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ABSTRACT
Examining prionogenic domains in
the Swil protein, yeast evolution, and novel disease-related aggregators
Dustin K. Goncharoff

Thesis Advisor: Liming Li

Prions are self-perpetuating, alternative protein conformations associated with
neurological diseases and normal cellular functions. Saccharomyces cerevisiae contains many
endogenous prions — providing a powerful system to study prionization. Previously, the Li Lab
demonstrated that Swil, a component of the SWI/SNF chromatin-remodeling complex, can form
the prion [SWI*]. A small region, Swiliss, with a unique amino-acid composition of low
complexity, acts as a prion domain and supports [SWI*] propagation. Here, we further examine
Swilisg through site-directed mutagenesis. We found that mutations of the two phenylalanine
residues at positions 3 and 4 or the threonine tract at positions 15 to 22 inhibit Swili-3s aggregation
and prion propagation. In addition, mutating both phenylalanines can abolish de novo prion
formation by Swili.sg whereas mutating only one phenylalanine does not. Replacement of half or
the entire eight-threonine tract with alanines has the same effect, possibly disrupting a core region
of Swilizs aggregates. We also show that Swiliss and its prion-fold-maintaining mutants form
high-molecular-weight, SDS-resistant aggregates whereas the double phenylalanine mutants
eliminate these protein species. These results indicate the necessity of the large hydrophobic
residues and threonine tract in Swilisg in prionogenesis — possibly acting as important
aggregatable regions. Our findings thus highlight the importance of specific amino-acid residues

in the Swil prion domain in prion formation and propagation.
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Given the multitude of endogenous yeast prions identified in S. cerevisiae, including the
aforementioned Swil, there remains an open question as to what is the evolutionary importance of
these proteins and the prion domains contained within. A recent study sequenced over a thousand
S. cerevisiae isolates from diverse geographic and ecologic origins. This data set has provided us
the opportunity to probe the selection pressures that yeast prion proteins have undergone. Through
comparison to S. paradoxus — the closest extant relative of S. cerevisiae, we have examined the
rate of nonsynonymous (dn) and synonymous (ds) substitutions in yeast prion genes as well as
several yeast prion-related genes including the FLO genes, which regulate yeast multicellularity
and are regulated by a yeast prion network. In doing so, we have found an absence of evidence for
correlation between the ecological origin of a yeast isolate and the observed selection pressures on
both yeast prion genes and the FLO genes. However, there exists a divergent group of isolates
undergoing strong selection pressure for FLO11. Most intriguingly, we find that yeast prion genes
experience greater variation in their computed dn / ds values for their PrD-encoding regions as
compared to their non-PrD-encoding regions. Additionally, the PrD portions of the genes are under
purifying selection though the selection pressure is weaker than the non-PrD regions as viewed by
the dn / ds ratio. Lastly, we examined predicted prionogenicity — as evaluated by the PLAAC and
PAPA algorithms — as a stand-in for the functioning of the proteins that would be produced by the
diverse alleles of yeast prion genes. General ecological origin did not correlate with changes in
prionogenicity, and no strong correlations were seen in prionogenicity of different yeast prion
proteins. In summary, although S. cerevisiae exists in a variety of ecological niches, the multiple
yeast prion genes contained in the species are relatively maintained in their prionogenic potential

but still undergoing relatively greater nonsynonymous changes in their PrD-encoding regions.
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Prion proteins also play an important role throughout other organisms including humans.
Unfortunately, these proteins and related prion-like proteins underpin numerous incurable
neurological diseases. Recent research has suggested a role for the prion phenomenon in cancers
as p53 — which is widely mutated in cancers — can aggregate in a prion-like fashion that is also
pathologically relevant. As such, we set out to use a bioinformatically-informed approach to
identify novel protein aggregators involved in cancer. By using a combination of established
prediction algorithms for prionogenicity, amyloidogenicity, disorderedness, and general
aggregation propensity, we selected a group of top-ranked cancer-related proteins. From these
proteins, we have found that several BAF complex proteins readily aggregate in a yeast model
system. The BAF complex — also known as the human SWI/SNF complex — is highly mutated
across virtually all cancer types and contains proteins functionally homologous to the yeast prion
protein Swil. Thus, the aggregation of these proteins in a yeast model may indicate possible
disease-relevant aggregation is possible in humans as well. Furthermore, we identified that PrLDs
contained in the clathrin interacting protein CLINT1 and in the circadian clock protein CLOCK
can act as bona fide prion domains in a yeast assay. CLINT1 PrLD and CLOCK PrLD A - so
termed due to the presence of two predicted PrLDs in CLOCK — both form monomeric, diffuse
conformations in yeast as well as alternative conformations. These alternative conformations are
stable and heritable and form high-molecular weight, SDS-resistant protein species. Given the
important role that CLINTZ1 plays in vesicular trafficking and CLOCK plays in circadian rhythms
and healthy homeostasis, aggregation driven by these PrLDs may possibly act as a foundation to

human diseases including cancer, schizophrenia, and neurodegeneration.
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CHAPTER ONE

Introduction

Proteinaceous infectious particles, or prions were first described by Prusiner in 1986 (1).
Initially, this concept was applied to a singular protein, which is now known as the namesake prion
protein (PrP). PrP can exist in multiple conformations — the normal, cellular form (PrP®) that
consists of a primarily alpha-helical structure and numerous disease-associated, prion forms
(PrP>°) that principally consist of beta-sheets. PrP and other prion proteins have several defining
characteristics: 1. A protein-only existence; 2. Capability to transmit a prion fold from molecule
to molecule; 3. Infectivity from cell-to-cell or organism-to-organism. These early descriptions of
prions were done in conjunction with the investigation of a group of deadly neurological diseases
known as transmissible spongiform encephalopathies (TSEs), which include scrapie and bovine
spongiform encephalopathy (BSE; i.e., mad cow disease) in farm animals and Creutzfeldt-Jakob
disease (CJD) in humans. The prion concept has since grown to encompass proteins from across

diverse species and involved in myriad diseases and even in a variety of functional roles.

Prions and Neurodegeneration

Currently, diseases with prion-like pathology — other than the aforementioned TSEs —
include neurodegenerative diseases as well as some cancers, which is a topic to be covered in the
next section. Chief amongst these neurodegenerative diseases are Alzheimer’s disease (AD),
Parkinson’s diseases (PD), and amyotrophic lateral sclerosis (ALS). Common pathologies can be
found amongst these diseases — aging, proteasomal disfunction, mitochondrial disfunction,

widespread cell death, among others. Protein aggregation exists as a hallmark of
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neurodegeneration. In AD, amyloid-beta (AB) and tau form the characteristic plaques and tangles
(2). In PD, alpha-synuclein (a-syn) forms various deposits including the well-known Lewy bodies
(3). In ALS, a variety of proteins including HNRNPA1/2B1 (heterogeneous nuclear
ribonucleoprotein Al and A2B1), FUS (fused in sarcoma), SOD1 (superoxide dismutase 1), and
TDP-43 (TAR DNA-binding protein 43) can form aggregates (4). Curiously, many of these
proteins have shown characteristics of a prion. While proteins generally must have demonstrated
infectivity to be termed prions, another classification — prion-like — has been created for proteins
that display prion behavior without proving to be infectious from one organism to another. Many
neurodegenerative proteins involved in the formation of aggregates have been found to act in a
prion-like manner. These prion-like characteristics include intercellular transmission, templating
of normally folded proteins, formation of amyloids, and the existence of different conformational
strains.

The AP peptide drives the neuronal cell death found in AD. In this disease, A forms toxic
oligomers and deposits known as plaques. The appearance of these plaques in mice can be seeded
through injection of AD brain lysates (5). This seeding can be prevented by denaturation or
treatment with AB-specific antibodies, indicating that the A protein is necessary for successful
seeding (6). Additionally, AP isolated from patients with various diseases exists as amyloids with
varying structures — supporting the notion of prion-like strains of Ap conformations (7). Stages of
AD can be determined in post-mortem brains through examination of which areas of the brain have
developed plaques and neurofibrillary tangles (NFTs) formed by the tau protein (8). This
progressive appearance of plaques in various brain areas serves to underscore the prion-like
spreading of AP pathology in AD. In these experiments and many others, Ap behaves in a prion-

like manner and its associated pathology reflects this behavior (9).
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The tau protein normally functions as a microtubule-associated protein and its structure is
highly disordered (10, 11). In AD pathology, tau can be found aggregated — typically as amyloids
and hyperphosphorylated — in NFTs. Moreover, tau pathology underpins a multitude of other
neurodegenerative diseases such as corticobasal degeneration (CBD), frontotemporal dementia
(FTD), chronic traumatic encephalopathy (CTE), and progressive supranuclear palsy (PSP), which
collectively are known as tauopathies. As such, the development of treatment strategies for tau
aggregation and its associated toxicity and cell death has great importance. Recent studies have
revealed strong evidence for the prion-like behavior of tau in disease. Just as with AP, brain
homogenates from diseased patients or transgenic mice can propagate tau inclusions when injected
into mice brains and homogenates from these mice can also be secondarily used for injection-
based propagation (12, 13). This seeding capability of tau has been confirmed with other in vivo
assays (14). Furthermore, the different progressions and disease phenotypes of various tauopathies
have been hypothesized to occur due to differences in initial formation of pathological tau
aggregates and the route through which they spread (15, 16).

Perhaps the most convincing evidence for the prion-like nature of tau came in the form of
identification of disease-specific strains of tau aggregates (17). Through usage of brain
homogenates from patients with different tauopathies, the aggregatable tau RD (repeat domain;
previously identified as an aggregation core) was seeded to form a multitude of strains in a cell
culture model (18). Aggregate morphology and patterns of high-molecular weight aggregates
observed via SDD-AGE (semi-denaturing detergent agarose gel electrophoresis) could clearly
delineate between these different strains (17). In summation, the prion-like tau protein is
amyloidogenic, forms disease-specific strains, spreads intercellularly, and can be artificially

propagated between organisms — indicating the prion-like nature of tauopathies.
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The pathology of PD is marked by inclusions of a-syn in the form of Lewy bodies as well
as other aggregates (3). Aggregation of a-syn often takes place in the form of amyloids and
different fibril strains with variable properties have been identified (19, 20). Moreover, these
amyloid aggregates are capable of seeding a-Syn aggregation when injected in mice brains (21,
22). Intercellular transmission of a-syn misfolding and aggregation has been well-documented and
underpins modern models of PD and other synucleinopathies (i.e., diseases with a-syn pathology)
(23). The structure and histology-based post-mortem Braak staging of PD and the observable
progression of brain structures affected in PD reflect the likelihood that prion-like neuron-to-
neuron transmission drives a-syn pathology (24). Significantly, recent studies have also found that
relatively less invasive introduction of a-syn fibrils (e.g., through the peripheral nervous system
or even orally or intravenously) can induce neurological disease in mice (25, 26). In summary, o-
syn recapitulates most of the characteristics of a bona fide prion protein and the prion-like
spreading of a-syn aggregation underlies the neurodegeneration observed in PD and other
synucleinopathies.

As mentioned earlier, ALS has a number of prion-like proteins — including
HNRNPA1/2B1, FUS, SOD1, and TDP-43 — involved in its pathology (27). RNA-binding proteins
account for many of these proteins including all of those mentioned other than SOD1. The presence
of regions with prion-like sequences in many RNA-binding proteins — particularly of those
involved in neurodegeneration — has been well-documented (28, 29). In fact, HNRNPA1 and
HNRNPA2B1 present with disease-specific mutations that increase their predicted
amyloidogenicity and enhances the aggregation of both proteins (30). A predicted prion-like
domain (PrLD) from HNRNPA2B.1 can even act as a prion domain as part of a fusion protein in a

yeast assay. Another protein, FUS has been shown to phase separate as well as form amyloid
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aggregates (31-34). Moreover, mutant FUS can form aggregates that recruit wild-type (WT) FUS
to also aggregate — a behavior reflective of confirmed prion proteins (33). A fourth RNA-binding
protein, TDP-43 shows similarities to the amino-acid composition of yeast prion proteins (28). Not
only can TDP-43 phase separate and form amyloid aggregates, but these aggregates are
intercellularly transmissible in cultured cells (35-39). Similarly to AP and tau, significant evidence
for the prion-like disposition of TDP-43 comes in the form of injection of diseased human brain
homogenates into the brains of transgenic mice, where the homogenates seeded further TDP-43
aggregation (40). Lastly, as the first protein linked to inherited forms of ALS, SOD1 has been the
focus of much study (41). Inclusions of SOD1 can be found in both familial and sporadic forms of
the disease, and the protein is capable of forming amyloid fibrils in vitro (42-44). The intercellular
prion-like transmission of SOD1 aggregation has been demonstrated in cell culture and the ability
for mutant SOD1 to recruit WT SOD1 — as with other prion-like proteins — was shown (45, 46).
Once again, SOD1 is also a protein whose aggregation can be seeded in mice through injection of
homogenates from diseased spinal cords (47). Finally, as discussed with tau, evidence of distinct
propagatable strains of SOD1 aggregates exists — further supporting the prion-like nature of SOD1
(48).

The range of prion-like proteins involved in neurodegenerative diseases displays the
important and significant role of this mechanism in human disease. Furthermore, the understanding
of prion formation and propagation holds the promise of development of new efficacious
therapeutics for these currently incurable diseases. As such, examination of any and all prion and
prion-like proteins — whether in humans, model organisms, or elsewhere — is bound to elucidate

critical information.
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Prions and Cancer

As described in the previous section, prion and prion-like proteins have primarily been
implicated in neurodegenerative diseases. However, recent studies have implicated prion-like
aggregation as an important pathological process in cancers. Cancer, the unregulated growth and
division of aberrant cells results from mutations in a plethora of genes. There exists a perspective
of neurodegeneration and cancer as two ends of a spectrum of disease — with uncontrolled cell
death at one end and unregulated cellular proliferation at the other, respectively. This view has
been supported by longitudinal studies that the risk of particular neurodegenerative diseases (e.qg.,
AD) are negatively correlated with some cancers (49, 50). Additionally, there appears to be a
transcriptional basis for this divergence between the two sets of diseases (51, 52). As such, protein
aggregation, let alone prion-like protein behavior, has typically been perceived as the realm of
degenerative diseases — not proliferative diseases.

On the other hand, there exists several similarities between cancer and neurodegenerative
diseases. Foremost among these likenesses is the age-related risk of the diseases. Additionally,
disruption of homeostasis is the cornerstone of any disease, though traditionally,
neurodegeneration has been seen to revolve around aberrant proteostasis and cancer ultimately
revolving around genetic disorder (53, 54). However, both neurodegeneration and cancer do have
notable related mechanisms across both proteostasis, DNA damage, and cell cycle dysregulation
among others (55). Indeed, recent research has revealed that even aberrant protein aggregation —
typically tied to cytotoxicity and cell death — has an important role in the formation of cancers
(56).

The most commonly mutated gene across all cancer types is the gene encoding p53 (57).

As a tumor suppressor protein, p53 has been commonly termed the ‘guardian of the genome’ due
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to its functioning in the cell cycle, DNA damage repair, and apoptosis. Intriguingly, p53 and other
genes commonly mutated in cancers sometimes present with hot-spot residues — i.e., amino-acid
residues that have a high frequency of mutations detected in cancer (58). In the case of p53, some
of these hot-spot mutations have been found to associate with a toxic gain-of-function as well as
changes in physical interactions with other proteins (59). This observed toxic gain-of-function
exhibits dominant-negative behavior through conformational changes of wild-type p53 expressed
alongside the mutant (60, 61). This dominant-negative, gain-of-function behavior mirrors that of
prion-like proteins in neurodegenerative diseases.

Mutant p53 has the capability to aggregate, form amyloids, and recruit WT copies of the
protein to co-aggregate (62—64). Initially, examination of breast cancer patient samples displayed
a co-localization of p53 and amyloids (as recognized by the amyloid oligomer-specific A1l
antibody) (65). Further investigation yielded that p53 could aggregate in vitro and form amyloid
fibrils as reported by thioflavin T (ThT) fluorescence (66). Intriguingly, aggregated p53 was found
to cause other proteins including p63 and p73 to co-aggregate, providing a mechanism through
which mutant p53 can achieve a toxic gain-of-function (67). Additional study has revealed that
p53 can act as a prion in a yeast model system and in doing so, forms amyloid aggregates and
disrupts normal p53 functioning (68). Also, in yeast cells, p53 can phase separate upon cellular
stress — indicating there may be a range of p53 proteostatic states important to its function and
disfunction. Given these various traits of mutant p53 and its aggregation abilities, some have
termed this behavior as prion-like; however, this application of terminology and its significance
for the pathology and treatment of cancers has not been without controversy (56, 69, 70).

Perhaps the most convincing evidence of the prion-like aggregation of p53 having a

significant role in cancer development rests in successful experiments to target tumorigenesis
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through prevention of p53 aggregation. High-grade serious ovarian carcinomas overwhelmingly
have mutations in p53 (71). Researchers found that the resistance of these cancers to platinum
treatment correlates with the presence of p53 aggregates — due to likely gain-of-function changes
(72). Intriguingly, the usage of a peptide designed against a predicted amyloid core sequence of
p53 (residues 252-258) not only blocks aggregation of the protein in a cell line model but also
causes cancer cell death and decreases the size of tumor xenografts in a mouse model (73). A
similar study found that a mutant p53 containing a charged residue that interrupts its predicted
amyloid core prevented mutant p53 from recruiting and aggregating with wild-type p53 (74).
These results highlight the opportunity that exists for new cancer therapeutic strategies focusing
on preventing or disrupting p53 aggregates or any other protein that may aggregate in a relevant
manner in cancer. As such, the expansion of the prion concept beyond the realm of

neurodegeneration highlights the importance of understanding the biological phenomenon.

Prions across Life

Prions and prion-like proteins can be found in organisms of all types. As already touched
upon, PrP in both non-prion and prion forms can be found in humans as well as myriad mammals
including sheep, deer, and cows. In these species, prion disease manifests as scrapie, chronic
wasting disease (CWD), and BSE. Although all these organisms can succumb to the
neurodegeneration brought upon them by PrP*¢, there does exist species barriers preventing
infectivity between some of them (75). However, this barrier may be less extant than previously
thought as the barrier has been broken in some experimental models (76, 77). This barrier —
regardless of actual permeability — demonstrates the existence of PrP>¢ variants as well as the range

of species that can be affected by prion disease. Although we have largely discussed prions in the
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context of incurable neurological diseases, the prion concept also encompasses a range of prion-
like proteins involved not in illness but in normal cellular functioning.

Humans suffer from a multitude of degenerative diseases underpinned by prion-like
proteins; however, a vital cellular infection defense system relies on the performance of a prion-
like protein (78). The mitochondrial antiviral-signaling protein (MAVS) acts in the signaling
cascade triggered upon detection of viral RNA (79). During this process, the protein RIG-I
(retinoic acid-inducible gene 1) binds to MAVS and induces the formation of MAVS aggregates
(80). Furthermore, in vitro experiments showed that MAVS can form amyloid fibrils. When
investigated through usage of the yeast-based Sup35 de novo prion formation assay, the CARD
(caspase activation and recruitment domain) contained within MAVS could act as a prion domain
(PrD) (81). The prion formed by the MAV Scarp-Sup35c (the functional domain of Sup35) fusion
protein could be stably inherited, transmitted by cytoplasm only, and form high-molecular weight
(MW) SDS-resistant aggregates. Binding of RIG-I can also induce this fusion protein to prionize
— reflecting the model of the interaction of RIG-1 with the full-length MAVS protein. Taken
together, these results indicate that MAVS is indeed a prion-like protein. Another protein involved
in the immune response, ASC (apoptosis-associated speck-like protein containing a CARD) also
contains a prion-like domain (81). The pyrin domain (PYD) of ASC acted as a capable PrD when
fused with Sup35¢ and could also form infectious amyloid fibrils in vitro. The combination of the
PrLDs in MAVS and ASC suggest that prion-like aggregation of these proteins importantly
functions in the viral response signaling cascade (78).

Functional prion-like proteins can also be found in lower eukaryotic organisms. The sea
slug Aplysia acts as an important model for investigations of learning and memory. In Aplysia, the

cytoplasmic polyadenylation element binding (CPEB) protein plays an important role in regulating
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protein synthesis in neurons as well as supporting the strengthening of synaptic connections via
long-term facilitation (82). Intriguingly, this protein contains a Q-rich domain capable of forming
at least two conformational states — one diffuse and one aggregated — in a yeast model (83). The
aggregated, prion-like state can also be inherited in this yeast model. Further investigation
demonstrated that additional aggregated amyloid states can be established with the CPEB Q-rich
domain, mimicking the variants seen with prion proteins (84). These amyloid states of Aplysia
CPEB have since been confirmed to occur in neuronal cells as well and correlate with long-term
facilitation at synapses (85). The neuronal CPEB protein is conserved into the fruit fly, Drosophila
melanogaster. And as may be predicted, the Drosophila CPEB homolog, Orb2 contains a PrLD,
can form amyloid fibrils, and the oligomerization of Orb2 plays an important role in synaptic
strengthening (86, 87). Carrying further up the ladder of eukaryotes, the Aplysia CPEB and
Drosophila Orb2 homolog in mice, CPEB3 has also been implicated as a prion-like protein.
Indeed, CPEB3 contains a disordered PrLD, can form amyloid fibrils, and aggregates in neurons
(88). Functionally, the prion-like aggregation of CPEB3 appears to play a significant role in the
learning and memory of mice (89). These data establish a lineage of a prion-like protein in critical
neuronal functioning throughout higher eukaryotes.

The prion concept extends even to plants. The common model organism, Arabidopsis
thaliana has been shown to contain a prion protein. This protein, Luminidependens (LD) was first
identified as a candidate based on evaluation with an algorithm which computes the likelihood of
a given protein being prionogenic. The predicted PrD of LD can form foci when expressed as a
GFP fusion in yeast. Furthermore, the LD PrD demonstrated its ability to adopt a prion form
([LD™]) when fused with Sup35¢ and assayed using the widely used Sup35 assay. [LD*] could be

cytoplasmically inherited and cured through inhibition of the molecular chaperone Hsp70 but not
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Hsp104. Although the LD PrD has been shown to capably prionize in an experimental context,
whether the full-length protein acts in a prion-like fashion in Arabidopsis has not yet been
elucidated. However, the fact that this single species of plant contains at least one capable PrD
supports the possibility that prion and prion-like proteins may exist across other plant life.

Prions have been identified in a variety of fungal species. Most of these prion proteins were
discovered in the budding yeast, Saccharomyces cerevisiae and will be reviewed in the next
section. One well-studied fungal prion from a species other than S. cerevisiae is the [Het-s] prion
from the filamentous fungus Podospora anserina (90). The het-s protein acts in determining
heterokaryon (i.e., existence of two different nuclei in one cytoplasm) incompatibility (91, 92). In
the non-prion state, strains expressing het-s have incompatibility with strains expressing het-S
(another highly related protein). However, with the [Het-s] prion form, strains expressing het-s are
neutral towards strains expressing het-S. The [Het-s] phenotype relies on the expression of the het-
s protein, can convert non-prionized het-s, and can be found more frequently after overexpression
of het-s — indicating the prion nature of [Het-s] (90). Furthermore, het-s was found to aggregate in
cells harboring [Het-s] and a proteinase K-resistant region of het-s forms amyloid in vitro (93, 94).
As such, het-s has been thoroughly shown to form an infectious, amyloid-based prion, [Het-s] in
a filamentous fungus.

While there has been much investigation of prions in eukaryotes, the concept has also been
expanded to include proteins in bacteria. One such protein is the transcription terminator Rho from
a strain of Clostridium botulinum (Cb-Rho). Cb-Rho was initially identified as a possible prion
domain-containing protein alongside other bacterial proteins through the usage of a prion
prediction algorithm (95). Indeed, the candidate PrD from Cb-Rho demonstrated amyloid

formation and deletion of the PrD from full-length Ch-Rho prevented amyloidogenesis (95, 96).
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Usage of the Sup35 de novo prion formation assay (which is discussed in more detail in the next
section) confirmed the prionogenic potential of the Cb-Rho PrD. Lastly, this prion forming ability
extended to the full-length Cb-Rho protein when expressed in a non-Clostridium botulinum
bacterium (Escherichia coli) and the prion state could be successfully propagated for many
generations, displaying its heritability (96). Thus, the prionogenicity of Cb-Rho demonstrates the
extension of the prion phenomena into prokaryotes — and many additional bacterial prions may
exist.

