. CREST(C) produced detergent-resistant
prion polymers as detected by SDD-AGE.

e Sup35N-CREST(C) can form nucleate different spectra of prion

variants.
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Amyloidogenic potential of PHC3 isoforms 5 and 6 was confirmed in
the C-DAG assay in E. coli.

Proteins TauRD and PolyQ domain of CBP are unable to nucleate
[PSI], however they have been shown to be toxic when overexpressed
in the presence of [PS/*].

The RNA-binding domain of p53 (p53M) shows growth on -Ade
medium when fused to Sup35NM. However, SDD-AGE analysis
indicates that it remains monomeric indicating growth on -Ade is due
not due to sequestration of endogenous Sup35.

U1-70k domains are unable to nucleate [PS/*], and also does not show
toxicity in the presence of [PSI].

Yeast nucleation assay based on Sup35N-AB42 can be used to detect

anti-amyloidogenic activity of 3C, a newly synthesized drug compound.
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OVERALL THESIS CONCLUSIONS

Amyloids of human AP peptide, that is associated with Alzheimer’s disease
(AD) can generate self-propagating strains of the chimeric protein, in which
the aggregation-prone region of yeast release factor Sup35 is substituted
by ABa2 (AB42-Sup35NR-MC).

The spectrum of strains derived from AD patients is different from those
from in vitro produced APaz.

ABa2-region is required for the maintenance of prion state by the chimeric
AB-NR-MC protein. This confirms that our system provides an adequate
experimental assay for the phenotypic detection of amyloid formation and
propagation by AB.

Human wild-type microtubule-associated protein Tau (MAPT) and its repeat
domain (TauRD) with tauopathy-associated mutations (but not wild-type
TauRD) are able to form aggregates, detectable by fluorescence
microscopy upon high expression in yeast, and these aggregates are
detergent resistant, a characteristic of amyloids. This establishes a yeast
assay for amyloid formation by Tau.

The C-terminal region of human RNA-binding protein U1-70k, containing
low-complexity domains is able to form detergent resistant aggregates
following high-expression in yeast cells. The same sequence elements

control U1-70k aggregation in human and yeast cells.
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e Yeast prion nucleation assay, based on chimeric prion domains, can be
applied for the identification of new mammalian amyloidogenic proteins and

detection of new anti-amyloidogenic compounds.
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APPENDIX

A. LIST OF YEAST STRAINS USED AND CONSTRUCTED IN THIS

WORK
Strain Prion Genotype
Background
o MATa adei-14 his3-A200 or 11,15 leu2-3,112
GT409 osr]lpin’] lys2 trp1-A ura3-52
| MATa ade1-14 his3-A200 or 11,15 leu2-3,112
GT81-1C | [PSIPIN'] lys2 trp1-A ura3-52
| MATa adel-14 his3-A200 or 11,15 leu2-3,112
GT159 [osi1[PIN'] lys2 trp1-A ura3-52
MATa ade1-14 his3-A200 leu2-3, 112 trp1-289
GT17 [psH[pin’] ura3-52
| MATo ade1-14 his34 (or 11,15) lys2 leu2-3,112
GT2126 losillpinT 14 <Up35::HIS3 [URA3 Psupss-ABso-SUP35NR-
[abeT] [abeT] MC]
| MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2306 si][pin
ABE29] [p[ o I]B[,’:i] V' trp1 sup35:-HIS3 [UR/I\;CITSUP%-AB42-SUP35NR-
| MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2217 [psi][pin] .
ABEY10] ABE tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
| MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT12216 losrllpinT 4 < Up35:-HIS3 [URA3 Psupss-ABso-SUP35NR-
[ABE*-9] [ABE"] el
._._ MATa ade1-14 his34 (or 11,15) lys2 ura3-52
GT680 [psrlipin'] leu2-3,112 trp1 sup35--HIS3 [URA3 SUP35]
. | MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2387 si][pin
BT [p[ o I]B[,’:i] V' trp1 sup35:-HIS3 [UR/I\;CITSUP%-AB42-SUP35NR-
. | MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2380 [psi][pin] .
ABE"-30] o tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
. | MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2376 [psi][pin] -
ABE".26] ABE tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
GT2381* psilpin] | MATo adel-14 his3A (or 11,15) lys2 leu2-3,112
[ABE*-31] S trp1 sup35::HIS3 [URA3 Psupss-ABaz-SUP35NR-