Recent research has shown that a prion exists in a virus (97). The LEF-10 protein is a late
expression factor of the autographa californica multiple nucleopolyhedrovirus, which is a virus
that infects insects (98). In insect cells, LEF-10 can form stable aggregates as observed via
fluorescent microscopy and SDD-AGE. These aggregates prevent LEF-10 from performing its
normal function and activating the late genes of the virus — hindering the production of new viral
particles (97). This mechanism allows the LEF-10 prion to act as a functional element.
Furthermore, LEF-10 displayed the ability to act as a prion in the Sup35 de novo prion formation
assay in yeast — where LEF-10 was fused to the middle supporting domain and the functional
domain of the Sup35 protein, together known as Sup3mc. By testing various truncations of LEF-
10, a small region of either 41 or 23 amino-acids was found that could act as a bona fide prion
domain in this assay (97). Interestingly, the prion formed by these LEF-10-Sup35mc fusion
proteins formed SDS-resistant, high molecular weight aggregates and could be cured by inhibition
of Hsp104 — much like endogenous yeast prions. Prior work has detailed thousands of potential
viral prion proteins as determined through computational prediction — indicating that LEF-10 may

be the first of many identified viral prion proteins (99).
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Yeast Prions
Saccharomyces cerevisiae, also known as the budding yeast or baker’s yeast, harbors many
endogenous prions that act as epigenetic elements. Currently identified yeast prions include [PSI*],
[URE3], [RNQ], [SWI*], [OCT*], [GAR'], [MOD"], [NUP100*], [MOT3*], [SMAUG"], and [ESI*]
(100-107). (Yeast prions are typically denoted with brackets to signify their non-Mendelian
inheritance and capitalization and italics indicate their dominance when inherited.) The
aforementioned prions have protein determinants of Sup35, Ure2, Rngl, Swil, Cyc8, Pmal/Std1,

Mod5, Nup100, Mot3, Vtsl, and Sntl, respectively.

Table 1.1. Currently identified yeast prions.

Prion Protein Q/N Rich? Protein Function Source
[ESI*] Sntl No Histone deacetylase scaffold (105)
[GAR"] Pmal/Stdl No Proton pump / glucose signaler (108)
[MOD"] Mod5 No tRNA isopentenyl transferase (102)
[MOT3'] Mot3 Yes Transcription factor (109)
[NUP100%] Nup100 Yes Nucleoporin component (103)
[OCTY Cyc8 Yes Transcription factor (101)
[PSI*] Sup35 Yes Translation termination factor (110)
[RNQY] Rnqgl Yes Unknown (107)
[SMAUGT] Vsl No Post-transcriptional regulator (104)
[swi*] Swil Yes Chromatin remodeling complex subunit (100)
[URES3] Ure2 Yes Transcription factor (1112)

Yeast prions can be divided into a few different groups based on the amino-acid
composition of their protein determinants and the structural characteristics of their prion
aggregates. The first grouping of yeast prions — [PSI*], [URE3], [RNQ*], [SWI*], [MOT3"],
[NUP100*] - consists of those that have been experimentally demonstrated to form amyloids and
with protein determinants rich in glutamine (Q) and asparagine (N). Additionally, the [OCT"] prion
has a Q-rich protein determinant and is predicted to form amyloids; however, this

amyloidogenicity has not been experimentally tested yet. The second grouping of yeast prions —



34
[MOD™] — includes those prions which form amyloids but whose protein determinants are not
enriched in Q/N residues. Lastly, the third grouping of yeast prions — [GAR*], [SMAUG], [ESI]
— contains those prions that do not form amyloids.

The first identified yeast prions were [URE3], formed by the Ure2 protein and [PSI],
whose protein determinant was later determined to be the translation termination factor, Sup35
(106). Originally characterized as simply a non-Mendelian cytoplasmic element, [PSI*] was
associated with a phenotype of inefficient termination of translation (110, 112). Further research
theorized that [PSI*] was an alternative form of Sup35, and indeed, cells harboring [PSI*] were
found to exhibit aggregates of the Sup35 protein (113). Moreover, the overexpression of Sup35
leads to an increase in the appearance of [PSI*] — a characteristic of prionogenesis now widely
accepted and experimentally used (114). The important positioning of the [PSI*] protein
determinant, Sup35 as a translation termination factor allows for powerful phenotypic assays for
prion formation that are unavailable in any other model system.

The Sup35 assay for de novo prion formation takes advantage of the stop codon read-
through that occurs when Sup35 prionizes (107). In this assay, a protein of interest is fused with
the region of Sup35 providing the translation termination — Sup35c¢. This results in a chimera where
the Sup35 PrD, Sup35n has been replaced with a candidate PrD. If the fusion protein can prionize,
some yeast isolates will display impeded translation termination as prion aggregates sequester the
fusion. This reduction in activity can be ascertained via a premature stop codon in the ADE1 gene.
Proper translation termination, as in non-prion isolates, leads to the Adel enzyme not being fully
translated — preventing the yeast from synthesizing adenine and causing a build-up of a precursor
that makes the yeast red in color. Meanwhile, prionized fusion protein allows for read-through to

occur, leading to translation of the Adel enzyme — permitting the yeast to synthesize adenine,
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decreasing accumulation of the adenine precursor, and leading to colonies of white or pink
coloration. This assay plays a critical role in two of the projects presented in this thesis.

As a yeast prion, [PSI] relies on the molecular chaperone machinery for propagation. The
most important protein in this system, Hspl04 acts to break-up larger protein aggregates —
generating seeds that can be readily distributed to daughter cells (115-117). “Curing” or
elimination of yeast prions like [PSI*] can occur through the disruption of the normal equilibrium
of Hsp104 — either by deleting its gene, overexpressing it, or inhibiting its functioning through
treatment with guanidine hydrochloride (GdnHCI) (115, 118). Other molecular chaperones
including Hsp70s (e.g., Ssal and Ssa2), Hsp40s (e.g., Ydj1 and Sisl), and nucleotide exchange
factors (NEFs; e.g., Ssel) also have roles in [PSI*] propagation and lead to loss or destabilization
of the prion (119-123). Perhaps most interestingly, a range of overexpressed proteins can act as
[PSI7] inducible (Pin*) factors (i.e., the rate of [PSI*] formation increases in their presence) (124—
126). Other yeast prion proteins such as Rngl, Cyc8, and Swil were both first noted as potentially
prion-like due to these experiments; in fact, Rngl, Cyc8, and Swil all form their own prions,
[RNQ], [CYC], and [SWI*] respectively.

As the other yeast prion discovered early on, [URE3] was first identified as a
cytoplasmically inherited epigenetic element in yeast (111). Yeast with [URE3] were able to grow
on media containing ureidosuccinate with ammonium, which normally prevented uptake of
ureidosuccinate. This phenotype could be recapitulated by deletion of the URE2 gene; however,
such mutants could not present with the [URE3] element — indicating that Ure2 was necessary for
[URE3] (127). Seminal work posited that [URE3] was the result of prionization of the Ure2 protein

(106). The evidence greatly supports the prion nature of [URE3] — a protein-only basis, curable
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through disruption with GdnHCI, non-Mendelian dominant inheritance, transmitted via
cytoplasmic mixing, and overexpression of the Ure2 increases the rate at which [URE3] appears.

Further research has detailed the [URE3] prion. Just like [PSI*] and many other yeast prions
yet to be discussed, the protein determinant of [URE3], Ure2 forms aggregates in prionized cells
(128). The [URES3] prion also possesses sensitivities to the disruption of molecular chaperones
other than Hspl104. Overexpression of the Hsp70 Ssal can cure cells of [URE3]; however,
overexpression of another Hsp70, Ssa2 does not (129). In contrast, mutation of Ssa2 can cure the
prion whereas mutation of Ssal cannot (130). [URE3] is also sensitive to overexpression of the
Hsp40, Ydj1 or NEF, Ssel (131, 132). These differences in susceptibility highlight the complexity
and variation of the interactions between molecular chaperones and yeast prions such as [URE3].
In another layer of complexity, heterologous prion interactions were observed between [URE3]
and [PSI*] with [URES3] acting as a Pin* factor and [URE3] can also induce [RNQ*] (126, 129).
Intriguingly, Ure2 normally acts as a transcription factor and regulates a variety of genes targeted
by other identified yeast prion proteins (e.g., Cyc8, Swil, Mot3) (133, 134). These numerous direct
and indirect interactions between Ure2 and [URE3] and other prion proteins suggest a possible
regulatory network of yeast prions. On the other hand, the growth-hampering and/or toxic
phenotypes that can occur with [URE3] and [PSI*] suggest that these prions may simply be
diseases in yeast — reflecting the nature of many prion and prion-like proteins in humans (135).

Unlike the protein determinants of [PSI*] and [URE3], Sup35 and Ure2, the yeast prion
protein Rngl has an unknown function outside of forming the [RNQ*] prion. As the name may
suggest, Rngl has an amino-acid sequence rich in N and Q residues. The [RNQ™] prion was first
classified as a [PIN*] prion — alongside other potential prion proteins — due to its discovery as a

[PSI7] inducer (124126, 136). Furthermore, testing of a fusion protein that consisted of the Rngl
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PrD in place of the Sup35 PrD confirmed that Rngl was indeed a prion (107). This study also
established the now widely used Sup35 assay for de novo prion formation. In terms of curability,
[RNQ™] can be eliminated by Hsp104 disruption via GdnHCI treatment or deletion of the Hsp104
gene. Deletions of an Hsp70, Sisl also lead to a loss of [RNQ™] (122, 137). Like other well-
characterized prion proteins, Rnql produces a range of prion variants as observed by both
phenotypic assays as well as biochemical (e.g., SDD-AGE) (138). Interestingly, further research
has revealed that [RNQ*] can induce not only [PSI*] but also [URE3] and [SWI*] (139, 140). This
broad induction of other prions by [RNQ*] and the lack of a known function for the Rngl protein
suggests that Rngl may primarily act as an epigenetic regulator, working through the induction of
yeast prions (141).

The [MOT3*] prion was initially identified in a wide-ranging screen that examined
candidate yeast proteins chosen by a prediction algorithm (109). This algorithm checked for
proteins whose amino-acid compositions were similar to already characterized prion proteins.
(Additional technical details of the algorithm are detailed in a later section.) Mot3, a transcription
factor was one of many yeast proteins determined to contain a candidate PrD. The Mot3 PrD
displayed formation of aggregate foci in yeast (as visualized by fusion with YFP), formation of
high-molecular weight, SDS-resistant species (as assessed by SDD-AGE), and formation of
amyloids (as determined by ThT binding) (109). Furthermore, a Mot3 PrD-Sup35c fusion protein
exhibited formation of prion and non-prion states as assayed by the Sup35 prion formation assay.
Additional experiments confirmed the existence of [MOT3*] by usage of a custom Mot3 reporter
system reliant on the DAN1 promoter — which Mot3 represses under non-prion conditions.

Added investigation into Mot3 and the [MOT3"] prion using the DAN1 reporter system

revealed that adoption of the prion led to yeast gaining multicellular features (133). This driving
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of multicellularity by [MOT3"] was determined to be a result of Mot3 regulation of flocculin (FLO)
genes. Interestingly, multiple yeast prion proteins involved in transcription target the FLO genes
— indicating a likely complicated prion-based regulation of these genes (133, 134). Deletion of
Mot3 was found to not fully recapitulate [MOT3"] phenotypes. This discrepancy likely results from
[MOT3*] not only abolishing the normal functioning of Mot3 through its aggregation but also
recruiting other transcriptional proteins to aggregate alongside Mot3 (133). In fact, a similar
situation occurs with the [SWI*] prion as discussed in a later section (134). Interestingly, the
[MOT3*] prion exhibits changes in response to environmental cues such as ethanol concentration
and hypoxia. As such, not surprisingly, [MOT3"] has been documented as naturally occurring in
yeasts involved in fermentative conditions (e.g., wine production) (133, 142). The behavior of
[MOT3*] demonstrates that yeast prions can act as functional elements that provide beneficial
adaptations.

Also identified as a possible prion protein in the screen conducted by Alberti et al., Nup100
normally functions as a component of the nuclear pore complex (NPC) (109). Multiple NPC
proteins contain intrinsically disordered domains enriched in phenylalanine and glycine (143, 144).
Furthermore, some of these proteins specifically contain repeats of glycine-leucine-phenylalanine-
glycine (GLFG). Nupl100 is one such protein. The sequence of NuplO0 also contains an
enrichment of asparagine and glutamine residues. Additional investigation following the more
widely focused Alberti et al. screen determined that Nup100 could form aggregates that sequester
other NPC proteins and that a 100 residue-long region of Nup100 could form amyloid fibrils in
vitro (103). Moreover, this region could also act as a bona fide prion domain when fused with

Sup35¢ to allow for a phenotypic assay for de novo prion formation. Lastly, full-length Nup100
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was shown to form inheritable prion aggregates in vivo that were curable by treatment with
GdnHCI. This prion formed by Nup100 is known as [NUP100*].

The Q-rich protein Cyc8 can form the yeast prion [OCT™]. First identified as a prion protein
candidate, Cyc8 could be overexpressed to increase the rate of de novo [PSI] formation (126).
Through overexpression of a predicted Q-rich PrD contained in Cyc8, cells containing potential
prionized Cyc8 (JOCT*]) were obtained (101). The prion-containing cells demonstrated enhanced
growth on lactate media as all cells were cycl4, eliminating the only source other than Cyc8 for
cytochrome ¢ — a necessity for growth on non-fermentable carbon sources. Furthermore, [OCT"]
yeast demonstrated enhanced flocculation (i.e., the clumping of cells in liquid media). These
phenotypes were found to be dominant (101). As with many other yeast prions, [OCT*] can be
cured by disruption of Hsp104 — whether by treatment with GdnHCI or expression of a dominant-
negative Hsp104 mutant. Although Cyc8 has been shown to aggregate in [OCT*] yeast, it has not
been determined if Cyc8 forms amyloid — making this protein unique amongst the group of Q/N-
rich yeast prion proteins.

Although a distinctive feature of many yeast prions is a sequence rich in Q/N residues,
there are a growing number of identified yeast prions that do not have such enrichment. First
amongst these prions is [MOD™], which is formed by the Mod5 protein. Initially identified through
a yeast screen, Mod5 demonstrated the ability to promote the formation of [PSI™] and prionization
of a chimeric protein (Qs2-Sup35, a 62-residue-long polyglutamine peptide fused with Sup35a:-
40). The Mod5 protein can form amyloid fibrils as assayed via ThT binding and transmission
electron microscopy (TEM). Furthermore, transformation of naive yeast with Mod5 amyloids
could generate the [MOD*] prion and aggregation of Mod5 in [MOD™] cells could be visualized

with a Mod5-GFP fusion protein. Cytoduction confirmed that [MOD™] was inheritable in yeast by
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only cytoplasmic mixing. And as with the yeast prions discussed thus far, [MOD*] could be cured
by inhibition of Hsp104 via GdnHCI treatment. In terms of functional yeast phenotypes, [MOD"]
cells display resistance to various drugs including nocodazole (a microtubule disruptor) and
fluconazole (an antifungal medication). These acquired resistances on conversion from [mod] to
[MOD*] exemplifies the potential for yeast prions to provide beneficial adaptations on a quicker
timescale than traditional genetic mutations.

A peculiar yeast prion known as [GAR*] was initially identified through its phenotype of
cells being able to use non-glucose carbon sources in the presence of glucose (108). The prion was
determined to not have one but two protein determinants, Pmal and Std1 and be curable through
disruption of Hsp70. The overexpression of Std1 could induce [GAR*] but deletion of Std1 did not
eliminate [GAR]. Meanwhile, overexpression of Pmal, a proton pump was found to increase the
rate at which [GAR*] appeared. If the disordered cytosolic N-terminus of Pmal was deleted, no
impact on the prion was observed; however, if both this N-terminus and Std1 were both deleted,
[GAR*] would be eliminated. Thus, it was concluded that the [GAR™] prion relies on both Pmal
and Std1 as protein determinants and is driven by changes in conformations and oligomerization
of the two proteins.

Perhaps just as interesting as the dual protein basis of [GAR™] is that this prion can be
induced by chemical signals secreted by bacteria. Growth of bacteria (e.g., Staphylococcus
hominis) adjacent to yeast on solid media leads to [GAR*] induction. In fact, usage of filter-
sterilized liquid media that had previously hosted bacteria can also lead to induction of [GAR'] —
indicating that a bacterial chemical secretion remaining in the media drives the induction. This
ability for bacteria to induce [GAR™] extends to a wide range of bacterial species. The ability to

induce [GAR™] may benefit bacteria by reducing the amount of ethanol produced by the yeast.



41
Moreover, [GAR*] yeast demonstrate a growth advantage in multiple experimental setups
compared to [gar] cells. Once again, a yeast prion exhibits the potential to provide measurable
benefits to the cells harboring the prion. In fact, numerous wild yeast isolates harbor the [GAR"]
prion and a similar epigenetic trait can be found in other fungal species.

More recently, a large screening experiment has identified numerous potential yeast prions
that do not form amyloids and are largely not Q/N-rich (145). By performing transient
overexpression of most open reading frames (ORFs) in the yeast genome, Chakrabortee et al.
found that 46 proteins expressed in this manner generated epigenetically inherited phenotypes.
These proteins were enriched in intrinsically disordered regions (IDRs) based on evaluation with
the DISOPREDS3 prediction algorithm (see next section for more information regarding
DISOPRED3) (146). One protein identified was Vts1. The transient overexpression of Vts1 led to
yeast with greater sensitivity to ultraviolet (UV) irradiation and this epigenetic trait was termed
[VTS1*]. Further experimentation found that [VTS1*] was not dependent on Hspl04 for
propagation but was dependent on Hsp70 (145).

Additional, targeted investigation of Vtsl revealed that instead of forming amyloids as
other yeast prion proteins, Vtsl forms gel-like condensates (104). The IDR of Vtsl proved to be
sufficient and necessary for formation of these condensates. These higher-order condensates were
determined to be inheritable and reversible — defining characteristics of prions. Thus, this prion
formed by Visl was termed [SMAUG?], named after the protein’s name in higher eukaryotic
organisms (e.g., humans, Drosophila). Examination of [SMAUG™] in yeast revealed a prion-based
regulation of numerous gene transcripts through modulation of Vts1 binding to loops in mMRNAs.

This functional change results in phenotypic outcomes including on carbohydrate metabolism and
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meiosis and sporulation (147). The [SMAUG™] prion has been identified in wild yeast isolates from
a multitude of different environments as well.

Another yeast prion first identified by the transient overexpression screen conducted by
Chakrabortee et al. was that formed by Sntl (145). Normal functioning of Sntl sees it acting as a
scaffold protein in the Set3C histone deacetylase complex (148). In the initial screening
experiments, yeast that had experienced transient overexpression of Sntl had greater zinc
tolerance. This acquired trait was shown to be curable by inhibition of Hsp90. Once again, further
experimentation demonstrated that Snt1 aggregates underlie the prion and can be transmitted from
cell-to-cell (105). This prion, [ESI*] impacts the transcriptional profile of yeast through the
expression of genes in sub-telomeric domains. In doing so, the cells gain greater resistance to
stresses such as the aforementioned zinc. Interestingly, the [ESI*] prion state seems to be driven in
part by the phosphorylation of IDRs within Sntl (105). The existence of [SMAUG*] and [ESI*]
point towards the likely existence of additional yeast prions that are not Q/N-rich and contain IDRs
and have yet to be fully investigated.

Lastly, the yeast prion at the heart of the work presented here, [SWI*] was initially
discovered by our lab (100). It was the fourth prion identified in S. cerevisiae. The initial
identification of [SWI*] was made possible through its induction of [PSI*] as a Pin* factor and the
knowledge that swil4 cells exhibited poor growth on non-glucose carbon sources (e.g., raffinose,
galactose, glycerol) (126, 149). Thus, yeast containing both [PSI*] and the candidate [SWI*] were
produced through Swil overexpression. By exploiting the unique susceptibility of [PSI7] to curing
via Hspl04 overexpression, [SWI*]-only cells were isolated (115). From here, further
characterization confirmed the existence of [SWI*] — Swil aggregates in [SWI*] cells, the prion

cannot be maintained in the absence of Swil, and the prion can be cytoplasmically inherited (100).
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The protein determinant of [SWI*], Swil functions as a component of the SWI/SNF
chromatin remodeling complex, which modulates the expression of more than 15% of yeast genes
(150, 151). This modulation results in a range of phenotypes including the previously mentioned
poor growth on non-glucose carbon sources and abolishment of multicellular features (e.g.
flocculation, pseudohyphae) (Figure 1.1) (100, 134). This regulation of multicellularity occurs
through targeting of the FLO genes by Swil. As such, aggregation of Swil and co-aggregation of
Swil-interacting proteins plays an important role in determining these phenotypes (134).
Intriguingly, other yeast prion proteins including Cyc8 and Mot3 exhibit transcriptional controls
on some of the same genes — suggesting a yeast prion regulatory network (152). If a network of
functional prions regulates multicellular features in yeast, this situation would suggest that there
exist benefits to forming these prions. In fact, some of the features observed in yeast harboring
[SWI'] may play a role in increasing perceived fitness by allowing quick adaptation to
environmental cues (153). Finally, a recent study revealed that the transcriptome of [SWI*] yeast
significantly differs from swild yeast (151). This result indicates that [SWI'] changes the
transcriptional profile not just by removing normal Swil function but also by interactions with
other proteins — potentially through co-aggregation as noted above.

In addition to relationships at the transcriptional level, [SWI*] can engage in heterologous
interactions with other yeast prions. As already mentioned, [SWI*] can act as a Pin™ factor and
induce [PSI*] (126). Conversely, the presence of [PSI"] or [RNQ*] can enhance [SWI*] formation
(140). While data on the interaction of [SWI*] with [MOT3"] has not yet been published, there
stands to be potentially informative changes in propagation and formation of the two prions as they
work largely opposite of each other in modulating multicellular features (133, 134). In terms of

dependencies on molecular chaperones, [SWI*] displays many sensitivities as already discussed in
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Aggregation Growth on Flocculation Adhesive Pseudo- Water Flow
(Swi1-YFP) Raffinose Growth hyphae Mobility

[SWF]

[swi]

Figure 1.1. Phenotypes of yeast containing [SWI*].

Yeast with the [SWI*] prion display several phenotypes. Aggregation of Swil in prion cells can be
visualized with a fluorescently tagged copy of the protein or Swil-PrD-containing fragment. A partial
loss-of-function phenotype can be observed on non-glucose (e.g., raffinose, glycerol) media where
[SWI*] cells grow poorly. Abolishment of multicellular features in yeast from prionization of Swil leads
to loss of flocculation (clumping together of yeast cells), adhesive growth (as visualized by crystal blue
staining after washing), and pseudohyphae formation by diploids (cartoon depiction). The loss of these
multicellular features also leads to [SWI*]-containing cells having greater mobility in water flow scenarios
as depicted in the final panel. Figure adapted from Goncharoff et al., 2018.
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relation to other yeast prions. The disruption of Hsp104 through either GdnHCI treatment or
expression of a dominant-negative mutant cures [SWI] (100). Additionally, [SWI] shows
remarkable sensitivity to perturbations of the Hsp70 system (154). Disruption of Ssal through
mutation and deletion of Ssel, a NEF for the Hsp70s both robustly cure the prion. However,
overexpression of Ssel can cure [SWI*] in some yeast strains but not others — indicating different
sensitivities may exist depending on genetic background (140, 154). Finally, the J-proteins of Sis1,
Ydj1, and Apjl were found to destabilize [SWI*] upon overexpression and, interestingly, Sisl
repression can have the same curing effect.