MC]
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MATo ade1-14 his3A (or 11,15) lys2 leu2-3,112

GT2384* [psilpin] !
ABE-34] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
. o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2386 [psi][pin] -
ABE-36] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
) o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2378 [psi][pin] .
ABE-28] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
. o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2379 [psi][pin] .
ABE"-29] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2127 losrllpin] 14 < Up35::HIS3 [URA3 Psupss-ABso-SUP35NR-
[ABE*-1] [ABE*] el
o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2147 losrllpinT 144 < Up35::HIS3 [URAS Psupss-ABso-SUP35NR-
[ABE*-2] [ABE*] el
. o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2382 [psi][pin] .
ABE~-32] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
. o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2383 [psi][pin] -
ABE-33] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
) o MATa ade1-14 his3A (or 11,15) lys2 leu2-3,112
GT2385 [psi][pin] -
(ABE35] ABE" tro1 sup35::HIS3 [UR/ﬁCI?supas-AB4z-SUP35NR-
GT671 [psi][pin] MATo ade1-14 his3A (or 11,15) lys2 ura3-52
leu2-3,112 trp1 sup35::HIS3 [LEU2 SUP35]
OT224 o .
(BY4741) [psi] [PIN'] MATa his3-1 leu2-0 met15-0 ura3-0
Deletion
Cg{'&‘;ﬂ'ﬁ” [psi][PIN'] | MATa leu2-0 met15-0 ura3-0 mds1A:: kanMX4
mdsiA
Deletion
Cg{'&‘;ﬂ'ﬁ” [psi][PIN*] | MATa leu2-0 met15-0 ura3-0 pho85A:: kanMX4
pho85A4
GT2365* MATa leu2-0 met15-0 ura3-0 mds1A:: kanMX4

[psi] [PIN]

pho85::HIS5

* Denotes strains constructed in this work.
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B. LIST OF SHUTTLE PLASMIDS USED AND CONSTRUCTED IN THIS

WORK
Collection Plasmid Plasmid | Yeast Expression
Name Type Marker Promoter | cassette under
Number promoter
Psupss-
ABa42- AB42-SUP35NR-
1480 Sup35NR- CEN URA3 Psupss SUP35MC
Sup35MC
Psupss-
ABa42- AB42-SUP35NR-
1524 Sup35NR- CEN LEU2 Psupss SUP35MC
Sup35MC
Peupr- SUP35NR-
Sup35MC
Pcupi1- ABao-
1745* Sup35NR- | CEN | LEU2 Pcup1 Aﬁgﬁé@ﬁg R
Sup35MC
Pcupi1- ABao-
1738* Sup35NR- | CEN | URA3 | Pcupr Aﬁgﬁé@ﬁg R
Sup35MC
1585 Pcup1-YFP CEN LEUZ2 Pcup1 YFP
1586 Pcupi1-CFP CEN URA3 Pcup1 CFP
1588 Pcep-YFP 2u URA3 Perp YFP
* Pcup1-
1603 TauRD-YFP CEN LEU2 Pcup1 TAURD-YFP
Pero-
1695* TauRDpro- 2u URA3 Parp TAURDPRO-YFP
YFP
x Pepp-
1685 TauRD-YEP 2u URA3 Parp TAURD-YFP
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Pcup1-

1696 |, SUT | CEN | LEU2 | Pour MAPT-YEP
Pcup1-
1651 Sup35N- | CEN | URA3 | Peups SUP35N-GFP
GFP
1680* | P GP@'F’;B“Z‘ 2u | LEU2 | Pepo Afuo-CEP
1607 | P CU’&;’SB“Z' CEN | URA3 | Pecups Afur-CFP
1599+ | Pouer-Ul- 1 oo | LEU2 | Poues U1-70KN-YFP
70kN-YEP
1600 | fowerrUl- e L LEU2 | Peuer | U1-TOKNM-YEP
70kNM-YFP
1664 | PovrrUl- 1 cen | tEU2 | Pouer U1-70KM-YEP
70kM-YEP
1647+ | PoverUl- 1 cen | tEU2 | Pouer U1-70KC-YEP
70KC-YEP
Pcupi- U1-
1602* 70kNM- CEN | URA3 | Pcupr | U1-7T0KNM-CFP
CEP
1717* Peups- U1- CEN URA3 Pcup1 VI-roRe
70kC-CEP CFP
186 DYCH-U2 | CEN | URA3 | Psupss SUP35
171 ORS415 CEN | LEU? Poat EMPTY
407 oMCUP1 | CEN | URA3 | Peups EMPTY
Pcup1-
1258 | g oo | CEN | URAS | Poues SUP35N-HA
Pcup1-
. Sup35N- SUP35N-
13447 | SOG) | CEN | URAS | Poues CREST(O1HA
HA
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Pcup1-

SUP35N-CREST-

1690* Sup35N- | CEN | URA3 | Pcurs A
CREST-HA
oo SUP35N-
1691* P CEN | URA3 | Pcurr | CREST(Q394STO
CREST(Q3 PI-HA
94Stop)-HA
Pcup1-
1345* Sup35N- | CEN | URA3 | Pcupr | SUP35N-CBP-HA
CBP-HA
Pcup1-nERI-
1433 Sup35N- | CEN | URA3 | Power | SYP 35’;"2%(”767'
AB(ME1-42) )
Pcup1-
1496 Sup35N- | CEN | URA3 | Pcurs SUP35N-ADE2
Ade2
Pcup1-NM-
1134 HA CEN | URA3 | Pcups SUP35NM-HA
Poupr- SUP35N-
1491 Sup35N- | CEN | URA3 | Pcurs PCH3I5A
PCH3is5-1
Poups- SUP35N-
1492 Sup35N- | CEN | URA3 | Pcups PCH3I95.2
PCH3is5-2
Pcup1-
Sup35N- SUP35N-PCH3IS6
1495 PCH3is6 CEN URAS3 Pcup1
\ Pesga- CSGASS-
1631 PHC3is5-1 N/A Pesga PHC3is5-1
* PCSgA_ .
1642 R N/A Pcsgn | CSGASS-PHC3is6
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CSGASS-

CSGASS-
1320 pc53-SN3 N/A Poss P53
Pcupr- SUP35NM-P53N-
1335* | Sup35NM- | CEN | URA3 | Pcups A
053N-HA
Pcupr- SUP35NM-P53M-
Sup35NM- HA
1336* 053M-HA | CEN | URA3 | Pcups
Pcup1-
1339* Sup35N- | CEN | URA3 | Pcupr | SUP35N-P53N-HA
053N-HA
Pecupr- SUP35N-P53M-
1340* Sup35N- | CEN | URA3 | Pcurs "
053M-HA
Pcup1-
. Sup35N- SUP35N-
14797 | hsam(Roag | CEN | URAS 1 Pewer | posyiiRoggq)-Ha
Q)-HA
Pcup1-
. | Sup35NM- SUP35NM-
1484 SsamRods | CEN | URA3 | Poues PBIMR2480)
Q)
Pcup1-nERI-
1322* Sup35NM- | CEN URA3 Pcupr NERI-SUPSSNM-
PRP
PrP
Pcupr-nERI- NERI-SUP35N-
Sup35N- AB3-42
1324* ABR3-42 CEN URA3 Pcup1 i
1321* Pcup-nERI CEN URA3 Pcup1 EMPTY
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NM-PRP90-230