Structurally, the Swil protein can be broken down into three domains (Figure 1.2) (155).
The N domain (Swily; residues 1-327) consists of the amino-terminal region enriched in
asparagine residues and contains the Swil PrD. This region has the capability to form amyloid
fibers in vitro (155). [SWI*] can be introduced into naive cells via transformation with these fibrils.
The Q domain (residues 328-536) comprises the middle of the protein enriched in glutamine
residues and acts in supporting the prionization of the N domain as well as the functioning of the
Swil C domain. This C domain (residues 537-1314), at the carboxyl-terminal, was found to be
indispensable for the normal functioning of Swil. Expression of this C domain can rescue the poor
growth on non-glucose carbon sources — though multicellularity cannot be rescued in this manner
due to co-aggregation of other non-Swil proteins that help produce those phenotypes (134, 155).

Further study revealed that the Swil PrD, Swiln can be further truncated and retain its
aggregation capabilities and the ability to propagate the [SWI*] prion fold (156). This smaller
truncation, Swili.zg consists of the first 38 residues and aggregates alongside full-length Swil
(SwilrL). Furthermore, Swili-zs can maintain this aggregation upon removal of Swilg and then

transmit the prion conformation back to Swilr upon reintroduction. Additional experimentation
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Figure 1.2. Schematic of the domains of Swil.
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A. The Swil protein consists of three domains. The N domain (residues 1-327) is highly enriched in
asparagine (N) residues, acts as a prion domain (PrD), and can form fibrils to seed [SWI*] formation.
The middle Q domain (residues 328-536) is rich in glutamine (Q) residues and modulates the
aggregation pattern of the N region and Swil functions. The carboxyl-terminal C domain acts as the
functional domain of Swil.

B. The sequence of the N domain is shown. The extreme N-terminal region, Swili-zs — shown to be
able to stably transmit the prion confirmation in the absence of full-length Swil — is highlighted. A
reported amyloidogenic region, Swilzse-2s9 Whose role in prionogenesis has not been tested is also
underlined. Asparagine, glutamine, and threonine residues are highlighted in red, blue, and green,
respectively.

Figure adapted from Goncharoff et al., 2018.
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revealed that Swili-ss can de novo form a prion when fused with Sup35wc (157). Even smaller
truncations such as Swilis> can also perform these tasks; however, stability was decidedly
decreased. Taken together, these results demonstrate that this small, asparagine-rich region of Swil

can act as a bona fide prion domain.

Prion Prediction

Due to the prevalence of sequencing technologies, the prediction of prionogenic proteins
from amino-acid sequences remains a significant area of research. These efforts to predict protein
properties from sequence data extends to related characteristics including disorderedness,
amyloidogenicity, and general aggregation propensity. EXisting protein-characteristic prediction
algorithms include DISOPRED3, Foldindex, PAPA (Prion Aggregation Prediction Algorithm),
PLAAC (Prion-Like Amino Acid Composition), PrionW, TANGO, Waltz, ZipperDB, and
Zyggregator (146, 158-165). Each of these tools utilizes different approaches and initial data sets

— leading to varying biases and restrictions in prediction.

Table 1.2. A sampling of prediction algorithms.

Name Property Predicted Source
DISOPRED3 Disorderedness (146)
Foldindex Disorderedness (158)
PAPA Prionogenicity (159)
PASTA Amyloidogenicity, disorderedness (166)
PLAAC Prionogenicity (160)
PrionW Prionogenicity (161)
Waltz Amyloidogenicity (163)
ZipperDB Amyloidogenicity (164)
Zyggregator Aggregation propensity (165)

Yeast prion work has directly contributed to creation of some prediction algorithms. The

precursor to PLAAC was developed to screen the Saccharomyces cerevisiae proteome for possible
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novel PrDs that share amino-acid compositions similar to the already-identified PrDs (in Sup35,
Ure2, and Rnql) at the time (109). Indeed, this initial screening identified Mot3 as a yeast prion
protein and its associated prion, [MOT3"]. The algorithm uses a hidden Markov model — a
statistical model that assumes an observable phenomenon depends on another variable which can
exist in hidden, unobservable states. The further development of the algorithm resulted in PLAAC
by adding the amino-acid frequencies of over 20 additional PrDs or PrLDs (160). PLAAC also
expands upon the original algorithm by allowing for modification of the amino-acid background
frequencies used as well as the minimum length of a predicted prion core. Not surprisingly, an
important constraint of PLAAC remains the limited number of identified bona fide PrDs and
PrLDs. This bias may lead to not identifying novel prion proteins lacking sequence similarities to
the largely N/Q-rich proteins that form a significant portion of the training set for PLAAC (145).
Nonetheless, the algorithm has displayed usefulness in examining disease-associated mutations in
hnRNPAL1 and hnRNPA2/B1 (30). An example output for one protein of interest, SS18 in Figure
1.3 displays the easy-to-interpret graphics produced by the web implementation of PLAAC
(http://plaac.wi.mit.edu/) — as well as the inclusion of two other algorithms, FoldIndex and PAPA,
to be discussed in the following paragraphs.

Another yeast-based algorithm, PAPA has also been developed for predicting prion
propensity (159, 167). Random mutagenesis of a small critical region of the Sup35 PrD revealed
which amino acids allowed for or disrupted prion formation by Sup35. This data combined with
the hydrophobicity, a-helix propensity, and [3-sheet propensity of each amino acid allowed for the
calculation of an odds ratio of each amino acid to be included in a prion domain. The sum of these
odds ratios over a window (i.e., a consecutive stretch of residues in a peptide sequence) provides

the prion propensity of that protein region. Testing known prion domains revealed a bimodal
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Figure 1.3. Visual output generated by evaluating the human SS18 protein with the PLAAC web

server.

The top graph displays the likelihood calculated by the PLAAC algorithm that the corresponding amino
acid position exists in a region predicted to be PrD-like (red line) or not (black line). The x-axis is the
protein sequence of SS18 from N-terminus to C-terminus as diagramed with colors corresponding to
each amino acid. The bottom graph displays the Foldindex score (gray), negative PLAAC score (red
line), and PAPA score scaled by a factor of -4 (green line). The entire sequence of SS18 written at the
bottom with residues in black for predicted non-PrD-like regions or in red for predicted PrD-like regions.
Default core size of 60 used. Background amino acid frequencies of Homo sapiens used.
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distribution where a cutoff could be established that would allow for >90% accuracy in
differentiating prion from non-prion (159). Using this cutoff, possible prionogenic regions can be
predicted and therefore, possible prionogenic proteins. Due to the easily modifiable nature of the
cutoff value used, the sensitivity of PAPA can be adjusted as necessary. Though, such changes
may introduce reductions in accuracy if one assumes those proteins not meeting a more stringent
cutoff value as being non-prion instead of merely not passing this particular predictive test. PAPA
exists via a publicly available web server (https://combi.cs.colostate.edu/supplements/papa/) as
well as in code form for local implementation.

The prion prediction algorithm of PrionW (http://bioinf.uab.cat/prionw/) exists an
amalgamation of other methods — Foldindex for disorderedness prediction, pWALTZ for
amyloidogenicity, and a relatively simple calculation of the proportion of residues that are N or Q
(161). By using FoldIndex, PrionW first determines whether a given protein sequence contains
any disordered regions of at least 60 amino-acid residues in length. These regions are then
evaluated for whether they are made up of at least 25% N or Q residues before being passed to
PWALTZ for final analysis. As an iteration of the WALTZ algorithm, pWALTZ relies on the
position-specific scoring matrix initially used to define the scoring conducted by WALTZ. Using
a library of 116 amyloid-forming and 103 non-amyloid-forming hexapeptides, the probability of
finding each amino-acid at a particular residue position was determined (163). Combining this
position-specific scoring with a physiochemical scoring and structural scoring, the WALTZ
algorithm provides an overall score for query sequences. Through usage of a lower scoring cutoff
and requiring that a window of 21 consecutive residues scored above this cutoff value, pWALTZ
was derived (168). Testing of pWALTZ on known yeast prions demonstrated a promising level of

accuracy and comparable balancing of sensitivity and specificity to PAPA. If a particular protein
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sequence examined by PrionW through this combinatorial method results in the identification of
multiple possible PrDs, the algorithm returns the region with the highest scoring amyloid core (by
PWALTZ) as the putative PrD for that protein (161).

As already mentioned, the FoldIndex algorithm functions to predict disorderedness of a
given protein sequence (158). Once again, this method also uses a window (with a default of 51
residues) through which scores are calculated on a per residue basis. The calculation relies on
combining previous work mathematically defining mean net charge and mean hydrophobicity of
a peptide sequence (169, 170). In doing so, FoldIndex provides scoring that is either positive or
negative — corresponding to a folded region or an unfolded region. The web implementation of the
FoldIndex algorithm provides access to modify the size of the window used — leading to potentially
varied results on a domain-scale, though calculations for entire proteins would remain the same.
As can be gathered from the discussion of PLAAC and PrionW, FoldIindex has been used as a
quick and efficient method for predicting disorderedness of proteins when attempting to predict
potential PrDs. Foldindex can be used either through the built-in implementation with the
aforementioned algorithms or directly (https://fold.weizmann.ac.il/fldbin/findex).

An additional algorithm for prediction of protein disorderedness is DISOPRED. Now in its
third iteration, this algorithm was initially developed through the usage of a neural network using
the residues in the peptide sequence as the known states to predict either disordered or ordered on
a per-residue basis (171). Training of this original version of DISOPRED utilized solved protein
structures from the Protein Data Bank (PDB) by identifying residues that were not able to be solved
via X-ray-based methods (i.e., residues that were not in a consistent position). The first revision of
this algorithm, DISOPRED2 improved upon the initial approach by using a different form of

learning algorithm known as a support vector machine, which provides a greater tolerance to
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Figure 1.4. Visual output generated by evaluating the human SS18 protein with the DISOPRED3
web server.

A.

Classification of each residue of SS18 into disordered (blue boxes), disordered with protein binding

(green boxes), or neither (no box).

Graph of disordered (1.0) versus ordered (0.0) prediction and the corresponding precision for the
prediction per residue. The x-axis is the residue number from N-terminus to C-terminus.
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overfitting the data (172, 173). However, the most recent revision, DISOPRED3 combined the
approaches of the first two versions by having both a support vector machine-based algorithm and
a neural network-based algorithm (146). This recreated neural network trained on a new set of
proteins that have known long stretches of disordered residues (to combat poor handling of such
areas by DISOPRED?2). These analyses were then combined with a few other predictors to form
the final algorithmic approach. A web server (http://bioinf.cs.ucl.ac.uk/psipred/) allows for general
availability of DISOPRED3 and associated algorithms and generates a plot of the predictions as
well as an easily readable, per-residue prediction (Figure 1.4). DISOPRED3 can predict
intrinsically disordered regions (IDRs) that have been indicated as having important roles in
allowing for the prion or prion-like behavior of some proteins.

As opposed to the prediction of disorderedness by FoldIndex and DISOPRED3, a range of
algorithms attempt to predict the ability of proteins to form the highly ordered structures of
amyloid fibrils. One such algorithm is that of ZipperDB (https://services.mbi.ucla.edu/zipperdb/).
This database uses a three-dimensional fitting of sequences of six residues in length from a given
input protein sequence to formulate its prediction of amyloid fibril formation (164). The yeast
prion protein, Sup35 contains the sequence NNQQNY which has been crystallized. This
NNQQNY peptide also can form the cross-beta structure of an amyloid fibril (174). To produce
its predictions, this algorithm samples every peptide of six residues that can be produced from the
input sequence. The one restriction being that the six residues cannot contain a proline — such
peptides are ignored and not scored. The predicted energy of the peptide being fit into the three-
dimensional structure of NNQQNY is calculated by another program, Rosetta Design. If this
energetic model is past the threshold of -23 kJ/mol (as determined from experimentally tested

amyloid-forming peptides), then the given window of six residues is predicted to be amyloid fibril-
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Figure 1.5. Visual output generated by evaluating the human SS18 protein with the 3D profile
method of ZipperDB.

A. Graphical representation of the energies calculated by the 3D profile method using Rosetta Energy.
The six residue-long peptide starting at each position is fit into the NNQQNY fibril crystal structure
and the corresponding energetic fit is calculated using Rosetta Energy. Shown is the region of 301-
352 of SS18. The default threshold of -23.0 kcal/mol (gray line) is indicated. The bars of the energies
are displayed in colors with colors towards blue being higher energies (and thus less favorable
structural fits) and colors towards being lower energies (and thus more favorable structural fits).
Peptides that would contain a proline (P) are not evaluated and calculating Rosetta Energy at
corresponding positions is not conducted.

B. Table of evaluated peptide sequences and Rosetta Energy scores for the region of SS18
represented in the graph in A.
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forming (Figure 1.5). Given that many known human prion-like proteins and yeast prions can form
amyloids, the presence of predicted fibril-forming regions may hold indications of the ability of a
larger protein being able to do so under the correct conditions.

Another prediction algorithm that focuses on amyloid is PASTA, prediction of amyloid
structural aggregation. This algorithm relies on multiple functions that attempt to mathematically
describe the energies of each amino acid in a B-strand based on the hydrogen bonding of -strands
in known globular protein structures (175). Possible energies of both parallel and antiparallel
arrangements are calculated in this manner. Through examination of segments of different lengths
across a given sequence, the best pairing segments can be determined on the most favorable (i.e.,
lowest) energy. These calculated energies are translated on residue position basis to amyloid
aggregation propensities. An iteration of PASTA, so-called PASTA 2.0 improved upon the initial
algorithm by using a new, larger dataset of protein structures for the energy function as well as by
incorporating predictions of secondary structure and disorderedness (166). More specifically,
disorderedness prediction was added to PASTA through incorporation of another algorithm,
ESpritz (176). A web server (http://protein.bio.unipd.it/pasta2/) provides bulk processing and
visual output of results from PASTA (Figure 1.6). Benchmarking of PASTA indicates its
usefulness in identifying implicated amyloid-forming regions and thus may allow for identification
of core regions of some prion or prion-like proteins.

While prediction algorithms such as ZipperDB and PASTA focus specifically on the
formation of amyloid aggregates, other approaches attempt to address general aggregation
propensity. One such prediction system is that of Zyggregator (165). This prediction algorithm
attempts to predict aggregation propensity from the physical and chemical properties — charge,

hydrophobicity, and secondary structure — of the amino acids present in the protein being
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Figure 1.6. Visual output generated by evaluating the human SS18 protein with the PASTA web
server.

A. Residue assignment of the SS18 protein. The first line notes the sequence position. The second
line notes the amino acid present. The third line notes the prediction of the residue being ordered
(O) or disordered (D). The third line notes the prediction of the secondary structure present — a-helix
(H), B-strand (B), or coil (C). The fourth line notes the prediction of any amyloid aggregation — parallel
(P), anti-parallel (A), or non-aggregating (-). Shown are residues 1-150 of the SS18 protein.

B. Probability plot of amyloid aggregation for the SS18 protein. Pairings of individual amino-acid
residues (k, m) are plotted if predicted to form amyloid by the energy function of PASTA.

C. Disorder probability plot for the SS18 protein. The predicted probability of disorderedness on a per
residue basis is plotted in red. The predicted probability of amyloid aggregation on a per residue
basis is plotted in black.

D. Secondary structure probability plots for the SS18 protein. The predicted probability of a-helix, B-
strand, or coil on a per residue basis is plotted in red. The predicted probability of amyloid
aggregation on a per residue basis is plotted in black.

E. Table of summary data for the SS18 protein. Number of amyloids refers to the number of unique
peptide sequences of 10 residues in length predicted to form amyloid. Best energy refers to the
most favorable (i.e., lowest) energy scoring of any predicted amyloid aggregate-forming region.
Units for best energy are PASTA Energy Units (PEU) and 1 PEU = 1.192 Kcal/mol. The SS18 protein
was evaluated using an energy threshold of -5 PEU.
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evaluated. Initial development of Zyggregator depended on experiments with point mutations in
various disease-related proteins including AB42, a-syn, and tau and the associated calculations
surrounding their physiochemical properties (177). For each residue position, Zyggregator
calculates the intrinsic aggregation propensity using each amino-acids previously determined
charge, hydrophobicity, a-helix formation ability, and p-sheet formation ability (165).
Furthermore, an overall aggregation propensity for the entire sequence being examined is
calculated by comparison to scoring for randomly generated sequences. The Zyggregator method
has been validated through high correlation between predicted aggregation propensities and
experimentally observed aggregation (178-180). Importantly for studies focused on the
involvement of mutated proteins in human disease, Zyggregator can distinguish changes in
aggregation propensity of even single point mutations (179).

The prediction algorithms covered here — DISOPRED3, Foldindex, PLAAC, PAPA,
PASTA, PrionW, ZipperDB, and Zyggregator — are a limited selection of myriad approaches.
Whether predicting prionogenicity, disorderedness, amyloidogenicity, or general aggregation
propensity, these algorithms can and do inform research trajectories. However, the biases and
limitations — including specificity, sensitivity, training sets, and more — of the methods used in
each algorithm must be considered. Additionally, algorithms exist to predict other aspects of
protein structure and behavior such as phase separation, a highly related topic to those discussed
here. Given the significance of protein aggregation and misfolding to neurodegeneration as well
as other disease, the prediction of these various protein attributes plays an important role in

understanding disease and development of potential therapeutics.
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CHAPTER TWO

Defining key residues of the Swil prion domain in prionogenesis and propagation

Introduction

Prions were initially identified as infectious abnormal protein conformations that underpin
incurable neurological diseases (181). While the prion concept originally applied to the namesake
protein, the idea has grown to encompass additional proteins in a multitude of organisms (17, 81,
96, 182, 183). The budding yeast, Saccharomyces cerevisiae harbors a number of endogenous
proteins that can adopt alternative, heritable protein conformations (100-106, 109, 110). These
proteins — termed yeast prions — have greatly contributed to our understanding of prions.

One such yeast prion, [SWI*] was identified by our laboratory (100). The protein
determinant of [SWI*], Swil normally functions as part of the SWI/SNF chromatin-remodeling
complex, which modulates the expression of more than 15% of yeast genes (150, 151). Due in part
to this role, the prionization of Swil leads to multiple phenotypes in yeast including poor growth
on non-glucose carbon sources (e.g. raffinose, glycerol), aggregation of the Swil protein, and loss
of multicellular features (e.g. flocculation, invasive growth) (100, 134). Swil can be divided into
three domains (155). The N-terminal, asparagine-rich domain contains the Swil prion domain
(PrD) — the region necessary and sufficient for prionization. The N region has previously been
shown to capably form amyloid fibrils in vitro (155). A middle glutamine-rich domain follows and
a C-terminal, functional domain completes the protein. Expression of this functional domain
rescues the poor growth on raffinose phenotype and restores multicellular features (155).

Further research into the Swil PrD revealed that the protein’s first 38 amino acids could

act to maintain and propagate the [SWI*] prion fold (156). Moreover, this region, Swili-ss could
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be further truncated — down to Swili.s> — and retain the ability to aggregate and propagate (157).
Swilizs was also shown to act as a transferable PrD. When fused with Sup35mc — the Sup35
protein without its N-terminal prion domain — for assaying purposes, Swili-zg can de novo form a
prion that has been termed [SPS*] (Swil conferred [PSI*]). This prion, formed by Swili-ss-MC,
exhibits aggregation when visualized by Swili-3s-YFP, displays impaired translation termination
due to the primary function of Sup35wmc, and is curable by treatment with guanidine hydrochloride.
Once again, a shorter truncation, Swili.a; was found to also be capable of prionization. In all, this
small N-terminal region of Swil stands as the smallest currently identified PrD.
Swilisg is highly enriched in polar residues, particularly asparagine. Of the 38 residues,
22 are asparagine and 10 are threonine. Inclusion of asparagine and/or glutamine residues is
common among currently characterized yeast prions (109, 167). Meanwhile, the six remaining
residues comprise a methionine necessary as a start codon, an adjacent aspartate likely playing a
role in the protein half-life, an ending proline with probable unimportance for prion capabilities,
and three hydrophobic residues — a leucine and two phenylalanines. This largely uncomplicated
primary sequence of Swili.ag gives rise to a protein domain capable of aggregating, maintaining
and propagating an alternative fold, and initializing a prion (156, 157). To better understand the
prionogenicity of Swilj.sg, we performed a series of mutagenesis experiments to characterize the

contributions of residues to the prionogenic characteristics of this small PrD.

Materials and Methods
Yeast strains and media
Yeast strains used in this study are listed in Table 2.1. The W303 sup354 / SUP35::TRP1

/ p316SUP35F_ strain was provided by the Weissman Lab (UCSF, San Francisco, CA, USA).
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Yeast were grown according to established protocols at 30° C in either yeast extract-
peptone-dextrose (YPD) or synthetic complete (SC) media minus appropriate amino acids (e.g.
leucine) (184). When indicated, media was supplemented with 1 g/l 5-FOA for counter-selection
against a URA3-carrying plasmid or with 5 mM GdnHCI for inactivation of Hsp104 to disrupt

prion propagation.

Table 2.1. Yeast strains used in chapter two.

Identifier Background Relevant Genotype Prion State Source

742 BY4741 [SWI*] (100)

756 BY4741 swi1A /p416TEF-SWI1 [SWI*] (156)

YJW561 W303 sup35A / SUP35::TRP1/p316SUP35¢_ [PSI*][PIN*] Weissman Lab

Plasmid construction

Plasmids used in this study are listed in Table 2.2. Briefly, the p415TEF-SWI11-3s-YFP
plasmid (156) was used as template to produce the various mutant SWI1:-3s plasmids via PCR. See
Table 2.3 for primer information. For mutations in the first portion of SWI11.3g, the mutant PCR
product was digested with Spel/Xhol for cloning into similarly digested p415TEF-SWI11-3s-YFP
to produce p415TEF-SWI113sF3N-YFP, p415TEF-SWI113sF3A-YFP, p415TEF-SWI11.3gF4N-
YFP, p415TEF-SWI1;13sFFNN-YFP, p415TEF-SWI11.3sFFAA-YFP, p415TEF-SWI11.3sL6N-YFP,
and p415TEF-SWI11.3sL6A-YFP. This approach was also used with p415TEF-SWI1n-YFP and
p415TEF-SWI1ng-YFP to make p415TEF-SWIINF3N-YFP, p415TEF-SWI1INF3A-YFP, p415TEF-
SWILINFAN-YFP, p415TEF-SWILNF4A-YFP, p415TEF-SWILNFFENN-YFP, p415TEF-
SWIINFFAA-YFP, p415TEF-SWI1ngF3N-YFP, p415TEF-SWI1ngF3A-YFP, p415TEF-
SWI1ngF4N-YFP, p415TEF-SWI1lngF4A-YFP, p4l15TEF-SWI1ngFFNN-YFP, and p415TEF-

SWI1lngFFAA-YFP. For mutations in the middle of SWI111.3g, the mutant PCR product was cloned
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into p415TEF-SWI11.33-YFP via Sacl/Xhol sites to make p415TEF-SWI11-3s4XTN-YFP, p415TEF-
SWI11.384XTA-YFP, p4l5TEF-SWI11-388XTN-YFP, and p415TEF-SWI11388XTA-YFP. For
mutations in the back portion of SWI11.3g, the mutant PCR product was cloned into p415TEF-
SWI11.38-YFP via Sacl/BamHI sites to produce p415TEF-SWI11.38T27N-YFP, p415TEF-SWI1;.
38T27A-YFP, p415TEF-SWI11.3sT32N-YFP, and p415TEF-SWI11.3sT32A-YFP. To produce the
collection of mutant p416 TEF-SWI11-3s-YFP plasmids, the mutant SW111.33-YFP was cloned from
the respective p415TEF-SWI113s-YFP plasmid and into p416 TEF via Spel/Xhol sites.

The p415TEF-SWI1no4239-250-YFP plasmid was produced by PCR-amplifying SWI11.23s
with the SWI11a239-250 Front For and SW11a239-250 Front Rev primers and PCR-amplifying SWI1260-
517-YFP with SWI11a239-250 Back For and SW11a239-250 Back Rev primers. These two PCR products
were then linked by using a mixture of both as template and the SWI1a239-259 Front For and
SWI1a239-250 Back Rev primers — producing the full-length SWIlnga239-250-YFP product. Was
subsequently cloned into p415TEF via Spel/Xhol sites. The p415TEF-SWI1yo4239-250 FFNN-YFP
and p415TEF-SWI1no.4239-259 FFAA-YFP constructs were produced in the same manner as the other
FF-NN and FF-AA mutants above.