1145
Pcupi-
1222 Sup35N- CEN URAS3 Pcup1 SUP35N-AB3.42
ABs-42
1387 N/A U1-70K
Pcup1-
1525~ Sup35N- CEN URA3 Pcup1 SUP35N-U1-70KN
U1-70kN
Pcupi-
Sup35N-
. SUP35N-U1-
1526 U1-70kNM CEN URA3 Pcup1 Z0KNM
Pcup1-
Sup35N-
1487~ U1-70kC CEN URA3 Pcup1 SUP35N-U1-70KC
Pcupi-
Sup35N- SUP35N-U1-70K
1498* U1-70k CEN URA3 Pcup1
Peupr- SUP35N-SNP1-
16527~ Sup35N- CEN URA3 Pcup1 HA
SNP1-HA
Pcupi-
Sup35NM- 1.
1548* U1-70kN | CEN | URA3 | Pcups SuP ?;(5)%‘\/” u1
Pcupi-
Sup35N-
. SUP35N-U1-
1549 U1-70kNM CEN URA3 Pcup1 Z0KNM
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1485*

Pcup1-
Sup35NM-
U1-70kC

CEN

URA3 Pcup1

SUP35NM-U1-
70KC

1486*

Pcup1-
Sup35NM-
U1-70k

CEN

URA3 Pcup1

SUP35NM-U1-70K

1550*

Pcup1-
Sup35NM-
SNP1-HA

CEN

URA3 Pcup1

SUP35NM-SNP1-
HA

1633*

Pcup1-
Sup35N-
TauRD-HA

CEN

URA3 Pcup1

SUP35N-TAURD-
HA

1472

pcDNA-RD
WT-HA

N/A

1264

pLA1-
Sup35N

CEN

HIS3 PecaL

SUP35N

1268

pLA1-
Sup35N-
ABs-42

CEN

HIS3 PecaL

SUP35N-Ap53.42

1423

Pcup1-
Sup35N-
IAPP

CEN

URA3 Pcup1

SUP35N-IAPP

1328

Pcupi-
nER1-

Sup35N-
MyoWT

CEN

URA3 Pcup1

SUP35N-MYOWT

* Denotes plasmid constructed in this work.
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C. LIST OF PRIMERS USED IN THIS WORK

Collection Name Sequence 5’-3’ Direction
Number
CREST
1080 >l | CAGAATTCATGAGTCAACAGTACTAC | Forward
CREST 04 | CCTCTAGATTTAGCGTAATCTGGTAC
1081 4 | GTCGTATGGGTATTGCTGGTAATTTC | Reverse
Rev HA CA
13pp | CREST(Full) | CAGAATTCATGTCCGTGGCCTTCGC |
EcoRI For | GTCG
CREST(Full) | CCTCTAGATTAAGCGTAATCTGGTAC
1323 Xbal HA | GTCGTATGGGTATTGCTGGTAATTTC | Reverse
Rev CACATTG
CREST | CCTCTAGATTAAGCGTAATCTGGTAC
1324 Q338Stop | GTCGTATGGGTACTCATAGCCGTAA Reverse
Xbal Rev | GGCCGCTGCTG
078 | cBp 0.5E0r gAGAATTCATGTTACGGAGGCAGCT Forwand
CBP 0.5Rey | CCTCTAGATTTAGCGTATCTGGTACG
1079 HA TCGTATGGGTAGGAATGTGGAGGCT Reverse
GGGACTG
1287 P“&?':§;1 TATAGCGGCCGCAATGGCGGAA Forward
1288 PHC3is5-1 | TATATCTAGATTAGTGATGATGGTGA | o
Rev TGGTAAAATTT
1289 PNHOfiisf TATAGCGGCCGCAATGGATACT Forward
1088 J53M For gGGAATTCTCATCTTCTGTCCCTTCC Forwand
CCTCTAGATTAAGCGTAATCTGGTAC
1089 053M Rev | GTCGTATGGGTAGGTGTTGTTGGGC | Reverse