The p415TEF-SWI113s-MC plasmid was produced by PCR-amplifying SWI1i3s from
p415TEF-SWI11-33-YFP with the Spel-SWI11.3s For and SWI11.3s-BamHI-Linker Rev primers and
PCR-amplifying MC from p316SUP35¢. with the Linker-SUP35wuc For and SUP35mc-Xhol Rev
primers. These two PCR products were then linked by using a mixture of both as template and the
Spel-SWI11.3g For Short and SUP35mc-Xhol Rev Short primers — producing the full-length SWI1;.
3g-Linker-MC product where the DPGGPGGG linker contains a BamHI site. SWI11.3s-Linker-MC

was subsequently cloned into p415TEF via Spel/Xhol sites. The collection of mutant p415TEF-
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SWI113s-MC plasmids was generated by cloning the mutant SWIli.3s from the respective

p415TEF-SWI11.3s-YFP plasmids and into p415TEF-SWI11.3s-MC via Sacl/BamHI sites.

Table 2.2. Plasmids used in chapter two.

Name Marker Replicon Promoter Use Source
p415TEF-SWI1,.55-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil, ss-YFP (156)
p415TEF-SWI11.356 F3N-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.gs F3N-YFP This study
p415TEF-SWI1,.35 F3A-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.ss F3A-YFP This study
p415TEF-SWI1,.35 FAN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.s3 FAN-YFP This study
p415TEF-SWI1,.35 FAA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.ss F4A-YFP This study
p415TEF-SWI1;.35 FFNN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.ss FFNN-YFP This study
p415TEF-SWI1,.35 FFAA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs FFAA-YFP This study
p415TEF-SWI1;.35 LEN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.ss LBN-YFP This study
p415TEF-SWI1,.35 LEBA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs LBA-YFP This study
p415TEF-SWI1;.33 4XTN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 4XTN-YFP This study
p415TEF-SWI1,.35 4XTA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 4XTA-YFP This study
p415TEF-SWI1;.33 8XTN-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 8XTN-YFP This study
p415TEF-SWI1,.35 8XTA-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 8XTA-YFP This study
p415TEF-SWI1;.33 T27N-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.ss T27N-YFP This study
p415TEF-SWI11.55 T27A-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs T27A-YFP This study
p415TEF-SWI11.556 T32N-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs T32N-YFP This study
p415TEF-SWI1,.55 T32A-YFP LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs T32A-YFP This study
p415TEF-YFP LEU2 CEN6/ARSH4 TEF1 Expression of YFP (134)
p416TEF-SWI1lg URA3 CEN6/ARSH4 TEF1 Expression of Swilg (100)
p416TEF-SWI1g -mCherry URA3 CEN6/ARSH4 TEF1 Expression of Swilg -mCherry (156)
pP416TEF-SWI1,.35-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.gs-YFP This study
p416TEF-SWI1,.5356 F3N-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.gs F3N-YFP This study
p416TEF-SWI1,.55 F3A-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.ss F3A-YFP This study
p416TEF-SWI1,.5356 FAN-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.gs FAN-YFP This study
p416TEF-SWI1,.535 FAA-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.ss F4A-YFP This study
p416TEF-SWI1,.33 FFNN-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil;.zs FFNN-YFP This study
p416TEF-SWI1,.35 FFAA-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs FFAA-YFP This study
p416TEF-SWI1;.35 LEN-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs LBN-YFP This study
p416TEF-SWI1;.35 LEBA-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs LBA-YFP This study
p416TEF-SWI1;.33 4XTN-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.33 4XTN-YFP This study
p416TEF-SWI1;.35 4XTA-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs 4XTA-YFP This study
p416TEF-SWI1;.336 8XTN-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.33 8XTN-YFP This study
p416TEF-SWI1;.35 8XTA-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs 8XTA-YFP This study
p416TEF-SWI1;.33 T27N-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.ss T27N-YFP This study
p416TEF-SWI1;.33 T27A-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs T27A-YFP This study
p416TEF-SWI1;.33 T32N-YFP URA3  CEN6/ARSH4 TEF1 Expression of Swil;.zs T32N-YFP This study
p416TEF-SWI1,.33 T32A-YFP URA3 CEN6/ARSH4 TEF1 Expression of Swil; 33 T32A-YFP This study
p415TEF-SWI1;.55-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil; 3s-MC This study
p415TEF-SWI1;.33 F3N-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.33 F3N-MC This study
p415TEF-SWI1,.33 F3A-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.gs F3A-MC This study
p415TEF-SWI1;.33 FAN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs FAN-MC This study
p415TEF-SWI1,.353 FAA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.gs FAA-MC This study
p415TEF-SWI1,.35 FFNN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.3s FFNN-MC This study
p415TEF-SWI1,.36 FFAA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.3s FFAA-MC This study
p415TEF-SWI1;.35 LBN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.gs LEN-MC This study
p415TEF-SWI1,.35 LBA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs LBA-MC This study
p415TEF-SWI1;.353 4XTN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.33 4XTN-MC This study
p415TEF-SWI11.353 4XTA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 4XTA-MC This study
p415TEF-SWI1;.33 8XTN-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.33 8XTN-MC This study
p415TEF-SWI1,.33 8XTA-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil;.zs 8XTA-MC This study

p415TEF-SWI1,.33 T27N-MC LEU2 CEN6/ARSH4 TEF1 Expression of Swil; 35 T27N-MC This study



p415TEF-SWI11.33 T27A-MC
p415TEF-SWI1;.33 T32N-MC
p415TEF-SWI11.33 T32A-MC
p415TEF-SWI1N-YFP
p415TEF-SWIlno-YFP
p415TEF-SWI1lno F3N-YFP
p415TEF-SWIlno F3A-YFP
p415TEF-SWI1no FAN-YFP
p415TEF-SWI1lno FAA-YFP
p415TEF-SWI1yo FFNN-YFP
p415TEF-SWIlyo FFAA-YFP
p415TEF-SWI1y F3N-YFP
p415TEF-SWI1y F3A-YFP
p415TEF-SWI1y FAN-YFP
p415TEF-SWI1y FAA-YFP
p415TEF-SWI1y FFNN-YFP
p415TEF-SWI1y FFAA-YFP
p415TEF-SW|1NQA239.259'YFP
p415TEF-SWI1ngazss-250 FFNN-YFP
p415TEF-SWI1ngazss-250 FFAA-YFP
p415TEF-SWI11.204-YFP
p415TEF-SWI1;.504 FFNN-YFP
p415TEF-SWI11.5,4 FFAA-YFP
p415TEF-SWI11.476-YFP
p415TEF-SWI11.176 FFNN-YFP
p415TEF-SWI11.176 FFAA-YFP
p415TEF-SWI11.133-YFP
p415TEF-SWI11.133 FFNN-YFP
p415TEF-SWI11.133 FFAA-YFP
p415TEF-SWI11.7s-YFP
p415TEF-SWI11.74 FFNN-YFP
p415TEF-SWI1,.74 FFAA-YFP
p415TEF-SWI1y.65-YFP
p415TEF-SWI11.6s FFNN-YFP
p415TEF-SWI1,.65s FFAA-YFP
p415TEF-SWI11.46-YFP
p415TEF-SWI1,.46 FFNN-YFP
p415TEF-SWI1;.4¢ FFAA-YFP
p415TEF-SWI1,.4,-YFP
p415TEF-SWI1,.4, FFNN-YFP
p415TEF-SWI1,.4, FFAA-YFP
p316Sup35¢.

LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
URA3

CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4

TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
TEF1
SUP35

Expression of Swil; 33 T27A-MC
Expression of Swil; 35 T32N-MC
Expression of Swil; 33 T32A-MC
Expression of Swily-YFP
Expression of Swilyo-YFP
Expression of Swilyo F3N-YFP
Expression of Swilyg F3A-YFP
Expression of Swilyo FAN-YFP
Expression of Swilyg FAA-YFP
Expression of Swilyo FFNN-YFP
Expression of Swilyo FFAA-YFP
Expression of Swily F3N-YFP
Expression of Swily F3A-YFP
Expression of Swily FAN-YFP
Expression of Swily F4A-YFP
Expression of Swily FFNN-YFP
Expression of Swily FFAA-YFP
Expression of Swilnoazsg-2s0-YFP

Expression of Swilnoazsg-2s0 FFNN-YFP
Expression of Swilnoazsg-2s0 FFAA-YFP

Expression of Swil;.pp4-YFP
Expression of Swil;.;p4 FFNN-YFP
Expression of Swil;.;ps FFAA-YFP
Expression of Swil;.176-YFP
Expression of Swil;.;7zs FFNN-YFP
Expression of Swil;.1zs FFAA-YFP
Expression of Swilj. s3-YFP
Expression of Swil;.;33 FFNN-YFP
Expression of Swil;. 33 FFAA-YFP
Expression of Swil;.zs-YFP
Expression of Swil;.zs FFNN-YFP
Expression of Swil,.7zs FFAA-YFP
Expression of Swili.es-YFP
Expression of Swil;¢s FFNN-YFP
Expression of Swil, ¢s FFAA-YFP
Expression of Swilj.se-YFP
Expression of Swil;.ss FFNN-YFP
Expression of Swil;..s FFAA-YFP
Expression of Swil;.s-YFP
Expression of Swil;.4, FFNN-YFP
Expression of Swil;.., FFAA-YFP
Expression of Sup35
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This study
This study
This study
(155)
(155)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Weissman
Lab

Site-directed mutagenesis

The suite of SWI1;.3s mutants was produced via incorporation of base substitutions in PCR

primers (Table 4) and usage of p415TEF-SWI11.3s-YFP as the template. All PCRs were conducted

using PrimeSTAR HS DNA polymerase (Takara Bio, Mountain View, CA, USA) and the

manufacturer’s recommended protocols. Custom primers were ordered from Integrated DNA
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Technologies (Coralville, IA, USA) and annealing temperatures were estimated via the Integrated

DNA Technologies’ OligoAnalyzer Tool.

Table 2.3. Primers used in chapter two.

Name

Swil F3N For

Swil F3A For

Swil F4AN For

Swil F4A For

Swil FF-NN For

Swil FF-AA For

Swil L6N For

Swil L6A For

Swil 4xTN For

Swil 4XTN Rev

Swil 4xTA For

Swil 4xTA Rev

Swil 8xTN For

Swil 8XTN Rev

Swil 8xTA For

Swil 8XTA Rev

Swil T27N Rev

Swil T27A Rev

Swil T32N Rev

Swil T32A Rev

p415TEF-SWI1,.35-YFP

For

Sequence (5’ - 3)

AGAACTAGTATGGATAACTTTAATTTGAAT
AGAACTAGTATGGATGCCTTTAATTTGAAT
AGAACTAGTATGGATTTCAACAATTTGAAT
AGAACTAGTATGGATTTCGCCAATTTGAAT
AGAACTAGTATGGATAACAACAATTTGAAT

AGAACTAGTATGGATGCCGCCAATTTGAAT
ACTAGTATGGATTTCTTTAATAACAATAATAATAATAATAATAAT
AATACTACTACT

ACTAGTATGGATTTCTTTAATGCGAATAATAATAATAATAATAAT
AATACTACTACT

ACTACTAACAACAACAACAATAACAATAATACTAATAATAATAA
TACT

GTTATTGTTGTTGTTGTTAGTAGTAGTAGTATTATTATTATTATT
ATTATTATTCAA

ACTACTGCAGCAGCAGCAAATAACAATAATACTAATAATAATAA
TACT

GTTATTTGCTGCTGCTGCAGTAGTAGTAGTATTATTATTATTAT
TATTATTATTCAA

AATAATAACAACAACAACAACAACAACAACAATAACAATAATAC
T
GTTGTTGTTGTTGTTGTTATTATTATTATTATTATTATTATTCAA
AATAATGCAGCAGCAGCAGCAGCAGCAGCAAATAACAATAATA
CT

TGCTGCTGCTGCTGCTGCATTATTATTATTATTATTATTATTCA
A

GGTGGATCCGGATTATTATTATTATTAGTATTATTATTATTATTA
TTATTGTTATTGGT

GGTGGATCCGGATTATTATTATTATTAGTATTATTATTATTAGC
ATTATTGTTATTGGT

GGTGGATCCGGATTATTATTATTATTGTTATTATTATTATTAGT
GGTGGATCCGGATTATTATTATTATTAGCATTATTATTATTAGT

TTATCTACACGACGGGGAGTCA

Resulting Plasmid
p415TEF-SWI1;.33 F3N-YFP
p415TEF-SWI1,.33 F3A-YFP
p415TEF-SWI1;.33 FAN-YFP
p415TEF-SWI1,.33 FAA-YFP
p415TEF-SWI1;.33 FF-NN-YFP
p415TEF-SWI1,.33 FF-AA-YFP
p415TEF-SWI1;.35 L6N-YFP
p415TEF-SWI1,.35 L6A-YFP
p415TEF-SWI1,.33 4XTN-YFP
p415TEF-SWI1;.33 4XTN-YFP
p415TEF-SWI1,.35 4XTA-YFP
p415TEF-SWI1;.35 4XTA-YFP
p415TEF-SWI1,.33 8XTN-YFP
p415TEF-SWI1;.33 8XTN-YFP
p415TEF-SWI1,.33 8XTA-YFP
p415TEF-SWI1;.353 8XTA-YFP
p415TEF-SWI1;.33 T27N-YFP
p415TEF-SWI1;.33 T27A-YFP
p415TEF-SWI1;.33 T32N-YFP
p415TEF-SWI1;.33 T32A-YFP

Multiple SWI1,.3s mutants



p415TEF-SWI1,.35-YFP
Rev

p415TEF-SWI1,.35-YFP
For 4x

p415TEF-SWI1,.35-YFP
Rev 4x

p415TEF-SWI1,.35-YFP
For 4x HT

p415TEF-SWI1;.35-YFP
Rev 4x HT

Spel-SWiI,.35 For

SWI;.3g-BamHI-Linker
Rev

Linker-SUP35yc For
SUP35yc-Xhol Rev

Spel-SWI,.35 For Short

SUP35yc-Xhol Rev Short

SWI1 SRT For

SWI1 SRT Rev

ACT1 RT For

ACT1 RT Rev

SWI1az39.259 Front For

SWI 1A23g.259 Front Rev

SWI 1A239-259 Back For

SWI 1A23g.259 Back Rev

AATGTAAGCGTGACATAACTAATTACATGA

CAAGACGATAGTTACCGGATAAGG

TGGATTTTGATGTAATTGTTGGGATTC

AAGACGATAGTTACCGGATAAGGCGCA

AGAATAGACCGAGATAGGGTTGAGTGTTGT

GGTTCAAGCTATGCGTCAGACCCCGTAGAAAAGATCAAAGG

ACCACCACCAGGACCACCTGGATCCGGATTATTATTATTATTA
GTATTATTATTATTAGT

GGTGGTCCTGGTGGTGGTATGTCTTTGAACGACTTTCAAAAG
C

CTGCGAGCCCTCGAGTTACTCGGCAATTTTAACAATTTTACCA
ATTGCT

TCAGACCCCGTAGAAAAGATCAAAGG

CTGCGAGCCCTCGAGTTACTC

TCTAACTCTACTCCGAATGCAAATC

ACGTTGATATTAATATTGCTATTCAAGCT

TTGGTTATTGATAACGGTTCTGGTATG

GGTGAACGATAGATGGACCACTT

CACAGGCTACACGGTTAATTACAAATCTAGAACTAGTATGGAT
TTC

TCTGTCCATTGAATTTGAAGCTGGCAAAAATTGTTGATTTGC

CAACAATTTTTGCCAGCTTCAAATTCAATGGACAGATCATCC

AATGGCAGACTAATTACATGACTCGAGGCCG

Multiple SWI1,.3s mutants
Multiple SWI1,.3s mutants
Multiple SWI1,.3s mutants
Multiple SWI1,.3s mutants
Multiple SWI1,.3s mutants
p415TEF-SWI1;.35-MC
p415TEF-SWI1;.35-MC
p415TEF-SWI1;.35-MC
p415TEF-SWI1;.35-MC
p415TEF-SWI1;.35-MC
p415TEF-SWI1;.35-MC

N/A

N/A

N/A

N/A
pP415TEF-SWI1ngs239-250- Y FP
p415TEF-SWI1ng4239-250- Y FP
pP415TEF-SWI1ngs239-250- Y FP

P415TEF-SWI1ngazss-25e-YFP
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Yeast transformation

Yeast were transformed as previously described (184). In brief, cells were spun down at

2500 rpm for 3 minutes, supernatant removed, and cells resuspended in 1 ml H>O. Cells were then

spun down again at 2500 rpm for 3 minutes, supernatant removed, and cells resuspended in 1 ml

of 0.1M lithium acetate. After 10 minutes, the cells were pelleted again, supernatant removed, and

cells resuspended in 100 pl of Li-PEG (0.1M lithium acetate, 30% polyethylene-glycol 3350 in
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H20). From this mixture, 94.5 ul of resuspended cells were combined with 3.5 ul of ssDNA and
2.0 ul of the appropriate plasmid. The transformation mixture was then incubated at 42 °C for 30
minutes. Following, the transformation mixture was moved to ice for 5 minutes before spreading
onto the appropriate selective media.
Microscopy

Images were captured using a Zeiss Axiovert 200 epifluorescence microscope with an
attached camera and the Axiovision AC software (Zeiss, Oberkochen, Germany). Cell samples
were visualized with a 100x objective and the appropriate filters for differential interference
contrast (DIC), mCherry, or yellow fluorescent protein (YFP). Images were analyzed using Fiji
software (185, 186).
RT-PCR

Yeast samples for RT-PCR were grown overnight in selective media (3 ml). The next day,
the cultures were spun down at 2500 rpm for 5 min and the media was removed. The cell pellet
was resuspended in 1 ml of H>O before spinning down again at 2500 rpm for 5 min. The
supernatant was once again removed, and the pellet resuspended in 600 pl of RLT buffer from the
Qiagen RNeasy Mini Kit (Hilden, Germany). The resuspended cells were transferred to a screw-
cap tube with silica beads and additional RLT buffer was added to fill the tube to maximum. A
Mini-Beadbeater 16 (Bio Spec Products, Bartlesville, OK, USA) was used to lyse the suspended
cells by beating 5x in 1-minute intervals with resting on ice for 1 minute in between. Tubes were
spun down at 8000 g for 15 seconds.

The clarified lysates were transferred to microcentrifuge tubes and thereafter, the Qiagen
RNeasy Mini Kit protocol was followed. RNA concentration was quantified using a Take3 Micro-

Volume Plate with a Synergy HT plate reader and Gen5 software (BioTek, Winooski, VT, USA).
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Corresponding cDNA was synthesized using the SuperScript 11 First-Strand Synthesis System
(Invitrogen, Carlsbad, CA, USA). The resulting cDNA was immediately used for PCR using the
SWI1 SRT For and Rev primers and the ACT1 RT For and Rev primers.
SDS-PAGE

Yeast samples for SDS-PAGE were grown overnight in selective media (3 ml) and
prepared via alkaline lysis similarly to previously described (187). The following day, the ODsoo
of the cultures were measured and a volume of culture equal to an ODsoo of 2.0 was transferred to
amicrocentrifuge tube. Cells were pelleted at 13000 rpm for 1 minute, media removed, and washed
with 500 ul of ice-cold water before being pelleted again. The washed cell pellet was resuspended
in 200 pl of 0.1 M NaOH and incubated at room temperature for 10 minutes. After another
centrifugation at 13000 rpm for 1 minute, the pellet was resuspended in 50 ul of 2x Laemmli buffer
(Bio-Rad, Hercules, CA, USA). Samples were boiled for 10 minutes prior to loading on to a 4-
20% Mini-PROTEAN TGX precast protein gel (Bio-Rad, Hercules, CA, USA). After completion
of electrophoresis, samples were transferred to a PVDF membrane using an iBlot Dry Blotting
System (Invitrogen, Carlsbad, CA, USA).
SDD-AGE

Yeast samples for SDD-AGE were grown overnight in selective media (3 ml) and prepared
similarly to previously described (121). The next day, the culture was diluted into a larger volume
of selective media (30 ml total) and grown over approximately 4 hours at 30 °C with shaking at
225 rpm. The yeast was harvested afterwards by spinning down at 2500 rpm for 5 minutes. The
media was removed and the resulting cell pellet was washed with 10 ml of H2O. After another spin
down, the H20O was removed and 800 pl of cell lysis buffer (50 mM Tris-HCL pH 7.5, 50 mM

KCI, 10 mM MgCl, 5% glycerol, 10 mM PMSF, cOmplete Mini Protease Inhibitor Cocktail
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(Roche, Basel, Switzerland)) was added. The cell suspension was transferred to a 2.0 ml screw-
cap tube filled halfway with silica beads and additional cell lysis buffer was added to fill the tube
to maximum. A Mini-Beadbeater 16 was used to lyse the suspended cells by beating 5x in 1-minute
intervals with resting on ice for 1 minute in between. The resulting samples were then used for
SDD-AGE.

SDD-AGE was conducted as described previously (188). Briefly, yeast lysates were first
mixed with 4x Laemmli sample buffer (2x TAE, 20% glycerol, 8% SDS, 0.1% bromophenol blue).
Samples were either incubated at room temperature for 7 minutes or boiled for 10 minutes.
Samples were loaded onto 1.5% agarose, 0.1% SDS gels. After completion of electrophoresis,
samples were transferred to PVDF membrane using capillary action and 1x TBS.
Immunoblotting

Membranes were blocked via incubation in 5% milk in PBS at either 4 C overnight or room
temperature for 2 hours. Blots were washed 3x for 5 minutes with PBS + 0.01% Tween-20 before
probing with primary antibody for 2 hours at room temperature. The following primary antibodies
were used for detection: JL-8 anti-GFP antibody (Clontech, Mountain View, CA, USA), anti-
Sup35 antibody (gift from the Liebman Lab, University of Nevada, Reno, NV, USA), or anti-actin
antibody, clone C4 (Chemicon, Temecula, CA, USA). All primary antibodies were used at a
1:2500 dilution. Blots were washed 3x for 5 minutes with PBS + 0.01% Tween-20 before probing
with horseradish peroxidase-conjugated rat anti-mouse secondary antibody (Cell Signaling
Technology, Danvers, MA, USA) for 1 hour at room temperature. Blots were washed 3x for 5
minutes with PBS + 0.01% Tween-20 before incubation with Clarity Western ECL Substrate (Bio-
Rad, Hercules, CA, USA). Blots were imaged using a ChemiDoc Imaging System (Bio-Rad,

Hercules, CA, USA).
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De novo prion formation assay
W303 sup354 / p316SUP35rL [PSI'] cells were independently transformed with each of
the p415TEF-SWI11.33-MC wild-type and mutant constructs. Transformants were grown on -LU
media and a color change to red was observed — indicating that the fusion proteins were functional
in translational termination. Three red colonies were selected for each construct and were streaked
onto -L+5-FOA media to select against p316SUP35¢.. Resulting colonies were selected and re-
streaked onto both -L and -LU media to confirm loss of p316SUP35F.. Afterwards, three different
colonies from each of the three sup354 / p415TEF-SWI11.3sMut-MC isolates were transformed
with the corresponding p416TEF-SWI11.3sMut-YFP plasmid. The resulting plates of sup354 /
p415TEF-SWI11-3sMut-MC / p4l16TEF-SWI11-33sMut-MC colonies were then checked for

coloration and aggregation via fluorescence microscopy.

Results
Multiple Swili-ss mutants cannot co-aggregate with SwilrL in [SWI*] cells

To dissect the contributions of various residues to the prionogenicity of Swili.zg, we
targeted the minority of residues which are non-asparagine amino acids for mutagenesis (Figure
2.1A). The first two amino-acid residues — methionine and aspartate — were not mutated due to the
need for the start codon and the N-end rule, respectively (189). The last amino-acid residue —
proline — was also not mutated due to our lab’s previous work displaying that this residue is not
necessary for aggregation, maintenance of [SWI™], or prionogenesis (157). Additionally, proline is

not known to be particularly aggregation- or prion-promoting.
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Figure 2.1. Mutation of the phenylalanine residues or threonine tract disrupts Swilisg cO-
aggregation with Swilg..

A. Diagram of Swil protein domains. The N region (Swili-323) includes the Swil prion domain and the
sequence of said region is presented. Amino-acid residues of asparagine (N), glutamine (Q), and
threonine (T) are in red, blue, and green, respectively. The first 38 amino acid residues (Swili-3s)
are bolded and highlighted in yellow. A previously predicted amyloid core region (Swilz2ss-259) is
underlined. Asterisks (*) indicate those residues that were targeted for mutagenesis.

B. Diagram of experiment. BY4741 [SWI*] or [swiT] cells were transformed with p415TEF-SWI1;.3s-YFP
(WT), p415TEF-SWIli.3sMut-YFP, or p4l15TEF-YFP. Transformants were observed using
fluorescence microscopy for aggregate foci or diffuse signal.

C. Fluorescence images of BY4741 [SWI*] or [swi] cells transformed with p415TEF-SWI11.35-YFP
(WT), p415TEF-SWIl13sMut-YFP, or p415TEF-YFP. See Table 1 for amino-acid sequences of
mutants. For each construct, 3 independent transformations of both [SWI*] and [swi] yeast were
conducted. On average, approximately 900 cells (from across 3 colonies) were observed per
transformation. Shown are representative views and quantitative results are shown in Figure 2C.



73

The remaining non-asparagine residues including phenylalanine (F), threonine (T), and
leucine (L) in Swili.ag were mutagenized. Noticeably, these amino acids are not overrepresented
in the asparagine/glutamine-rich PrDs of identified yeast prions though some of them have been
reported as amyloidogenic (167, 190). Codons for individual amino acids were swapped via PCR
mutagenesis to codons for either asparagine (N) or alanine (A) (Table 2.4). Asparagine was
selected due to its importance in prionogenicity and the fact that Swili-zs is already very N-rich —
small changes to the number of N residues are unlikely to have a sizeable effect (167).
Replacement of the phenylalanine(s) in Swili-sg with the polar, uncharged asparagine allows us to
determine the value of the singular and/or duplicated phenylalanine(s) and the prionogenic
hydrophobicity provided by them. Furthermore, replacing threonine residues allows us to evaluate
whether Swili-zs requires unique contributions of threonine or its tandem tract. On the other hand,
alanine was selected due to its lack of prionogenicity and its simple and small structure —
particularly compared to amino acids such as phenylalanine with a large aromatic side chain. The
phenylalanine residues at positions 3 and 4 were mutated singularly or in tandem — producing the
mutants F3N, F3A, F4N, F4A, and FF-NN and FF-AA. The leucine residue at position 6 was
mutated singularly to construct the mutants L6N and L6A. For the threonine tract in the center of
Swili.zg, the last four threonine residues (positions 19-22) were replaced with either all asparagine
or all alanine to produce 4xTN or 4xTA, respectively. The entire threonine tract (positions 15-22)
was mutated to be either entirely asparagine (8xTN) or entirely alanine (8xTA). The interspersed
threonine residues in the back portion of Swili.as were singularly mutated to create T27N, T27A,
T32N, and T32A. Together with the wild-type (WT) Swili-zs construct, these mutants were

initially assayed for their ability to co-aggregate with Swilg..
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Table 2.4. Swili-ze mutants.

Name DNA Mutation Amino-Acid Sequence

WT = MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F3N TTC - AAC MDNFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F3A TTC » GCC MDAFNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F4N TTT » AAC MDFNNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
F4A TTT » GCC MDFANLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
FF-NN TTCTTT -» AACAAC MDNNNLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
FF-AA TTCTTT » GCCGCC MDAANLNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
L6N TTG » AAC MDFFNNNNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
L6A TTG » GCG MDFFNANNNN NNNNTTTTTT TTNNNNTNNN NTNNNNNP
4XTN ACTACTACTACC -» AACAACAACAAC MDFFNLNNNN NNNNTTTTNN NNNNNNTNNN NTNNNNNP
4AXTA ACTACTACTACC -» GCAGCAGCAGCA MDFFNLNNNN NNNNTTTTAA AANNNNTNNN NTNNNNNP
8XTN ACTACTACTACTACTACTACTAAC -» AACAACAACAACAACAACAACAAC  MDFFNLNNNN NNNNNNNNNN NNNNNNTNNN NTNNNNNP
8xTA ACTACTACTACTACTACTACTAAC -» GCAGCAGCAGCAGCAGCAGCAGCA  MDFFNLNNNN NNNNAAAAAA AANNNNTNNN NTNNNNNP
T27N ACT > AAT MDFFNLNNNN NNNNTTTTTT TTNNNNNNNN NTNNNNNP
T27A ACT » GCT MDFFNLNNNN NNNNTTTTTT TTNNNNANNN NTNNNNNP
T32N ACT > AAC MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NNNNNNNP
T32A ACT » GCT MDFFNLNNNN NNNNTTTTTT TTNNNNTNNN NANNNNNP

Each mutant was tagged with yellow fluorescent protein (YFP) and individually
transformed into BY4741 [SWI*] and [swi] yeast (Figure 2.1B). This process was repeated for
three biological replicates. Wild-type Swiliss-YFP served as a positive control — specifically
aggregating in [SWI*] cells — while YFP alone served as a negative control. While F3N displayed
aggregation similar to WT, the other phenylalanine mutants displayed greatly hampered
aggregation formation (Figure 2.1C). Indeed, the FF-NN and FF-AA constructs were not observed
to have any puncta visible. The other mutant constructs that resulted in deficient aggregation were
4XTA and 8XTA; however, 4xTN and 8xTN displayed aggregation akin to WT. Thus, the
replacement of these threonine residues with alanine removed the polar side-groups that are
aggregation-prone and greatly disrupted aggregation. On the other hand, maintaining that polarity
via mutation to the similarly polar asparagine allowed for aggregation. The remaining mutations
(L6N, L6A, T27N, T27A, T32N, T32A) had aggregation similar to WT. All constructs did not

produce observable aggregates in [swi] cells — indicating that the observed aggregation was
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specific to Swili-3sMut-YFP adopting the prion fold of the existing [SWI*] and not amorphous
aggregates forming solely due to overexpression.

Overexpression of SwilrL allows co-aggregation of additional Swili-ss mutants

To further examine the aggregation capabilities of the Swili.zs mutant constructs, we
performed the same co-aggregation assay in the presence of higher Swilr_ expression (Figure
2.2A). We started with BY4741 swild / p416TEF-SWI1g. [SWIT] and [swi’] yeast for this
experiment. In these cells, instead of expressing SWI1gL from its chromosomal locus under its
endogenous promoter, SWI1r_ was expressed from a plasmid under the significantly stronger TEF
promoter. These conditions should provide an overexpression context for Swilr_ and additional
opportunity for the Swili.sg mutants to decorate the existing [SWI*] aggregates.

Once again, based on three biological replicates, several mutants exhibited aggregation
akin to WT (Figure 2.2B). These mutants included F3N, L6N, L6A, 4XxTN 8XTN, T27N, T27A,
T32N, and T32A. These results once again highlighted that most of the singular mutants were
capable of co-aggregating and adopting the prion conformation of Swilg.. Interestingly, the other
singular phenylalanine mutants (F3A, F4N, and F4A) that had low (<20%) aggregation rates in
the initial assay displayed increased aggregation frequency (~60%) under Swilr_-overexpression
conditions (Figure 2.2C). On the other hand, the double-phenylalanine mutants (FF-NN and FF-
AA) displayed greatly impaired ability to decorate Swilr_ aggregates; however, there were low
levels of observable puncta. Another mutant, 4XTA also displayed low aggregation frequency
(~20%) in the Swilr -overexpression context whereas aggregates were not seen under the non-
Swilr -overexpression conditions (~0%). The 8xTA mutant was unable to form notable
aggregates even under the Swilr_-overexpression conditions — suggesting that replacing the polar

threonine tract with small, hydrophobic, nonpolar alanine residues in the center of Swili.ss likely
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Figure 2.2. Substantially higher Swilr. expression promotes aggregation of Swiliss mutants in
[SWI*] cells.

A. Diagram of experiment. BY4741 swi1A / p416TEF-SWI1g [SWI*] or [swi] cells were transformed
with p415TEF-SWI1:1-3sMut-YFP. Transformants were observed using fluorescence microscopy for
aggregate foci or diffuse signal.

B. Fluorescence images of BY4741 swi1A / p416TEF-SWI1g [SWI*] or [swi] cells transformed with
p415TEF-SWIl1.3s-YFP (WT), p415TEF-SWI113sMut-YFP, or p415TEF-YFP. See Table 1 for
amino-acid sequences of mutants. Similar to that described for Figure 1C, for each construct, 3
independent transformations of both [SWI*] and [swi] yeast were conducted. On average,
approximately 900 cells (from across 3 colonies) were observed per transformation. Shown are
representative views and quantitative results are shown in Figure 2C.

C. Quantification of Swili-3sMut-YFP aggregation observed in Figure 1C and Figure 2B. Cells were
manually counted using Fiji software. Normalized aggregation is defined as the number of
aggregate-containing cells divided by the total number of cells with YFP fluorescence and then
normalized to WT (which had a raw aggregation percentage of ~50-80%) per biological replicate.
The mean number of cells with YFP fluorescence observed per mutant per replicate was
approximately 900. Error bars represent standard error of the mean.
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was disruptive to the aggregation core of the protein. No construct resulted in consistent
aggregation in [swi] cells; although, single cells with puncta were observed in a minimal (<5%)
number of colonies. These rare instances in the originally [swi] cells likely reflect randomly
generated Swilizs or SwilrL aggregates from the very favorable overexpression conditions.

Although there was an increase in Swili-zs mutant co-aggregation when Swilr. was
overexpressed, the most deleterious mutants still had significant effects. The removal of aromatic
groups via the replacement of the phenylalanine residues displayed a stepwise effect on
aggregation frequency with removal of both leading to a greater decrease than just one. A peculiar
site-specific effect was observed as well with the lack of an effect on aggregation with the F3N
mutant versus F4N. Moreover, whether the aggregates of these and other Swili.zs mutants were
stable without the presence of Swilr_ aggregates remained an open question.

Swili-ss requires a phenylalanine to maintain [SWI*]

We proceeded to use the BY4741 swilA / p416TEF-SWI1r. [ pA15TEF-SWI11.3sMut-YFP
[SWI*] transformants to investigate the maintenance of the prion fold by the various Swili-ss
mutants in the absence of Swilr. (Figure 2.3A). To do so, isolates containing aggregates were
transferred to media containing 5-fluoroorotic acid (5-FOA). Cells containing the URA3 marker —
in this case on the plasmid p416TEF-SWI1FL — would process 5-FOA into a toxic chemical, killing
the cells. Thus, using this selection system, we generated cells with the swilA / p415TEF-SWI1;.
3sMut-YFP genotype that have no full-length Swil present.

Among these newly generated yeast isolates, we examined whether individual colonies
contained aggregates — indicating maintenance of an adopted prion fold (Figure 2.3B, 2.3C). The
single phenylalanine mutants (F3N, F3A, F4AN, F4A) displayed observable puncta in cells in ~50%

of colonies. However, once both phenylalanine residues were replaced with either asparagine or
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Figure 2.3. Mutation of both phenylalanine residues leads to Swiliss being unable to maintain
the prion fold in the absence of Swilg.

A. Diagram of experiment. BY4741 swi1A | pA16 TEF-SWI1r. / p415TEF-SWI113sMut-YFP [SWI*] cells
containing aggregates were treated with 5-FOA to select against cells containing the p416TEF-
SWI1g plasmid. Resulting BY4741 swi1A | p415TEF-SWI11.3sMut-YFP cells were observed using
fluorescence microscopy for aggregate foci or diffuse signal.

B. Representative fluorescence images of the resulting BY4741 swi1A |/ p415TEF-SWI11.3sMut-YFP
cells. See Table 1 for amino-acid sequences of mutants. For each construct, 3 aggregate-containing
BYA4741 swi1A | p416TEF-SWI1r / p415TEF-SWI11.3sMut-YFP isolates were treated with 5-FOA to
drop out the full-length Swil-expression plasmid. From there, 9 colonies for each isolate (for a total
of 27 colonies) were examined for each construct. Shown are representative views and quantitative
results are shown in Figure 3C.

C. Quantification of yeast colonies retaining Swili-ssMut-YFP aggregates after removal of Swilr. via
5-FOA treatment. In experiments related to Figure 3, aggregated colonies had >25% of cells
containing aggregates and diffuse colonies showed aggregation in <5% of cells. Percent of colonies
was calculated as the number of each of the two types of colonies (aggregated, diffuse) divided by
the total number of colonies examined for each construct.

D. Diagram of RT-PCR primer targets and resulting RT-PCR amplification visualized by agarose gel.
Primers flanking the Q region of SWI1 were used to confirm the loss of SWI1_ inthe BY4741 swi1A

[ p415TEF-SWI11.3sMut-YFP cells. Primers covering ACT1 were used as a positive control. Samples
labeled as + p416TEF-SWI1g correspond to the pre-5-FOA BY4741 swi1A / pA15TEF-SWI11.3sMut-
YFP cells. Samples labeled as - p416TEF-SWI1g_ correspond to the post-5-FOA BY4741 swi1A /
p415TEF-SWI11.3sMut-YFP cells.

E. Westernblotof BY4741 swi1A/p415TEF-SWI113sMut-YFP cells. Membrane was probed with either
a-GFP or a-actin. Estimated molecular weights based on sequence are listed at right.
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alanine as in FF-NN and FF-AA, aggregation was almost completely abolished — only one colony
was found to contain any aggregation. This result indicates that the phenylalanine residues play a
pivotal role in maintaining Swili-zs aggregation.

Other mutants also displayed deficiencies in maintaining aggregation once Swilr_ was
removed. The 4xTA mutant had aggregates in ~10% of colonies while no observed 8XxTA colonies
contained aggregates (Figure 2.3C). The substitution of the polar threonine residues with the
nonpolar alanine residues likely disrupted stability of any prion fold adopted by Swili-zs.
Meanwhile, the 4xTN and 8XTN mutants both presented with a reduced maintenance ability (~60%
and ~50% of colonies, respectively) — suggesting that the presence of the threonine tract remains
important but not required for Swili.ss aggregation. Once again, the T27N, T27A, T32N, and
T32A mutants did not present with any meaningful deviation from the WT control. In addition,
the L6A mutant did not demonstrate impairment in maintaining aggregation. The L6N mutant did
display a substantial decrease in the number of colonies with cells containing aggregates. This
difference between the L6A and L6N mutants may be due to the similarities between alanine and
leucine — both nonpolar, hydrophobic amino acids — as opposed to the polarity introduced by an
asparagine residue.

Cells containing Swili.ssMut-YFP aggregates were examined for the curability of this
aggregation. For Swili.zs WT and the various mutants, multiple isolates were streaked onto
selective media containing 5 mM guanidine hydrochloride (GdnHCI). GdnHCI cures — or rids cells
of many endogenous yeast prions including [SWI'] — through inactivation of the molecular
chaperone Hspl04 (118). Treatment with GdnHCI resulted in loss of Swili.zgMut-YFP
aggregation for WT and all aggregate-maintaining mutants (data not shown). This result indicates

that the aggregation was prion in nature. Additionally, we tested whether the aggregated Swil;.
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3sMut-YFP could transmit its prion fold back to Swilr. by transforming the BY4741 swilA /
p415TEF-SWI1;1-3sMut-YFP cells with p416 TEF-SWI1r.-mCherry, which allows for expression of
a fluorescently tagged version of Swilr. (Figure 2.4A). Colonies containing cells with Swils.
3sMut-YFP aggregates also displayed Swilr-mCherry aggregates when visualized via
fluorescence microscopy and the puncta of Swili.zsMut-YFP and Swilr.-mCherry were largely
co-localized (Figure 2.4B). Mutants unable to maintain aggregation without Swilr., and thus, not
having aggregates to support transmission of a prion fold back to Swilr -mCherry, did not display
any mCherry foci. Thus, these aggregates present in the BY4741 swilA | pA15TEF-SWI11-3sMut-
YFP cells could transmit a prion fold back to Swilr. — indicating that the observed Swili.ssMut-
YFP aggregates are prion in nature.

To confirm the validity of these results, the yeast isolates were checked for SWIlrr mMRNA
via RT-PCR using a pair of primers in the SWI1 coding region but downstream of SWI1;.3s to
verify the absence of SWIL1r_ expression (Figure 2.3D). We confirmed that none of the examined
isolates after 5-FOA treatment contained SWIlrL (Figure 2.3D). The expression of the mutant
Swili-sg constructs was also examined at the protein level to address the possibility that the results
could be influenced by variations in expression level rather than the mutations. No notable
differences were observed when assessed via Western blot (Figure 2.3E). Slight variations in band
location were seen on the blot, but these differences were likely due to the changes in molecular
weight and electrophoretic mobility due to the mutations combined with a high acrylamide
percentage on a gradient gel.

Loss of both phenylalanine residues disrupts de novo prion formation by Swili-ss
We next examined if these Swilizg mutants were able to de novo form a prion. Our lab’s

previous research established that Swili.sg can act as a bona fide prion domain and de novo form
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Figure 2.4. Mutant Swilisg aggregates can transmit the prion fold back to Swilg.

A. Diagram of experiment. BY4741 swi1A | pA15TEF-SWI113sMut-YFP cells were transformed with
p416TEF-SWI1g -mCherry. Transformants were observed using fluorescence microscopy for
aggregate foci or diffuse signal.

B. Fluorescence images of the resulting BY4741 swi1A /| p415TEF-SWI11.3sMut-YFP / pl6TEF-
SWI1r-mCherry cells. See Table 1 for amino-acid sequences of mutants. Samples were imaged
with the appropriate filters for Swili-zs-YFP / Swili-ssMut-YFP (1-38 / 1-38 Mut) and Swilr.-mCherry
(FL). For each construct, 3 different transformants were examined. Shown are representative views.
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a prion termed [SPS*] (157). To examine the ability of the Swili.3s mutants to do so, we employed
the widely used Sup35 assay — in which a prion or prion-like domain of interest is attached to the
MC regions of Sup35 in place of its own prion-domain-containing N region (107, 109).

Sup35 functions normally as a translation terminator in yeast, and this function combined
with a genetic alteration to the ADE1 gene (adel-14) provides a useful tool for evaluating
prionogenesis (115). Under non-prion conditions, Sup35 acts an efficient translation terminator,
recognizes the premature stop codon introduced with adel-14, and prevents creation of a necessary
enzyme in the adenine synthesis pathway. This prevention results in the build-up of an adenine
precursor that provides the yeast cells with a red hue. When prionized, Sup35 can no longer
efficiently function as a translation terminator and read-through of the premature stop codon results
in the production of the requisite enzyme. This situation results in the synthesis of adenine and
little build-up of the red-colored adenine precursor — leading to the yeast colonies having a white
or light-pink coloration.

To initialize the assay, Swilizs mutants were linked to Sup35mc and transformed into
W303 sup354 / p316SUP35 [PSI*] yeast provided by the Weissman laboratory (Figure 2.5A,
2.5B). After confirmation of a white-to-red color change indicating that the Swilj.ssMut-MC
fusions were functional, the SUP35 plasmid was removed via treatment with 5-FOA. From there,
three red isolates for each Swili.3sMut-MC fusion were transformed with p415TEF-SWI11.3sMut-
YFP in order to provide an overexpression of Swili.sgsMut to induce de novo prion formation at a
high rate. Additionally, we confirmed via Western blot that the expression of Swili.3sMut-MC
was consistent among the different mutants (Figure 2.5E).

Majority of the Swili-zg constructs produced colonies with colors indicative of prionization

— e.g., white, light pink, sectored with multiple hues (Figure 2.5C). In addition to WT, these
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Figure 2.5. Swilizg requires at least one of its phenylalanine residues for de novo prion
formation.

A. Diagram of fusion proteins created. Swili-ssMutwas linked to Sup35wmc via a DPGGPGGG linker to
allow for usage of the Sup35 assay for de novo prion formation.

B. Diagram of experiment. W303 sup35A / p316SUP35¢, [PSI*] cells were transformed with p415TEF-
SWI11.3-MC (WT) or p415TEF-SWI11.3sMut-MC. The transformants were treated with 5-FOA to
select against cells containing the p316SUP35¢ plasmid. Resulting W303 sup35A / p415TEF-
SWI1;1.3sMut-MC cells were then transformed with p4l16TEF-SWIli3s-YFP (WT) or the
corresponding p416 TEF-SWI11.3sMut-YFP. Transformants were grown and spread onto -LU plates
and checked for color change corresponding to prionization of the Swili-zsMut-MC protein.

C. Representative images of W303 sup35A / p415TEF-SWI11.3sMut-MC / p416 TEF-SWI1;.3sMut-YFP
colonies on -LU plates. Images are representative of full-plate images captured of 3 biological
replicates.

D. Representative fluorescence images of W303 sup354 / p415TEF-SWI1;.3sMut-MC / p416TEF-
SWiIl13sMut-YFP yeast. Prion-forming constructs display aggregation visualized from cells from
white or light-pink colonies. Constructs unable to form [SPS*] (FF-NN, FF-AA, 4xTA, 8xTA) display
diffuse signal as seen in cells from red colonies. Images are representative of multiple examined
colonies for each mutant.

E. Western blot of W303 sup35A / p415TEF-SWI1i.3sMut-MC / p416TEF-SWI11.3sMut-YFP cell
lysates. Membrane was probed with either a-Sup35 or a-actin. Estimated molecular weights based
on sequence are listed at right.
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constructs included the single phenylalanine mutants (F3N, F3A, FAN, F4A), the other single
residue mutants (L6N, L6A, T27N, T27A, T32N, T32A), and the threonine tract asparagine
mutants (4XxTN, 8XTN). When treated with GdnHCI, the majority of non-red colonies could be
reverted to red — indicating curability (data not shown). While replacing one phenylalanine with
an asparagine or alanine did not disrupt prion formation, replacing both phenylalanine residues
(FF-NN, FF-AA) completely abolished de novo prion formation by Swili.zs. The aromaticity of
particular amino-acid sidechains may play a crucial role in nucleating the prion fold — explaining
the lack of prion formation of the FF-NN and FF-AA mutants. The 4xTA and 8XxTA mutants also
led to Swili-sg losing its prion forming ability. In this case, the addition of multiple alanine residues
with their small methyl side chains in what otherwise would be a long stretch of polar residues
proved deleterious — as swapping one polar amino acid for another polar amino acid (as in 4xTN,
8XTN) did not result in a similar prionization impairment.

We examined the generated sup354 / pA15TEF-SWI113sMut-MC / p416 TEF-SWI11-3sMut-
YFP colonies for aggregation using fluorescence microscopy. There were a small number of
wholly white colonies that presented on the FF-NN, FF-AA, 4xTA, and 8XTA plates. All such
colonies were checked for aggregate formation and none contained puncta of any sort — indicating
they were non-prion cells containing mutations in the adenine synthetic pathway (Figure 2.5D,
data not shown). On the other hand, randomly selected white, light pink, or sectored colonies from
among all other mutants and WT displayed aggregates (Figure 2.5D).

We treated the [SPS*] colonies with 5-FOA to select against the p416TEF-SWI1;.3sMut-
YFP plasmid. This process removes a portion of the overexpression condition by theoretically
halving the overall expression of SWI1i1.3sMut. After treatment with 5-FOA, some colonies —

regardless of mutation — stably maintained the [SPS*] phenotypes while others did not (data not
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shown). This result was not surprising as the higher overexpression condition with the p416TEF-
SWI1:13sMut-YFP plasmid present likely supported the maintenance of weaker variants. Thus, the
inability of the double phenylalanine mutants to de novo form [SPS*] even in the highly favorable
two plasmid overexpression condition indicates that these mutations indeed abolish the prion-
forming capability of Swili-zs-MC.