AGTGC
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CCGAATTCATGGAGGAGCCGCAGTC

1090 p53N For AG Forward
GCTCTAGATTAAGCGTAATCTGGTAC
1091 pS53N Rev | GTCGTATGGGTAAGCTTCATCTGGA Reverse
CCTGGG
1170 p53M mut. | GCATGGGCGGCATGAACCAGAGGC Forward
Foward CCATCCTCA CCATC
1171 p53M mut. | GATGGTGAGGATGGGCCTCTGGTTC Reverse
Reverse ATGCCGCC CATCG
U1-70KN CGCCGAATTCATGACCCAGTTCCTG
1138 Forward
For CCGC
1165 U1-70KC GGGCGAATTCCGAACCGTCAAGGG Forward
For CTGGA
1167 U1-70KC GTTCTAGATTACTCCGGCGCAGCCT Reverse
Xbal Rev CCAT
1244 U1-70kN TCTCTAGATTACCCCTGAGCATTGGG Reverse
Xbal Rev | ATCATTGTG
1245 U1-70kRRM | CGTCTAGATTAGCCCCTCTCCACGT Reverse
Xbal Rev CCA
1246 SNP1 EcoRI | CGCCGAATTCATGAATTATAATCTAT Forward
Forward CCAAGTATCCAGACGACGTGTC
SNP1-HA | AAGCGGCTTAAGCGTAATCTGGTAC
1259 Not1 GTCGTATGGGTAATAGTAGTCGGGC Reverse
Reverse GCTTC
GCGTGAATTCCAGACAGCCCCCGTG
ECORI Tau | CCCATGCCA
1131 (244) For Forward
Tau RD Sacl AGTCGAGCTCTCAAGCGTAATCTGG
1298 AACATCGTATGGGTATTCAACTTTTT Reverse
Rev
TATT
Tau (244-
1136 372) BamHi GCGTGGATCCGTCGCCACCATGCAG Forward

For

ACAGCC CCCGTG
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Tau FL Xbal

GCTCTAGACAAACCCTGCTTGGCCA

1329 Rev GGGAGGC Reverse
U1-70kN CGCCGGATCCATGACCCAGTTCCTG
1263 Forward
BamHI| For | CC
1264 U1-70kN TCTCTAGACCCCTGAGCATTGGGAT Reverse
Xbal Rev CATTGTG
U1-70k
1265 RRM Xbal | GCTCTAGAGCCCCTCTCCACGTCCA Reverse
Reverse
1266 U1-70kC CGGGATCCATGCGAACCGTGAAGGG Forward
BamHI| For | CTGG
1267 U1-70k Full | TCTCTAGACTCCGGCGCAGCCTCCA Reverse
Rev TCAAATA
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D. SUPPLEMENTAL FIGURES AND TABLES

Table S3.1 Summary of weak subtypes generated after transfection from
samples derived from AD brain extracts and in vitro seeded by brain
extracts.

Origin of AB Brain region Strains of Ade" transfectants
42 : .
sample or pl%tlent Subtype 1 Subtype 2 Subtype3 Total Ade
Frontal
Lobe 3 8 7 18
Occipital
In vitro seeded Lobe 2 5 14 21
by AD brain Temporal
1 1 4 6
extracts Lobe
Parietal
Lobe 0 1 0 1
Total 6 15 25 26
0S0-159 1 7 3 11
2 4 4 10
ADbrain ~ O0SO-163
extracts 0S0-300 1 2 5 8
E14-14 1 0 1
Total 4 14 12 30

Table S4.1 Statistical comparison by t-test for the experiments shown on
Figure 4.9.