Double phenylalanine mutants do not form high MW, SDS-resistant aggregates

With aggregation, maintenance of the [SWI*] prion fold, and de novo prion formation by
Swilisg being deleteriously affected by replacement of its phenylalanine residues, we next
examined these mutants via semi-denaturing detergent agarose gel electrophoresis (SDD-AGE).
This technique allows identification of high-molecular-weight, detergent-resistant protein
aggregates. We cultivated both BY4741 swild / p415TEF-SWI113sMut-YFP and W303 sup354 /
p415TEF-SWI11.3sMut-MC / p416TEF-SWI113sMut-YFP yeast to check for such aggregates of
Swili-3gMut-YFP and SwilissMut-MC, respectively.

In the presence of 2% SDS, we found that the WT Swili.ss-YFP protein formed a
noticeable smear of high-MW, SDS-resistant species when probed with anti-YFP (Figure 2.6A).
Upon boiling, the high-MW species dissembled to become low-MW monomers (Figure 2.6A).
The single phenylalanine mutants (F3N, F3A, F4N, F4A) all form a similar smear. On the other
hand, both FF-NN and FF-AA only display a faint lower banding that corresponds to where
monomeric species are found (as seen in the boiled WT sample). These results correlate with the
minimal aggregation observed in the FF-NN and FF-AA samples and the inability of these mutants
to maintain the [SWI*] fold in the absence of Swilr..

Similarly, high-MW, SDS-resistant forms of WT Swili.zs-MC were seen by SDD-AGE

(Figure 2.6B). The single phenylalanine mutants displayed much the same pattern as WT and the
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Figure 2.6. Swili.zs no longer forms high-molecular-weight, SDS-resistant aggregates when both
phenylalanine residues are replaced.

A. Blot of SDD-AGE of BY4741 swi1A [ pA15TEF-SWI11.3sMut-YFP cells with (+) or without (-) boiling.

B.

Membrane was probed with a-GFP to detect Swili-ssMut-YFP.

Blot of SDD-AGE of W303 sup35A / p415TEF-SWI11.3sMut-MC / p416 TEF-SWI11.3sMut-YFP cells
with (+) or without (-) boiling and W303 sup354 / p316SUP35¢. cells. Membrane was probed with

a-Sup35 to detect Swili-3sMut-MC or Sup35¢L.
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double phenylalanine mutants showed only signal in the monomeric region. This loss of high MW,
SDS-resistant species mirrored the loss of de novo prion formation by FF-NN and FF-AA —
indicating the inability of these mutants to adopt stable prion aggregates.

ThT staining of yeast expressing Swili-zs remains inconclusive

To further investigate the structural characteristics of Swilisg and its mutants, we
attempted to employ thioflavin T (ThT) for staining purposes. As the SDD-AGE experiments can
only implicate the formation of high MW, SDS-resistant species and not whether these protein
species are amyloid in nature, the specificity of ThT staining for amyloids would provide crucial
additional information as whether the short PrD of Swili.sg can form amyloid is not yet known.
Previous research in yeast has highlighted difficulties with ThT staining due to exceedingly high
background fluorescence necessitating very high expression of the protein of interest (191, 192).
We implemented the most widely used protocol for staining yeast with ThT (193).

We examined BY4741 swild | p4l5TEF-SWIli3s-YFP, BY4741 swild |/ p415TEF-
SWIIN-YFP, BY4741 swilA / pA1STEF-SWI1ng-YFP, and BY 4741 swilA / pA15TEF-YFP cells —
Swiln has previously been shown to form amyloid in vitro. All isolates were derived from a
BY4741 swila / pA16TEF-SWI1r [SWI'] strain, and thus, they contained widespread Swilnomii-
38- YFP aggregates. Initial attempts at staining with ThT (at a concentration of 0.001%) resulted in
extremely high background fluorescence (data not shown). We attempted to optimize the staining
protocol through usage of both ThT and the similar thioflavin S (ThS) as well as lower
concentrations of both. At a concentration of 0.0001% ThT, the staining still led to whole cell
fluorescence (Figure 2.7). Furthermore, an indeterminant foci was observed across all samples —
possibly corresponding to a structure such as the insoluble protein deposit (IPOD) — including the

negative control expressing YFP alone (194, 195). Staining with ThS did not result in clearer
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Figure 2.7. ThT staining of BY4741 swilA / p415TEF-SWIlnomni-3s-YFP yeast.

Yeast expressing Swilng-YFP, Swiln-YFP, Swili-ss-YFP, or YFP alone were stained with 0.0001%
thioflavin T (ThT). Universally high background of ThT fluorescence was observed in all samples
including the YFP-only control. Foci observed from the ThT fluorescence did not correspond to the
aggregates observed from the YFP fluorescence. Representative images of two examined samples
shown.
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results as background fluorescence was significantly higher than with ThT (data not shown).
Further study will require optimizations in ThT staining and deployment of a functioning positive
control (as the expected positives of Swiln and Swilng did not exhibit notable colocalized ThT
staining).

Double phenylalanine mutants do not impact aggregation of large Swil constructs

As the double phenylalanine mutants resulted in the most dramatic disruptions of prion
propagation and formation by Swili.ss, we next tested whether these mutations would affect larger
Swil constructs such as Swiln and Swilng (Figure 2.8A). The full range of phenylalanine mutants
— F3N, F3A, F4N, F4A, FFNN, FFAA — were all reproduced in Swily and Swilng. In both
BY4741 and BY4741 swilA | pA16TEF-SWI1r. backgrounds, all of the phenylalanine mutants did
not result in any significant differences in aggregation of Swiln or Swilng versus WT (Figure
2.8B, data not shown). Maintenance of the [SWI*] prion conformation by Swiln or Swilng in the
absence of Swilr. also was not affected by the phenylalanine mutants (data not shown). These
results point to regions outside Swili-zg supporting the ability of Swily and Swilng to adopt and
propagate the [SWI*] prion conformation.

Given that the double phenylalanine mutants abolish aggregation of Swilj.ss but do not
impact the aggregation of Swilnng, we next tested whether these mutations could impact
aggregation of intermediate Swil PrD constructs. A range of previously constructed Swiln
truncations were used — Swili 224, SWili-176, SWili-133, SWili-7a, Swili-es, SWilise, and Swilisz
(156). For each Swil truncation, we created and transformed WT, FF-NN, and FF-AA constructs
into BY4741 swild / pA16TEF-SWI1r yeast to provide the greatest opportunity for aggregation.
Aggregation was observed for all constructs in a proportion of transformed yeast — mirroring the

potential for even the Swili.sg FF-NN and FF-AA mutants to aggregate in some yeast (Figure
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Figure 2.8. Phenylalanine-targeted mutations fail to disrupt Swilng aggregation.
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A. Diagram of experiment. BY4741 [SWI*] or [swi] cells were transformed with p415TEF-SWIlng-YFP
(WT), p4l5TEF-SWIlngMut-YFP, or p415TEF-YFP. Transformants were observed using
fluorescence microscopy for aggregate foci or diffuse signal.

B. Representative fluorescence images of BY4741 [SWI*] or [swi] cells transformed with p415TEF-
SWilng-YFP (WT), p415TEF-SWI1noMut-YFP, or p415TEF-YFP. Shown are representative views.
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2.2C). When Swilr_ was dropped out from aggregate-containing yeast to produce BY4741 swilA
| p415TEF-SWIltrunc-mut-YFP cells, an intriguing pattern of aggregation maintenance was
observed. The largest truncations, Swili-224 and Swili.ize kept aggregates in the absence of SwilrL
in all examined isolates — WT and FF-NN and FF-AA (Table 2.5). Smaller truncations — Swili-
133, SWili.74, Swilise, Swiliao —all lost the ability to maintain aggregation with the FF-NN or FF-
AA mutations and without the presence of SwilrL. The WT versions of these truncations readily
maintained aggregates in BY4741 swilA cells. Curiously, Swili-es was the lone outlier as FF-NN

and FF-AA mutants aggregated just as WT did in the absence of Swilr..

Table 2.5. Aggregation of Swiln truncations with FF-NN and FF-AA mutations.

Truncation Mutation Colonies with Aggregation
WT 100%
Swilia, FF-NN 0%
FF-AA 0%
WT 100%
Swiliae FF-NN 13%
FF-AA 13%
WT 100%
SWi11.55 FF-NN 100%
FF-AA 100%
WT 88%
SWi11.74 FF-NN 25%
FF-AA 6%
WT 100%
SWi11.133 FF-NN 0%
FF-AA 0%
WT 100%
SWi11.175 FF-NN 100%
FF-AA 100%
WT 100%
SWi11.224 FF-NN 100%
FF-AA 100%

We had hypothesized that the reason for the FF-NN and FF-AA mutants not impacting
Swiln or Swilng was due to the availability of other large hydrophobic amino-acid residues that
could replace the functioning of the phenylalanines in Swili-zs. This reasoning does not explain

the maintenance of aggregation by Swili.es with the FF-NN and FF-AA mutants — as no additional
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large, hydrophobic amino acids are present in the 39-65 region. Additionally, the inability for
Swili 133 to maintain aggregation while having multiple phenylalanines and valines in the 66-133
region does not concur with the hypothesis. As such, there may be greater complications in
structure requirements to maintain the Swil prion fold present in these BY4741 swilA / p416TEF-
SWI1r. folds. These experiments ask for further confirmation and testing of this discrepancy.
Moreover, these results only regard maintenance of the [SWI*] prion fold and whether the FF-NN
and FF-AA mutants impact de novo prion formation for larger Swil constructs has yet to be
examined.

A predicted amyloid core region, Swilzss-2s9 is unnecessary for aggregation of Swil

Another region of Swil implicated in aggregation and therefore prion activities is Swilosg-
259. Previously predicted to act as an amyloid core region by Sant’Anna et al., Swilzzg-259 has been
shown to form amyloid in vitro (196). We synthesized the Swilzsg-259 peptide with the assistance
of the Northwestern Peptide Synthesis Core. With this newly synthesized Swilzzo-259 peptide, we
confirmed its ability to form amyloid in vitro through a ThT-binding assay (Figure 2.9A). Using
the Swilzseose amyloid fibrils, naive yeast was transformed with a marker plasmid and either
sonicated Swilzsg-2s9 fibrils or Swily fibrils. Although this fibril transformation experiment was
repeated multiple times, no [SWI*] (as assayed via either a Swil-MC reporter system or FLO1-
URA3 reporter system) colonies were generated. However, the transformation of the positive
control of Swily also did not result in [SWI™] isolates. Thus, we cannot conclude whether Swilzzo.
259 fibrils may confer [SWI*] when transformed into yeast.

As a predicted amyloid core for Swil, we next examined whether deletion of Swilzzg 259
would impede aggregation of Swilng. In both BY4741 and BY4741 swild / pA16TEF-SWI1r

yeast, aggregation by Swilnqa23o-250 Was readily observed in [SWI] cells and comparable to WT
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Figure 2.9. Swilzsezse forms amyloid fibrils but is unnecessary for aggregation of Swilne.

A.

Synthesized Swilzzg-250 peptide demonstrates increasing thioflavin T (ThT) fluorescence over time
— indicating formation of amyloid fibrils and confirmation of the results of Sant’Anna et al., 2016.
Unseeded Swilzse-2590 monomer and buffer only were shaken and followed over 48 hours (2880
minutes). Error bars represent standard error of 3 biological replicates.

Deletion of Swilzse-250 from Swilng does not prevent aggregation of Swilng in BY4741 [SWI*] or
BY4741 swilA /| p4l6TEF-SWI1 [SWI*] cells. Shown are representative images. Error bars
represent standard error of 3 biological replicates.
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(Figure 2.9B, data not shown). No aggregation was observed for any construct in [swi] yeast. This
aggregation was also stable upon removal of Swilr. from the BY4741 swild / p416 TEF-SWI1rL
| pA15TEF-SWI1nga239-250 Yeast. We next asked whether the combination of the deletion of 239-
259 and either the FF-NN or FF-AA mutations (as Swilnga239-259 Fr-NN/FF-AA) Would impact the
aggregation of Swilng. Either of these modifications alone had not affected Swilng aggregation
in either BY4741 or BY4741 swild / pA16TEF-SWI1F. cells (Figure 2.8B, 2.9B). We found that
SWilnga239-259 FE-NN/FF-AA aggregated just as the WT Swilng in [SWI] cells — indicating that regions
beyond Swili.zg and Swilzse.os0 Support Swil prion aggregation (data not shown). In summary,

these results indicate that this region is not specifically required for Swil aggregation.

Discussion

Our lab initially discovered the [SWI*] prion and documented the existence of the Swil
prion domain within the protein’s N-region (100, 155). Further study revealed that Swili.sg could
recapitulate the aggregation phenotype of [SWI*] and function as a bona fide prion domain (156,
157). In this study, we further dissected Swili-ss and its ability to aggregate, maintain the [SWI*]
prion fold, and de novo form a prion.

Multiple mutants of Swili.sg that we created via replacement of singular non-asparagine
residues with either asparagine or alanine had no significant effect. Previous work by our lab
showed that Swilis1, a truncation of Swili-ss which did not include T32, could still transmit the
[SWI™] prion fold and form a prion when fused with Sup35mc. The lack of necessity for this end
portion of Swili.zg suggests that mutations at this location would likely be more easily tolerated
than at other locations. Indeed, we observed that the T32N and T32A mutations maintained

similarity to WT throughout our various assays. Interestingly, the T27N and T27A also did not
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demonstrate significant deviations from WT in aggregation, maintenance, or prionization.
Meanwhile, the L6A mutation did not generate meaningful differences in the functioning of Swili.
3g as a prion domain. However, L6N did display decreases in maintaining the [SWI*] prion fold in
the absence of Swilr.. This difference between the mutation to alanine versus mutation to
asparagine may indicate that the decrease in hydrophobicity interrupts a buried region of
aggregated Swilj.ss.

The threonine tract mutants (4XTN, 4xTA, 8XTN, 8xTA) demonstrated a dichotomy based
on maintaining the polarity of the residues versus losing said polarity. The 4XxTN and 8xTN
mutants where the tract was partially or wholly replaced with the similarly polar, uncharged
asparagine saw little variance from the WT Swili.zs. Conversely, the 4xTA and 8xTA mutants
exhibited severely reduced aggregation in both genetic backgrounds as well as completely
abolished de novo prion formation. Threonine tracts of similar length to the one found in Swili-zs
can be found in some adhesins or flocculins in various yeasts (197-199). In those contexts, such
polythreonine stretches are thought to be important for the formation of 3-sheet structures and for
the surface-binding properties of the proteins. The threonine tract of Swilizs may also play a
similar role for its aggregation — though the exact structure of this prion domain has yet to be
determined. However, threonine and other uncharged polar residues such as asparagine and serine
have a noted role in promotion of aggregation and amyloidogenesis. In following, the threonine
tract of Swilizg may provide a stable core for formation of the high-MW, SDS-resistant species
observed in this study.

Mutating the two phenylalanine residues at the beginning of Swili.zs resulted in a fairly
direct relationship between the number of phenylalanines and maintenance of the [SWI*] prion

fold as well as prionization. Replacing one phenylalanine residue (F3N, F3A, F4N, F4A) led to
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~50% of colonies maintaining aggregates in the BY4741 swilA / p415TEF-SWI11.3sMut-YFP cells
(Figure 2.3C) and replacing the second phenylalanine residue (FF-NN, FF-AA) led to almost all
complete loss of the prion as observed via aggregation. If the capability of Swili-zs to maintain a
prion fold is dependent on the aromaticity present in these phenylalanine residues, then perhaps
the replacement of the phenylalanine residues with other aromatic amino acids (i.e., tryptophan or
tyrosine) may have no effect versus WT. De novo prion formation by Swili.zs-MC also relied on
the presence of at least one phenylalanine residue with neither FF-NN or FF-AA capable of
prionization. This reliance of the prionogenicity of Swilisg on a single amino-acid residue being
present belies the fact that the jump from aggregatable to prionogenic can be extremely small.
Indeed, previous research found that just a small number of mutations could lead an existing
asparagine/glutamine-rich domain to gain prion capabilities (200). The mutations presented in that
research primarily relied on replacing non-prionogenic residues (e.g., charged amino acids) and
introduction of hydrophobic and/or aromatic residues (e.g., phenylalanine) — much the opposite of
some of the deleterious mutants produced in Swili.zs.

Given the impact of the removal of the aromatic side groups on Swili-zs, we also examined
whether either the FF-NN or FF-AA mutation affected aggregation in context of longer regions,
such as Swiln or Swilng. However, no change in aggregation was observed in BY4741 [SWI']
cells (data not shown). This result indicates that other residues or regions of Swiln can stand-in
for the loss of the two phenylalanine residues at positions 3 and 4. Indeed, multiple aromatic amino
acids can be found downstream of Swili.sg (i.e., positions 73, 76, 77, 82). These other aromatic-
containing residues may indeed provide the necessary underpinning of the region’s prion forming
capacity when the first two phenylalanine residues are replaced. Additionally, Sant’Anna et al.

showed and we confirmed that a predicted amyloidogenic region (Swilzzg-2s9) can in fact form
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amyloid in vitro (Figure 2.9A) (196). Regions such as Swilzsg-2s9 likely provide any required
stabilization needed to offset the destabilization of Swiliss — allowing maintenance and
propagation of the prion fold. Taken together, the presence of multiple aromatic residues and the
amyloidogenic region located downstream of the Swiliss PrD suggests that [SWI™] formation is
likely a favorable event in S. cerevisiae. In this regard, it has been shown that the [SWI*] can confer
fungicide resistance, tolerance of certain alcohols, and aid yeast to adapt environmental changes
(109, 151, 153).

Intriguingly, many of the phenylalanine residues in Swily region — those that were mutated
at positions 3 and 4 as well as those closely downstream at positions 73, 76, 77, and 82 — are
conserved in other Saccharomyces species (data not shown). For example, the Swil gene in S.
boulardii, S. paradoxus, and S. pastorianus all contain the aforementioned phenylalanine residues
(201-203). The asparagine content of the corresponding Swiln regions across these species is
highly similar (~31-34%) although S. cerevisiae Swiln contains a greater number of asparagine
by raw count. Moreover, in the case of S. boulardii, the threonine tract can also be found within
the corresponding Swili-zs region. It should be noted that additional charged amino-acid residues
present in S. pastorianus may prevent the extreme N-terminal of Swil from acting similarly to the
Swili-zg examined in this study. In all, we do not currently know if Swil exhibits prionogenicity
in these other species; however, the gene appears to retain the components that likely provide the
basis for prionogenicity in S. cerevisiae. Further research may elucidate the possibility of [SWI']
existence in other species.

Although the structure of aggregated or prionized Swili-zs (or its various fusions) is yet
unknown, our lab has previously demonstrated that Swiln can form amyloid. In this study, we

have demonstrated that Swili-3g forms high molecular weight, SDS-resistant aggregates in the case
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of either Swili-zs- YFP initially aggregated alongside Swilg. in the [SWI*] prion form or the [SPS']
prion de novo formed by Swiliss-MC. It is likely that these protein species visualized by SDD-
AGE are of an amyloid variety as such patterning mirrors that of larger Swil constructs, Sup35
(Figure 2.6B), and other amyloid-forming proteins.

In all, select amino acids in Swili-ss are crucial to this prion domain’s ability to aggregate,
maintain the [SWI*] prion fold, and de novo form a prion. While the overall asparagine-rich
composition of Swili-sg provides a basis for prionization, this region depends on the presence of
its two phenylalanine residues for the ability to prionize — though these two specific residues are
not vital for [SWI*] in the context of Swiln or Swilng. The other non-asparagine residues, which
are mainly threonine, likely maintain the favorable uncharged, polar sidechains that favor disorder
but also aggregation. As such, it remains likely that like other prionogenic proteins, Swili-zs and
its larger iterations, Swiln, Swilng, and full-length Swil achieve their prionogenicity largely via

overall composition.
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CHAPTER THREE

Examining the evolution of yeast prion domains

Introduction

Prion proteins are proteins capable of adopting transmissible alternative conformations.
Initially identified in relation to neurodegenerative diseases such as transmissible spongiform
encephalopathy (TSE), the prion concept has grown to encompass proteins involved in the
pathology of other diseases such as Alzheimer’s (AD), Parkinson’s (PD), and amyotrophic lateral
sclerosis (ALS). Moreover, the discovery of heritable, protein conformation-based epigenetic
elements in the budding yeast, Saccharomyces cerevisiae has further expanded our understanding
of prions. There has been eleven such yeast prions discovered — [ESI*], [GAR'], [MOD],
[MOT3*], [NUP100*], [OCT*], [PSI*], [RNQ"], [SMAUG"], [SWI*], and [URE3] (100, 101, 110,
102-109). The protein determinants of these prions are Sntl, Pmal/Std1, Mod5, Mot3, Nup100,
Cyc8, Sup35, Rnql, Vitsl, Swil, and Ure2, respectively.

Each prion protein typically has a region responsible for its prion-forming capabilities. This
region is termed its prion domain (PrD). Many yeast prion proteins have PrDs enriched in polar,
uncharged glutamine (Q) and asparagine (N) residues (109). These amino acids are
overrepresented in yeast PrDs likely due to their lack of unfavorability to prionization and high
penchant for disorderedness (167). Meanwhile, charged amino acids are rare and hydrophobic
residues are underrepresented — as they are needed for aggregation and formation of amyloids but
too many would likely prevent the establishment of a non-prion state. Yeast prion proteins that are
not enriched in Q/N residues tend to still be largely disordered — a quality observed in many human

prion-like proteins as well. The composition-based prionogenicity of yeast PrDs also makes it
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possible to randomly scramble a PrD — thus altering sequence but not composition — and have the
protein retain its prion-forming capabilities (204). In all, an overall disordered-prone composition
with interspersed large, hydrophobic residues is more important than the sequence of the residues
ina PrD (205).

Transcriptional regulators are overrepresented among currently yeast prion proteins.
Furthermore, prionization of Mot3, Cyc8, and Swil can all effect the transcription, and therefore
expression, of a group of genes involved in yeast multicellularity, the flocculin (FLO) genes (133,
134). This setup provides for existence of a possible prion-based gene regulatory network and
supports the case for yeast prions acting not as diseases but instead functional epigenetic elements.
Additional evidence has been found for this perspective in the form of other beneficial phenotypes
— including resistance to antifungal drugs, mobility enhancements, and fitness increases over non-
prion cells (102, 133, 145, 147, 151, 153, 206). Given such possible phenotypic benefits,
environmental pressures could impact the evolution of yeast PrDs. Mutations of limited scope may
affect the formation rate of prions by protein determinants. This effect has been experimentally
demonstrated as prionogenicity was increased through the addition of large prionogenic,
hydrophobic residues (e.g., isoleucine (1), valine (\V)) or replacement of charged amino-acids (e.g.,
lysine (K), arginine (R)) with the disorder-prone Q/N (200, 207, 208). These data create questions
regarding the evolution of yeast prion proteins and the PrDs residing in them.

Previous observations have found that a limited number of eukaryotic species harbor high
proportions of Q/N-rich proteins (209). As already discussed, yeast contain an enrichment of these
proteins as well as many demonstrated endogenous prions. However, the sequences of these prion
proteins are not highly conserved into higher organisms including humans. Moreover, prokaryotes

also do not exhibit a high frequency of Q/N-rich regions among their proteins (210). These data
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implicate that yeast prion proteins are uniquely evolved epigenetic elements functioning in the
quick environmental adaptation of yeast.

Recently, an extensive effort to evaluate the evolution of S. cerevisiae generated a trove of
sequencing data on yeast isolates from across the globe (211). This collection of whole genome
sequencing of 1,011 S. cerevisiae isolates covers a range of ecological origins including soil
samples, wine samples, and human clinical samples. The resource generated through these
sequences allows for us, in partnership with Dr. Shengjun Tan, to investigate the diversity and
evolution of yeast prion genes as well as genes (e.g., FLO) regulated by yeast prion proteins. We
also analyzed whether the variation in ecological origin — and thus differences in evolutionary

pressures — impacted prionogenicity of known yeast prion proteins.

Materials and Methods
Yeast sequence data

Saccharomyces cerevisiae genome sequences were obtained from data produced by Peter
etal., 2018 (211). FASTA sequences of isolates were reconstructed from the mapped sequencing
reads available on the 1002 Yeast Genome website (http://1002genomes.u-strasbg.fr/files/). Single
nucleotide polymorphism (SNP) and indel (insertion or deletion of bases) information was
downloaded (1011Matrix.gvcf). The S288C reference genome (from Ensembl, ensemble.org;
version R64-1-1.92) was used for mapping the FASTA sequences.

Gene orthologs for Saccharomyces paradoxus were determined based on the Broad
Institute’s fungal orthogroups. Gene orthologs for other Saccharomyces species were obtained by
examining genomes from NCBI (National Center for Biotechnology Information) — S. arboricola

(ALIE00000000), S. boulardii (LIOO00000000), S. jurei (GCA_900290405.1), S. kudriavzevii
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(AJHS00000000), S. mikatae (AABZ00000000), S. pastorianus (AZCJ00000000), and S. uvarum
(AACG00000000). The software tool Exonerate was used to compute orthologs from the given
genomes. Exonerate uses algorithms detailed by Slater and Birney, 2005 (212). If multiple
orthologs were detected for a given gene, the ortholog with the highest identity and length was
retained. Calculated orthologs for S. arboricola, S. mikatae, and S. uvarum were confirmed by
comparison to public data. All orthologs corresponded to the same genes — confirming the
reliability of the Exonerate-based method.
Coding sequence (CDS) reconstruction

Data was handled in Perl. The SNP and indel information from 1011Matrix.gvcf included
position and nucleotide substitution type. From this data, any heterozygous sites (i.e., sites where
there were substantial sequencing reads corresponding to two different bases) were handled by
selecting the substitution with the highest proportion of sequencing reads (>5 reads more than the
substitution with the next highest proportion) as the actual nucleotide at the site. If the exact
nucleotide could not be determined, the site was masked as ‘N’. All indels were also masked with
‘N’. Missing data in some sequences were likewise masked with ‘N’. All sites masked with ‘N’ —
regardless of reason — were omitted from involvement with calculation of dy and ds values.
Clade information

Clade information for all isolates was obtained from supplementary table 1 of Peter et al.,
2018 (211). For ecological groupings used in peptide sequence analysis, ecological origins were
obtained from supplementary table 1 as well. Broader ecological groupings (e.g., domestic, human,
nature, unknown) were ascribed to isolates based on the original, more specific ecological

groupings. Domestic included bakery, beer, bioethanol, cider, dairy, distillery, industrial, palm
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wine, probiotic, sake, wine, and general fermentation isolates. Human included clinical and general
human isolates. Nature included flower, fruit, insect, soil, water, and general nature isolates.
dn/ ds

For clade-based calculations, the rate of nonsynonymous (dn) and synonymous (ds) base
substitutions for each gene CDS was calculated using the yn00 module of PAML (phylogenetic
analysis by maximum likelihood) (213, 214). The yn00 package implements the dy, ds, and dn/ ds
calculation method detailed by Yang and Nielsen, 2000 (215). Pairwise dn and ds were calculated
for each gene in each clade. The median value of these pairwise calculations were selected. The
dn / ds ratio represents overall constraint on the genes within each clade.

In some cases, dn / ds could not be calculated. If a premature stop codon exists in the gene
of interest, dv / ds could not be calculated due to limitations of the yn00 package. If a clade only
had one isolate, dn / ds could not be calculated due to requiring at least two isolates. For these
situations, NA (not applicable) was recorded instead of a calculated value.

For species-based calculations, the rate of nonsynonymous (dn) and synonymous (ds) base
substitutions for each gene CDS was calculated using the codeml module of PAML (214). The
codeml package implements a multitude of codon substitution models for analysis of
nonsynonymous and synonymous mutations. S. arboricola, S. bayanus, S. boulardii, S.
carlsbergensis, S. eubayanus, S. jurei, S. kudriavzevii, S. mikatae, or S. paradoxus was used as the
outgroup in one branch. The other branch contained all S. cerevisiae isolates. The ratio represents
the overall constraint on the genes as compared between the outgroup and all S. cerevisiae isolates.

In some cases, dn / ds could not be calculated. If the outgroup species did not have an

ortholog for the gene of interest, dn / ds could not be calculated. If an ortholog was <50% of the
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length of the gene in S. cerevisiae, the dn / ds is not reliable. For these situations, no value was
calculated or an unreliable value was omitted for further analysis.

Protein sequence construction

The FASTA sequences for the CDS of genes of interest were used to translate to protein
amino acid sequences. In some cases, codons could not be translated to amino acid due to the
sequence quality issues detailed in the CDS reconstruction methods. For these codons, the amino
acid was masked with ?°. All sites masked with ‘?” were omitted from involvement in calculations
of prionogenicity.
Prionogenicity analysis

Constructed protein sequences for genes of interest were analyzed for prionogenicity using
PAPA (prion aggregation prediction algorithm) and PLAAC (Prion-Like Amino Acid
Composition) (109, 159, 160, 167). Default parameters were used for analysis by PAPA. The
default core length (60) and background amino acid frequencies from S. cerevisiae were used for
analysis by PLAAC.
Statistical analysis

Data produced by dn / ds calculations, PAPA analysis, or PLAAC analysis were handled
and further statistically analyzed using Prism software (GraphPad Software, San Diego, CA,

USA).

Results
FLO genes display high levels of selection pressure

In partnership with Dr. Shengjun Tan, we first performed a de novo reconstruction of all

sequenced genes by reprocessing the reported single nucleotide polymorphisms (SNPs) and indels
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reported by Peter et al., 2008 (211). The rate of nonsynonymous nucleotide substitutions (dn), rate
of synonymous nucleotide substitutions (ds), and the ratio of these rates (dn / ds) values for the
genes of interest were calculated per clade using the previously defined clades. These values allow
for evaluation of the selection pressures that the genes are under (Table 3.1). However, given the
small size of some clades and the fact that one clade contained ~1/3 of all S. cerevisiae isolates,
we quickly moved to evaluating dn / ds of selected prion-related genes (Table 3.2) as compared to

the closest extant relative of S. cerevisiae, S. paradoxus.

Table 3.1. Interpretation of dy / ds values.

dn/ds Interpretation
<1 Purifying selection
=1 Neutral evolution
>1 Positive selection

Table 3.2. Yeast genes of interest in chapter three.

Gene Function Gene Function

ASM4 Nucleoporin NRP1 RNA binding protein
CUR1 Sorting factor NUP100 Nucleoporin

CYyCs8 Transcriptional regulator PGD1 RNA polymerase || mediator
FLO1 Flocculin PIN3 Actin factor regulator
FLO5 Flocculin PIN4 Cell cycle regulator

FLO8 Transcription factor PMA1 Proton pump

FLO9 Flocculin POL32 DNA polymerase complex
FLO10 Flocculin PSP1 Unknown

FLO11 Flocculin PUB1 RNA binding protein
GLN3 Transcriptional regulator PUF1 RNA binding protein
HSP104 Disaggregase RLM1 Transcription factor
KAP120 Nuclear importer RNQ1 Unknown

KSP1 Protein kinase SAP30 Histone deacetylase complex
MCA1 Cysteine protease SFP1 Transcription regulator
MOD5 tRNA transferase STD1 Glucose signaler

MOT3 Transcriptional regulator SUP35 Translation terminator
MRN1 Transcriptional regulator SWi1 Chromatin remodeler
MSN1 Transcriptional regulator TUP1 Transcription regulator
MSS11 Transcription factor URE2 Transcription regulator
NEW1 Translation terminator YBLO81W Unknown

Upon doing so, we found that of the genes we chose to examine, the group of FLO genes

exhibited the greatest positive selection pressures and overall substitution rates (Figure 3.1, data
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Figure 3.1 dn/ ds distributions for FLO genes in 1,011 S. cerevisiae isolates.

Scatter plot of dy / ds values for FLO genes in 1,011 S. cerevisiae isolates. dn / ds values were calculated
using orthologs from S. paradoxus as the outgroup. Red line represents median.
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not shown). As already mentioned, these genes are of particular interest due to being regulatory
targets for multiple yeast prion proteins and therefore, regulated by a network of yeast prions (133,
134). Moreover, this group of genes encode a range of flocculin proteins (Flol, Flo5, Flo9, Flo10,
and Flo11) and a FLO gene-targeting transcription factor (Flo8) that play critical roles in yeast
multicellularity — making them important proteins in responding to environmental cues. In
particular, an outgroup of isolates displayed dn / ds values that were >1.0 for FLO11, indicating
that this gene is likely undergoing positive selection in those isolates (Figure 3.1). Additionally,
the FLO genes were amongst those examined — alongside the prion gene, RNQ1 — with the most
frequent premature stop codons (Table 3.3), however, whether these changes affect functionality

of these genes is not known.

Table 3.3. Genes containing premature stop codons.

Gene Number of Isolates with Stops Locations in Protein (aa) Length of Protein
FLO1 16 34, 103, 228, 1347 1537

FLOS8 22 142 799

FLO9 43 29, 44 1322

FLO10 15 45, 715, 976 1169

FLO11 21 30, 94, 111, 113 1367

RNQ1 25 65, 193, 235, 249 405

Moving forward, we checked whether the isolates displaying large FLO11 dn / ds values
shared a common ecological origin that could explain the positive selection pressure on the FLO11
gene. However, there was not a shared ecological origin amongst these isolates. Some isolates
displayed domestic origins (e.g., beer, dairy, sake), some isolates displayed human origins, and
some isolates displayed nature origins (e.g., fruit, tree). Furthermore, there was not a geographic
relationship present either — the isolates had been gathered from nine different countries across

four different continents. We also checked whether this group of outliers correlated with particular
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dn / ds values for other FLO genes, but no such correlation was observed via Pearson r correlation
matrix (for linear correlation) or direct graphing of paired dn / ds values for the various FLO genes
(Figure 3.2, data not shown).

Prion domains exhibit greater genetic variability than non-prion regions in S. cerevisiae

As previously mentioned, prion proteins contain regions known as prion domains (PrDs)
that are necessary and sufficient for formation of a prion. We hypothesized that PrDs may
experience different evolutionary pressures due to their functioning as epigenetic elements and the
importance of overall composition rather than primary sequence in PrD determination. Thus, we
examined the seven yeast prion protein genes for which PrDs have been experimentally defined —
CYC8, MOT3, NUP100, RNQ1, SUP35, SWI1, and URE2 (Table 3.3). Each protein was divided
into PrD and non-PrD regions and the rate of nonsynonymous and synonymous nucleotide
substitutions (dn and ds) were calculated independently for each portion for each of the 1,011 S.
cerevisiae isolates versus the corresponding regions in the orthologs in S. paradoxus. We used S.

paradoxus in this calculation due to it being the closest extant relative to S. cerevisiae.

Table 3.4. Characterized yeast prion domains (PrDs).

Prion Gene Protein PrD Coordinates (aa) Source
[OCT] CYCs8 Cyc8 1-36, 442-678 (101)
[MOT3*] MOT3 Mot3 1-295 (109)
[NUP100%] NUP100 Nup100 300-400 (103)
[RNQ*] RNQ1 Rngl 153-405 (107)
[PSIM SUP35 Sup35 1-137 (216)
[SwiI*] Sswil Swil 1-327 (155)
[URES3] URE2 Ure2 1-89 (217)

Intriguingly, we found that there was greater variation in the dn / ds ratio for all seven PrDs

versus the non-PrD regions from the corresponding proteins (Figure 3.3). Indeed, the variance of
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the dn / ds values for PrDs was larger than the variance of the corresponding non-PrD regions for
all seven genes examined (data not shown). Furthermore, all PrDs had significantly higher average
dn / ds values than the non-PrD region from the same gene (paired two-tailed t-test, P < 0.0001).
These results suggest that the PrDs are under weaker purifying selection pressure than the non-
PrD regions but that this selection pressure may vary given the geographical and ecological
conditions that each isolate experienced.

Given the greater average dn / ds values for the PrDs of these seven yeast prion genes, we
backtracked and looked at the dn values alone for the PrDs versus the non-PrD regions. Was the
dn / ds value greater for PrDs due to differences in the overall rate of mutation or due to maintaining
a larger number of nonsynonymous substitutions? For two yeast prion genes — MOT3 and NUP100,
dn did not vary significantly between PrD and non-PrD region (Figure 3.4). One yeast prion gene,
CYCS8 displayed the opposite relationship as expected — dn was significantly higher for the non-
PrD region than the PrD (P<0.0001). The remaining four yeast prion genes — RNQ1, SUP35,
SWI1, and URE2 — exhibited dn values for their PrDs that were significantly greater than the dn
for their non-PrD regions (Figure 3.4). The rate of nonsynonymous substitutions was at least
double for the PrD than the non-PrD component for these four genes.

Prionogenicity of yeast prion proteins across 1,011 S. cerevisiae isolates

Having had investigated the genomic evolution of ten yeast prion proteins, we then turned
to examining the functional outcomes for these mutations. As noted previously, limited changes
in amino-acid residues can result in significantly different prion formation capabilities for a
protein. However, we could not feasibly investigate the de novo prion formation rates for nine
different prions — [GAR'], [MOD], [MOT3*], [NUP100*], [OCT"], [PSI*], [RNQ*], [SWI'], and

[URE3] —in 1,011 S. cerevisiae isolates. Given that we already had the CDS for the yeast prion
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Figure 3.3 PrDs of S. cerevisiae prion genes display greater variation and weaker purifying
selection than corresponding non-PrD regions.

Scatter plot of dn / ds values for prion domains (PrDs) and non-PrD regions of 7 yeast prion genes in
1,011 S. cerevisiae isolates. dy / ds values were calculated using orthologs from S. paradoxus as the
outgroup. Red line represents median. See Table 3.3 for the amino acid boundaries of the PrDs.
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Figure 3.4 Some PrDs exhibit greater rates of nonsynonymous changes than corresponding non-
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Bar plot of dn values for prion domains (PrDs) and non-PrD regions of 7 yeast prion genes in 1,011 S.
cerevisiae isolates. dn values were calculated using orthologs from S. paradoxus as the outgroup. See

Table 3.3 for the amino acid boundaries of the PrDs. Significance represented by * is P<0.0001.
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genes, we decided to construct the corresponding protein sequences and evaluate these sequences
with prion prediction algorithms.

The PLAAC and PAPA prion prediction algorithms were both developed at least partially
from either yeast prion protein sequences or yeast-based prion assays (109, 159, 160, 167). Thus,
these algorithms provide a useful mechanism for evaluating changes in prionogenicity resulting
from sequence variation across the 1,011 isolates. However, the PLAAC scoring of protein
sequences for three yeast prion proteins — Mod5, Pmal, and Std5 — were not analyzed as no
predicted PrD was found using the parameters used. In evaluating the prionogenicity of the various
yeast prion proteins from the isolates, we categorized the isolates into groups based on general
ecological origin — domestic, human, or nature. Interestingly, we did not find any significant
differences in prionogenicity as predicted by PLAAC or PAPA (Figure 3.5, 3.6). Although outliers
existed across the different prion proteins and ecological groupings, the overall distribution of
PLAAC and PAPA scores was fairly similar regardless of general ecological origin. We did note
that there appeared to be bimodal distributions of prionogenicity for Cyc8 (based on PLAAC and
PAPA), Mot3 (based on PLAAC), and Swil (based on PAPA) — all regulators of FLO and part of
the hypothesized yeast prion regulatory network for those genes.

Finally, we used the prionogenicity prediction scores from PLAAC and PAPA to
investigate whether there were correlations in prionogenicity of different yeast prion proteins. Our
reasoning for this was multifold: 1. Multiple yeast prions can exist in the same cell; 2. Some yeast
prions can heterologously induce other prions; and 3. Ecological pressures for different traits may
at the same time select for or against formation of multiple yeast prions — particularly those
regulating the FLO genes. We first examined whether the bimodal distributions of prionogenicity

for Cyc8 and Mot3 (as evaluated by PLAAC) and for Cyc8 and Swil (as evaluated by PAPA) in
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Figure 3.5 PLAAC analysis of prion proteins in S. cerevisiae isolates by ecological origin.

Violin plot of PLAAC propensity values for 7 yeast prion proteins in 981 Saccharomyces cerevisiae
isolates belonging to ecological origins classified as domestic, human, or nature. General ecological
origins were determined by grouping together isolates based on the specific ecological origin as defined
by Peter et al., 2018. Domestic ecological origin included bakery, beer, bioethanol, cider, dairy, distillery,
industrial, palm wine, probiotic, sake, wine, and general fermentation isolates. Human ecological origin
included clinical and general human isolates. Nature ecological origin included flower, fruit, insect, soil,
water, and general nature isolates. Default core length of 60 and background amino acid frequencies
from S. cerevisiae were used for PLAAC analysis. PLAAC Score refers to the PLAAC PRDscore, which
is the total log-likelihood ratios for across the predicted core region. The yeast prion proteins of Mod5,
Pmal, and Std1 were not included due to no predicted PrD with the parameters used. Positive values
are more prionogenic. Plots extend from minimum value to maximum value.
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Figure 3.6 PAPA analysis of prion proteins in S. cerevisiae isolates by ecological origin.

Violin plot of PAPA propensity values for 10 yeast prion proteins in 981 Saccharomyces cerevisiae
isolates belonging to ecological origins classified as domestic, human, or nature. General ecological
origins were determined by grouping together isolates based on the specific ecological origin as defined
by Peter et al., 2018. Domestic ecological origin included bakery, beer, bioethanol, cider, dairy, distillery,
industrial, palm wine, probiotic, sake, wine, and general fermentation isolates. Human ecological origin
included clinical and general human isolates. Nature ecological origin included flower, fruit, insect, sail,
water, and general nature isolates. Default parameters for PAPA analysis were used. PAPA Score refers
to the PAPA propensity value, which is the maximal prion propensity score in a region with a negative
Foldindex score (indicating a disordered region). Positive values are more prionogenic and negative
values are less prionogenic. Plots extend from minimum value to maximum value.
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Figure 3.7 Bimodal distributions of Cyc8, Mot3, and Swil prionogenicity prediction scores do
not strongly correlate with each other.

A. Scatter plot of Cyc8 PLAAC score versus Mot3 PLAAC score. For PLAAC, default core length of 60
and background amino acid frequencies from S. cerevisiae were used for analysis. PLAAC Score
refers to the PLAAC PRDscore, which is the total log-likelihood ratios for across the predicted core
region.

B. Scatter plot of Cyc8 PAPA score versus Swil PAPA score. For PAPA, default parameters for
analysis were used. PAPA Score refers to the PAPA propensity value, which is the maximal prion
propensity score in a region with a negative Foldindex score (indicating a disordered region).

Plotted points are color-coded according to general ecological origin.
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Figure 3.8 Pearson r correlation matrices for PLAAC and PAPA scores of S.
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cerevisiae prion

Heat map matrices for Pearson r correlation to test for linear correlation between scoring of
prionogenicity of yeast prion proteins among 1,011 S. cerevisiae isolates. Individual values for Pearson
r are given in the corresponding cells — a blank white cell indicates a value approximately equal to O.
For PLAAC, default core length of 60 and background amino acid frequencies from S. cerevisiae were
used for analysis. PLAAC Score refers to the PLAAC PRDscore, which is the total log-likelihood ratios
for across the predicted core region. The yeast prion proteins of Mod5, Pmal, and Stdl were not
included in the PLAAC heatmap due to no predicted PrD with the parameters used. For PAPA, default
parameters for analysis were used. PAPA Score refers to the PAPA propensity value, which is the
maximal prion propensity score in a region with a negative Foldindex score (indicating a disordered

region).
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fact appeared to correlate with each other. No strong correlation was observed (Figure 3.7). Given
this result, we next decided to check for simple linear relationships between PLAAC scores for all
yeast prion proteins and between PAPA scores for all yeast prion proteins. The generated heat map
matrix for linear regression displayed some relatively weak relationships (Figure 3.8). Indeed,
most yeast prion protein pairings showed virtually no linear correlation between each other. The
most correlated proteins in terms of PLAAC scores were Cyc8 and Mot3. Whereas the most

correlated proteins in terms of PAPA scores were Cyc8 and Mod5 and Cyc8 and Swil.

Discussion

The new resource provided by the sequencing of over a thousand genomes from
geographically and ecologically diverse isolates of the budding yeast, Saccharomyces cerevisiae
offers opportunities to examine the diversity of yeast prion and prion-related genes. In partnership
with Dr. Shengjun Tan, we took advantage of this genetic information and investigated the
potential selection pressures imparted upon individual genes.

One set of our targets, the group of FLO genes were chosen due to its regulation by multiple
yeast prion proteins and thus, yeast prions themselves. Moreover, these genes largely encode for
proteins exposed to the extracellular environment and are critical to yeast multicellularity.
However, these genes did not demonstrate any ecologically tied difference in selection pressures
as we had hypothesized. Interestingly, an outlying group of isolates showed significantly large
FLO11 dn/ ds values as compared to all other isolates. The geographical and ecological origins of
these yeast were not uniform or related — making any assumptions of shared environmental
pressures on this flocculin gene unobtainable. Furthermore, the isolates with large FLO11 dn / ds

values did not have correlated changes in dn / ds values in other FLO genes. As such, the reason
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behind and the importance of this outlying group of isolates with large dn / ds values eludes our
investigation.

Our investigation of possible differential selection pressures experienced by the PrD-
encoding portions of yeast prion genes was more successful. By breaking up seven yeast prion
genes into PrD and non-PrD portions (based on experimental evidence), we could separately
evaluate the selection pressure imparted upon each portion of the gene. For all seven of the yeast
prion genes examined, the PrD portion exhibited higher variation in its dn / ds value and a higher
overall dv / ds value. This finding is particularly interesting because it suggests that selection is
occurring at different rates in the PrDs than in the non-PrD regions. Moreover, this difference may
be a result of the dissimilar constraints placed upon the sequence requirements for the PrD, where
overall composition matters more than strict primary sequence (167, 204). Additionally, the
presence of purifying selection of the PrDs suggests that yeast prions have an important biological
function, potentially as a method to quickly adapt to environmental changes as other research has
suggested (102, 133, 134, 151, 153).

We also examined just the rate of nonsynonymous changes in the PrDs versus the non-PrD
regions. Interestingly, there were differing results of this examination among just the seven yeast
prion proteins examined. CYC8 displayed a greater dn value in the non-PrD regions of the gene.
However, very little is currently known about the exact Cyc8 PrD boundaries and this may impact
our results (101). The yeast prion genes of MOT3 and NUP100 had dn values that were similar
between the PrD and non-PrD regions of the gene. Although, there may be limitations to our study
here as well. The Mot3 PrD has had limited targeted experimentation to determine its boundaries
— relying mostly on the PLAAC algorithm to delineate the PrD from the rest of the protein (109,

133). This uncertainty may mask effects in this study. In regard to Nup100, this protein has a
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unique amino-acid composition among the seven yeast prion proteins examined here and once
again has limited data regarding the boundaries of its PrD. The four yeast prion genes that
demonstrated significantly higher rates of nonsynonymous substitutions in their PrDs versus their
non-PrD regions — RNQ1, SUP35, SWI1, and URE2 all have extensive research regarding their
PrD boundaries (182). This specificity may have impacted our results — particularly for the small
defined PrD used for URE2. However, these results suggest that the PrD of yeast prions may be
relatively tolerant of amino acid alterations in wild strains and thus, perhaps indicating the
usefulness of the PrDs in quickly responding to environmental stressors.

Lastly, our investigation of the diversity of the yeast prion proteins in these 1,011 S.
cerevisiae isolates brought us to examining the prionization outcomes of the cataloged mutations.
Although we could not perform in vivo work to characterize these different isolates and their prion
capabilities, the in silico examination of their prionogenicity was possible. As such, we found that
regardless of ecological origin, the yeast prion proteins had consistent distribution of predicted
prionogenicity. This result would seem to argue against the importance of the role of yeast prions
in environmental adaptation. On the other hand, as most isolates retain the prionogenicity of these
proteins, this outcome would suggest that prionization — at the appropriate rates — provides a
beneficial boost to fitness. Given the limitations of the prediction algorithms we used, the
differences in prion formation rates in the various strains likely alluded us. The complicated
biology underpinning yeast prions, their formation rates, and their regulation may indeed make
discernment of evolutionary relationships between the various identified yeast prions particularly
difficult. Further in vivo study is required.