Transformed Compared Strains p value*
plasmid

WT and mds14 0.020

MAPT-YFP WT and pho854 0.117
WT and mds14 pho854 0.036

WT and mds14 0.014

AB42-CFP WT and pho854 0.926
WT and mds14 pho854 0.006
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Table S4.2 Comparison of normalized MAPT level in deletion strains vs. wild-
type.

Mean ratio of protein level in the deletion versus wild-

strain type stain after high expression of MAPT-YFP (with
standardized error)
mds14 52+0.9
pho854 0+£0.2
mds14 pho85A4 6.5+2.8

MAPT protein was detected by GFP antibody. Band intensities were measured to
densitometry and normalized by loading control (Coomassie or Ponceau S). Ratios
between the normalized protein levels in the deletion strain and control wild-type were
always determined for the pairs run on the one and the same gel. Mean ratios and errors
were calculated based on results from 3 independent cultures.
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[psipinT] i

Empty

N

N-PHC3is5-1
N-PHC3is5-2
N-PHC3is6
[osi1[PIN']
Empty
N
N-PHC3is5-1
N-PHC3is5-2
N-PHC3is6

Figure S6.1 Phenotypic detection of nucleation by isoforms of PHC3 in a [psi
l[PIN*] strain and toxicity data. (A) Copper induced overproduction of the
chimeric proteins containing Sup35N fused to the isofoms of PHC3 and A4
continue to promote the de novo formation of [PSI*] in a [psi][PIN'] strain. (B)
Serial dilutions of cultures showing the toxicity of the chimeric constructs fused to
Sup35N as expressed in a [psi][pin’] strain (top panel) and [psi][PIN*] (bottom).
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S S
N o
150uM CuSO; - 4 SAIPINY i [psiIPINY
- Vector | F Vector
r N . 1 NM
| N-p53N P NMp53N
N-p53M NM-p53M
N-p53M(R248Q) ~ NM-p53M(R248Q)
P N-AB42 : NM-AB4,
anti-HA Ade Ade

Figure S6.2 Biochemical characterization and nucleation by p53 in a [psi
1[PIN*] strain. (A) SDD-AGE gel is probed with the anti-HA antibody detecting the
chimeric construct of NM-p53M. (B) Overexpression of all of the domains of p53
fused to either Sup35N and Sup35NM are able to induce [PS/'] when

overexpressed in a [PIN*] strain.
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N-SNP1
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B
si[pin’] [psi[pin’]
Vector Vector [
NM NM
NM-U1-70kN
NM-U1-70kNM NM-U1-70k
NM-U1-70kC NM-SNP1
NM-AB,, NM-AB,,
Vector Vector
NM NM
NM-U1-70kN NM-U1-70k
NM-U1-70kNM
NM-U1-70kC NM-SNP1
NM-AB,, NM-AB4;
[PSHIPIN'] [PSHIPINY
Vector Vector
NM NM
NM-U1-70kN
NM-U1-70kNM N::MU;,:S:
NM-U1-70kC )
NM-AB,4, NM-AB4,

Figure S6.3 Toxicity of chimeric fusion containing domains of U1-70k. (A)
Serial dilutions of cultures showing the toxicity of the chimeric constructs as
expressed in a [psi][pin’] strain (top panel), [psi][PIN*] (middle), and a [PSI*][PIN*]
strain (bottom) of Sup35N fusion constructs. (B) Toxicity by Sup35NM fusion
constructs.
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Figure S6.4 Toxicity of previously published control plasmids. Serial dilutions
of cultures showing the toxicity of the chimeric constructs as expressed in a [psr
1[pin] strain (top panel), [psi1[PIN*] (middle), and a [PSI*][PIN*] strain (bottom).
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Figure S6.5 Toxicity caused by domains of p53. (A) Serial dilutions of cultures
showing the toxicity of the chimeric constructs fused to Sup35N as expressed in a
[psi][pinT] strain (top panel), [psi][PIN*] (middle), and a [PSI*][PIN*] strain (bottom).

p53N shows slight toxicity as compared
continued for Sup35NM constructs.
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