Moving forward, we have multiple paths to further investigate PrD evolution in yeast via

sequencing data as well as in vivo experiments. In regard to additional bioinformatic examinations,
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there have been at least another 220 budding yeast isolates sequenced across many species —
allowing for further expansion of base data set and opening for more comparisons (218). Also,
new yeast prions including the experimentally confirmed [ESI"] and [SMAUG*] have been
identified (104, 105). The genes for the protein determinants of these two yeast prions — SNT1 and
VTS1 — and other recently recognized yeast prion-related genes could be examined. Coinciding
with these efforts, in vivo experiments will be critical. The S. cerevisiae isolates from the Peter et
al., 2018 study are largely available in culturable forms (211). As such, we may be able to test
these isolates for the presence of various prions — via fluorescence reporters or the like — or the
capability for particular prions to form in them. This data would provide an experimental readout
for prionogenicity as opposed to the calculated scores produced by predictive algorithms as we
used here. Alternatively, we could replace yeast prion genes in a generic lab strain with different
versions found in the many sequenced isolates — perhaps simplifying experimental processes and
better controlling for variability. Any in vivo method used to further analyze the diversity of yeast
prion proteins and genes will require dutiful efforts but may lend important insights into the

significance of these epigenetic elements.
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CHAPTER FOUR

Identifying novel protein aggregators linked to cancer

Introduction

In humans, prion proteins have long been associated with neurological diseases. These
connections include the namesake prion protein (PrP) and Creutzfeldt-Jakob disease (CJD) or the
prion-like proteins of tau in Alzheimer’s disease (AD) and alpha-synuclein (a-syn) in Parkinson’s
disease (PD). As such, much research has focused on the role that prion and prion-like proteins
play in neurodegeneration; however, recent investigations have suggested that similar phenomena
may underlie another serious category of human disease — cancers.

One mode of scientific thinking has been to view neurodegenerative disease and cancer as
opposing ends of a spectrum. At the one end, there exists escalating cell death and at the other end,
uncontrolled cellular proliferation reigns supreme. Inverse correlations have been commonly
observed between certain neurodegenerative diseases and certain types of cancer. For example,
longitudinal studies have found that individuals that have had cancer have a decreased risk of AD
and vice-versa (49, 50). Transcriptomic analyses have also underscored numerous divergences
between cells involved in neurodegeneration or cancer (51, 52). On the other hand, both disease
states clearly relate to a disruption of homeostasis and the aging organism. Research into the
mechanistic bases of these two classes of disease have found notable similarities — particularly
involving DNA damage and cell dysregulation (55). Through research into the behavior of mutant
p53, the prion concept has been found to play a mechanistic role in both neurodegeneration and

carcinogenesis.
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As the proclaimed guardian of the genome, p53 plays an important role as a tumor
suppressor. In fact, the p53 gene is the most mutated gene in cancers (42% by one study) and these
mutations occur most frequently at hotspots in the DNA binding domain (57, 58). Recent studies
have revealed that multiple of these mutations destabilize normally folded p53, allow for it to adopt
an alternative conformation, and form oligomers or aggregates that can pull in other proteins
including wild-type p53, p63, and p73 (62, 66, 67, 69). These characteristics mirror those of the
prion-like proteins most commonly associated with neurodegenerative disease. Perhaps most
convincingly, p53 function can be rescued and tumors shrunken by preventing the aggregation of
mutant p53 with a designed peptide that binds to a core aggregation region (73). Thus, the finding
of prion-like behavior by p53 has opened new avenues to cancer treatment.

As p53 demonstrates the ability for prion-like protein aggregation to drive oncogenesis and
tumorigenesis, there may exist additional proteins that contribute to cancer via prion-like behavior.
Here we attempt to identify novel protein aggregators in cancer. In doing so, we have chosen to
survey cancer-related proteins for aggregator candidates using an algorithmic approach and to test
them using model systems — yeast and mammalian cell lines. A range of algorithms targeting
various protein characteristics such as disorderedness, amyloidogenicity, and prionogenicity have
been implemented. An additional focus was placed upon proteins belonging to the BAF complex
due to the presence of multiple proteins with predicted prion-like domains and the high incidence
rate (~20%) of mutations in the complex in cancers (219-221). Interestingly, the BAF complex,
also known as the human SWI/SNF complex, contains functional homologs to Swil, the protein
determinant of the yeast prion [SWI*]. Through these investigations, we have identified multiple

human proteins that may indeed be driven to aggregate or even contain a bona fide prion domain.



127

Materials and Methods
Bioinformatic analysis

Protein amino-acid sequences were acquired from the UniProt database (222). The
canonical sequence for each protein was used. Sequences were evaluated using a range of
predictive algorithms. DISOPRED3, FoldIindex, PAPA, ZipperDB, and Zyggregator analysis was
conducted using the default parameters (146, 158, 159, 164, 165). PASTA analysis was conducted
using an energy threshold of -5 PASTA Energy Units (PEU) (166). PLAAC analysis was
conducted using the default core length of 60 and background amino-acid probabilities for Homo
sapiens (160). For combinatorial ranking, scores from Foldindex, PAPA, PASTA disorder, and
PASTA energy were adjusted via transformation to scale from 0 to 1 and multiplied by a weighting
factor (Wri, Wpapa, Wpe, Wpp). Positive PLAAC hits were granted a full weighting factor
(WpLaAc) as a score whereas negative hits received no additional score. Candidates were ranked
according to the sum of all weighted scores.
Yeast strains and media

Yeast strains used in this study are listed in Table 2.1. The W303 sup354 / SUP35::TRP1
/ p316SUP35F. strain was provided by the Weissman Lab (University of California, San

Francisco).

Table 4.1. Yeast strains used in chapter four.

Identifier Background Relevant Genotype Prion State Source
746 BY4741 [RNQ*] ATCC
YJW561 W303 sup354 / SUP35::TRP1/p316SUP35¢_ [PSI*][PIN*] Weissman Lab
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Yeast were grown according to established protocols at 30° C in either yeast extract-
peptone-dextrose (YPD) or synthetic complete (SC) media minus appropriate amino acids (e.g.
leucine) (184). When indicated, media was supplemented with 1 g/l 5-FOA for counter-selection
against a URA3-carrying plasmid.
Plasmid construction

Plasmids used in this study are listed in Table 4.2. Briefly, the collection of pENTR221-
Candidate PrLD plasmids were created by Gateway cloning with BP clonase (Invitrogen,
Carlsbad, CA, USA) of purchased synthesized attB-flanked gene fragments (ordered from
Integrated DNA Technologies, Coralville, IA, USA) into pDONR221 (Invitrogen, Carlsbad, CA,
USA). Additional entry clone plasmids (pENTR221) for BAF complex proteins (ARID2, BAF53B,
CREST, SS18) and their mutants were created by Gateway cloning of either purchased synthesized
attB-flanked gene fragments or PCR-produced attB-flanked gene fragments into pPDONR221. See
Table 4.3 for primer information. Initial cDNA for these genes were purchased from various
repositories (Dharmacon, Lafayette, CO, USA; DNASU, Tempe, AZ, USA; PlasmID, Boston,
MA, USA). These pENTR221-BAF Complex Protein plasmids were then used for Gateway
cloning with LR clonase (Invitrogen, Carlsbad, CA, USA) into a yeast expression vector
(pPAG425GAL-ccdB-EGFP) to create the final inducible expression clones (e.g., pAG425GAL-
CREST-EGFP).

Plasmids of the p415TEF-Candidate PrLD-MC series were created through PCR of the
Candidate PrLD DNA from the corresponding pENTR221-Candidate PrLD. The forward primer
introduced a Spel site, and the reverse primer introduced a BamHI site. Through these sites,

Candidate PrLD DNAs were cloned into p415TEF- -MC to create the final Candidate PrLD-



129

Sup35mc fusion constructs (e.g., p415TEF-CREST PrLD-MC). All cloned plasmids were

confirmed through sequencing (ACGT, Inc., Wheeling, IL, USA).

Table 4.2. Plasmids used in chapter four.

Name

pDONR221

pENTR221-ABLIM3 PrLD
pENTR221-BRD4 PrLD
PENTR221-CLINT1 PrLD
PENTR221-CLOCK PrLD A
pPENTR221-CLOCK PrLD B
PENTR221-CLOCK PrLD AB
pPENTR221-CNOT2 PrLD
pPENTR221-CREST PrLD
PENTR221-HNRNPA1 PrLD
PENTR221-HNRNPDL PrLD
pPENTR221-HNRNPU PrLD
PENTR221-ILF3 PrLD
PENTR221-JMJD6 PrLD
PENTR221-PDCD6IP PrLD
PENTR221-QRICH1 PrLD
pENTR221-TIAL1 PrLD
pENTR221-ARID2
PENTR221-ARID2 R285Q
PENTR221-BAF53B
PENTR221-BAF53B P308L
PENTR221-BAF53B P308S
PENTR221-BAF53B R338L
PENTR221-BAF53B P371S
PENTR221-BAF53B R386L
PENTR221-BAF53B YO
pPENTR221-BAF53B YO P308L
pENTR221-BAF53B YO P308S
pPENTR221-BAF53B YO R338L
pENTR221-BAF53B YO P371S
pENTR221-BAF53B YO R386L
pENTR221-CREST
pPENTR221-CREST A263T
pPENTR221-CREST A348S
pENTR221-CREST P372L
pENTR221-SS18
pENTR221-SS18 P117L
pENTR221-SS18 P168S
PENTR221-SS18 P252L
PENTR221-SS18 P341S
pAG425GAL-ccdB-EGFP
pAG425GAL-ARID2-EGFP
PAG425GAL-ARID2 R285Q-EGFP
pAG425GAL-BAF53B-EGFP
pPAG425GAL-BAF53B P308L-EGFP
PAG425GAL-BAF53B P308S-EGFP
PAG425GAL-BAF53B R338L-EGFP
pPAG425GAL-BAF53B P371S-EGFP
PAG425GAL-BAF53B R386L-EGFP
pAG425GAL-CREST-EGFP
PAG425GAL-CREST A263T-EGFP
pAG425GAL-CREST A348S-EGFP
pAG425GAL-CREST P372L-EGFP
pAG425GAL-SS18-EGFP

Marker

Replicon

Promoter

Use

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Gateway cloning

Expression of ARID2-EGFP
Expression of ARID2 R285Q-EGFP
Expression of BAF53B-EGFP
Expression of BAF53B P308L-EGFP
Expression of BAF53B P308S-EGFP
Expression of BAF53B R338L-EGFP
Expression of BAF53B P371S-EGFP
Expression of BAF53B R386L-EGFP
Expression of CREST-EGFP
Expression of CREST A263T-EGFP
Expression of CREST A348S-EGFP
Expression of CREST P372L-EGFP
Expression of SS18-EGFP

Source
Invitrogen
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(223)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study



pAG425GAL-SS18 P117L-EGFP
pAG425GAL-SS18 P168S-EGFP
pAG425GAL-SS18 P252L-EGFP
pAG425GAL-SS18 P341S-EGFP
p415TEF-ABLIM3 PrLD-MC
p415TEF-BRD4 PrLD-MC
p415TEF-CLINT1 PrLD-MC
p415TEF-CLOCK PrLD A-MC
p415TEF-CLOCK PrLD B-MC
p415TEF-CLOCK PrLD AB-MC
p415TEF-CNOT2 PrLD-MC
p415TEF-CREST PrLD-MC
p415TEF-HNRNPA1 PrLD-MC
p415TEF-HNRNPDL PrLD-MC
p415TEF-HNRNPU PrLD-MC
p415TEF-ILF3 PrLD-MC
p415TEF-JMJD6 PrLD-MC
p415TEF-PDCD6IP PrLD-MC
p415TEF-QRICH1 PrLD-MC
p415TEF-TIAL1 PrLD-MC
p316Sup35¢.

LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
LEU2
URA3

CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CEN6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4
CENG6/ARSH4

GAL
GAL
GAL
GAL
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
TEF
SUP35

Expression of SS18 P117L-EGFP
Expression of SS18 P168S-EGFP
Expression of SS18 P252L-EGFP
Expression of SS18 P341S-EGFP
Expression of ABLIM3 PrLD-MC
Expression of BRD4 PrLD-MC
Expression of CLINT1 PrLD-MC
Expression of CLOCK PrLD A-MC
Expression of CLOCK PrLD B-MC
Expression of CLOCK PrLD AB-MC
Expression of CNOT2 PrLD-MC
Expression of CREST PrLD-MC
Expression of HNRNPA1 PrLD-MC
Expression of HNRNPDL PrLD-MC
Expression of HNRNPU PrLD-MC
Expression of ILF3 PrLD-MC
Expression of JIMJD6 PrLD-MC
Expression of PDCD6IP PrLD-MC
Expression of QRICH1 PrLD-MC
Expression of TIAL1 PrLD-MC
Expression of Sup35

130

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Weissman
Lab

Site-directed mutagenesis

The suite of ARID2, BAF53B, CREST, and SS18 mutants was produced via incorporation

of base substitutions in PCR primers (Table 4.3) and usage of the corresponding pENTR221-BAF

Complex Protein as the template. All PCRs were conducted using PrimeSTAR HS DNA

polymerase (Takara Bio, Mountain View, CA, USA) and the manufacturer’s recommended

protocols. Custom primers were ordered from Integrated DNA Technologies (Coralville, 1A, USA)

and annealing temperatures were estimated via the Integrated DNA Technologies’ OligoAnalyzer

Tool.

Table 4.3. Primers used in chapter four.

Name

Sequence (5’ - 3°)

Resulting Plasmid

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCAAACTC
GACGGGG

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTGCAGCATTTC

ARID2 attB For

ARID attB Rev

TGAGTCTTTTTCT

pENTR221-ARID2

pPENTR221-ARID2

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGCGGGGG

BAF53B attB For CGTCTAC

PENTR221-BAF53B



BAF53B attB Rev

CREST attB For

CREST attB Rev

SS18 attB For

SS18 attB Rev

ARID2 R285Q For

ARID2 R285Q Rev

BAF53B P308L For

BAF53B P308L Rev

BAF53B P308S For

BAF53B P308S Rev

BAF53B R338L For

BAF53B R338L Rev

BAF53B P371S For

BAF53B P371S Rev

BAF53B R386L For

BAF53B R386L Rev

BAF53B YO P308L For

BAF53B YO P308L Rev

BAF53B YO P308S For

BAF53B YO P308S Rev

BAF53B YO R338L For

BAF53B YO R338L Rev

BAF53B YO P371S For

BAF53B YO P371S Rev

BAF53B YO R386L For

BAF53B YO R386L Rev

CREST A263T For

GGGGACCACTTTGTACAAGAAAGCTGGGTTGGGGCACTTTCG
CTCCAC

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCCGTGGC
CTTCGCG

GGGGACCACTTTGTACAAGAAAGCTGGGTTCAACTGCTGGTA
ATTTCCATACTGGCC

GGGGACAAGTTTGTACAAAAAAAGCAAGCTTAATGTCTGTGGC
TTTCGCG

GGGGACCACTTTGTACAAGAAAGCTGGGTTCTGCTGGTAATTT
CCATACTGTC

GCTGGGCATTAACGATATTGAAGGACAGCAGGTACTTCAGATT
GCAGTGA

TCACTGCAATCTGAAGTACCTGCTGTCCTTCAATATCGTTAAT
GCCCAGC

GGGCCTGTTTGATCTCTCGAACGTCAAGGGCCTGTCGGG

CCCGACAGGCCCTTGACGTTCGAGAGATCAAACAGGCCC

CCCTGAGGGCCTGTTTGATTCCTCGAACGTCAAGGGCCTG

CAGGCCCTTGACGTTCGAGGAATCAAACAGGCCCTCAGGG

CGGCATGTGTGACATTGATATTCTCCCGGGCCTGTACGGG

CCCGTACAGGCCCGGGAGAATATCAATGTCACACATGCCG

CCCAGAAGACCCCATCGAGCATGCGACTGAAACTCATTGC

GCAATGAGTTTCAGTCGCATGCTCGATGGGGTCTTCTGGG

GCAACAGCACCATGGAGCTCAAGTTCAGCCCCTGGATCG

CGATCCAGGGGCTGAACTTGAGCTCCATGGTGCTGTTGC

CAGAGGGCTTATTCGATCTTTCAAATGTGAAAGGTCT

AGACCTTTCACATTTGAAAGATCGAATAAGCCCTCTG

CCAGAGGGCTTATTCGATTCTTCAAATGTGAAAGGTC

GACCTTTCACATTTGAAGAATCGAATAAGCCCTCTGG

ATGTGCGATATTGACATACTGCCCGGACTTTATGGGAG

CTCCCATAAAGTCCGGGCAGTATGTCAATATCGCACAT

GTTATCACAGAAGACACCTTCTAGTATGAGATTGAAACT

AGTTTCAATCTCATACTAGAAGGTGTCTTCTGTGATAAC

GTAATTCCACGATGGAACTTAAGTTTTCTCCTTGGAT

ATCCAAGGAGAAAACTTAAGTTCCATCGTGGAATTAC

AGCCACAGCCAGGGCACCGCGGAG

pENTR221-BAF53B
pENTR221-CREST
pENTR221-CREST
pENTR221-SS18
pENTR221-SS18
pENTR221-ARID2 R285Q
pENTR221-ARID2 R285Q
pPENTR221-BAF53B P308L
pPENTR221-BAF53B P308L
PENTR221-BAF53B P308S
PENTR221-BAF53B P308S
PENTR221-BAF53B R338L
pPENTR221-BAF53B R338L
PENTR221-BAF53B P371S
pPENTR221-BAF53B P371S
pPENTR221-BAF53B R386L

pPENTR221-BAF53B R386L
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PENTR221-BAF53B YO P308L

PENTR221-BAF53B YO P308L

PENTR221-BAF53B YO P308S

pPENTR221-BAF53B YO P308S

PENTR221-BAF53B YO R338L

PENTR221-BAF53B YO R338L

PENTR221-BAF53B YO P371S

pPENTR221-BAF53B YO P371S

PENTR221-BAF53B YO R386L

PENTR221-BAF53B YO R386L

PENTR221-CREST A263T



CREST A263T Rev
CREST A348S For
CREST A348S Rev
CREST P372L For
CREST P372L Rev
SS18 P117L For
SS18 P117L Rev
SS18 P168S For
SS18 P168S Rev
SS18 P252L For
SS18 P252L Rev
SS18 P341S For
SS18 P341S Rev

Spel-ABLIM3 PrLD For

ABLIM3 PrLD-BamHI
Rev

Spel-BRD4 PrLD For
BRD4 PrLD-BamHI Rev

Spel-CLINT1 PrLD For

CLINT1 PrLD-BamHI
Rev

Spel-CLOCK PrLD A For

CLOCK PrLD A-BamHI
Rev

Spel-CLOCK PrLD B For

CLOCK PrLD B-BamHI
Rev

Spel-CLOCK PrLD AB
For

CLOCK PrLD AB-BamHI
Rev

Spel-CNOT2 PrLD For

CNOT2 PrLD-BamHI
Rev

Spel-CREST PrLD For

CTCCGCGGTGCCCTGGCTGTGGCT

ACGGGTCTTCCCAGGGAGCCCCGTCAC

GTGACGGGGCTCCCTGGGAAGACCCGT

GGAAGCTACCGAGCACTGCAGACAGCGCCG

CGGCGCTGTCTGCAGTGCTCGGTAGCTTCC

TGGGGGTCCTCCTGCACTGCACATGCAGAA

TTCTGCATGTGCAGTGCAGGAGGACCCCCA

ACCATTCTGTGTCATCATCACAGAGCATGCCAGTACAGAATCA

GA

TCTGATTCTGTACTGGCATGCTCTGTGATGATGACACAGAATG

GT
GAGACAGATTCCTCTCTATAGACCTCCTCAACAGGGCCC

GGGCCCTGTTGAGGAGGTCTATAGAGAGGAATCTGTCTC

GGACCACCTTCACAACAGGGATATCCACCCCAGCAG

CTGCTGGGGTGGATATCCCTGTTGTGAAGGTGGTCC

ATGGTCCCGACTAGTATGAACACCAGCATCCCCTAC

TCAAATGGATCCCAGCTGCTGGTAGTCCTGGGT

GTCCCGACTAGTATGTCTATGCAGATGCAGCTTTACTTG

TCAAATGGATCCTTGCTTGTCCTTATCCGGTGC

TCAAATACTAGTATGTCTCAGCCGTCAAAACCCCAGCAA

TCAAATGGATCCGGGTTGCACCGTACCACTTGT

GTCGCCACTAGTATGTCTCAGGGCCTGCAGATGTTCCTG

TCAAATGGATCCGCTCTGGGTGCTGTTCTGGGG

GTCGCCACTAGTATGTCTGCCACCCAACAACAGCAGTCT

TCAAATGGATCCTTGCTGCTGCTGCTGGCTCTG

GTCGCCACTAGTATGTCTCAGGGTCTGCAAATGTTTTTGCAAC

AG
TCAAATAGGTCCCTGTTGTTGCTGCTGGCTTTGATG

GTCGCCACTAGTATGTCTATGAACCCCAGAAACATGATGAAC

TCAAATGGATCCGCCGTTGAAGATGTTGCTGCT

GTCGCCACTAGTATGTCTAGCAATCAGAATATGCAATCA
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pPENTR221-CREST A263T
pENTR221-CREST A348S
pENTR221-CREST A348S
pENTR221-CREST P372L
pENTR221-CREST P372L
pENTR221-SS18 P117L
pENTR221-SS18 P117L
PENTR221-SS18 P168S
PENTR221-SS18 P168S
PENTR221-SS18 P252L
PENTR221-SS18 P252L
PENTR221-SS18 P341S
pPENTR221-SS18 P341S
p415TEF-ABLIM3 PrLD-MC
p415TEF-ABLIM3 PrLD-MC
p415TEF-BRD4 PrLD-MC
p415TEF-BRD4 PrLD-MC
p415TEF-CLINT1 PrLD-MC
p415TEF-CLINT1 PrLD-MC
p415TEF-CLOCK PrLD A-MC
p415TEF-CLOCK PrLD A-MC
p415TEF-CLOCK PrLD B-MC
p415TEF-CLOCK PrLD B-MC
p415TEF-CLOCK PrLD AB-MC
p415TEF-CLOCK PrLD AB-MC
p415TEF-CNOT2 PrLD-MC
p415TEF-CNOT2 PrLD-MC

p415TEF-CREST PrLD-MC



CREST PrLD-BamHI
Rev

Spel-HNRNPA1 PrLD
For

HNRNPA1 PrLD-BamHI
Rev

Spel-HNRNPDL PrLD
For

HNRNPDL PrLD-BamHI
Rev

Spel-HNRNPU PrLD For

HNRNPU PrLD-BamHI
Rev

Spel-ILF3 PrLD For

ILF3 PrLD-BamHI Rev
Spel-JMJD6 PrLD For
JMJID6 PrLD-BamHI Rev

Spel-PDCDG6IP PrLD For

PDCDG6IP PrLD-BamHI
Rev

Spel-QRICH1 PrLD For

QRICH1 PrLD-BamHI
Rev

Spel-SS18 PrLD For
SS18 PrLD-BamHI Rev
Spel-TIAL1 PrLD For
TIAL1 PrLD-BamHI Rev
Linker-SUPyc For

SUP35yc-Xhol Rev

GTCGCCGGATCCCTGTTGATAATTACCATACTGTCC

TCAAATACTAGTATGTCTAGCCAGAGGGGTCGGAGCGGG

GTCGCCTCAAATGGATCCAAATCTCCTACCAGAGCCGTA

GTCGCCACTAGTATGTCTCAGCAGCAACAGCAACAAAAG

GTCGCCGGATCCGTAAGGCTGGTAGTTATTTTGATGATT

GTCGCCACTAGTATGTCTAGCAACAAGAATAAGTCAGGA

GTCGCCGGATCCATAATAGCCTTGATGGTAGTG

TCAAATACTAGTATGTCTGGCGGCGCCAACCATGGGGGA

TCAAATGGATCCTCGGTATTGATAGTTCATGGAATGATCGGCA
TTTCTCCCGTA

TCAAATACTAGTATGTCTACCGGAATCGCCAGCGACAGC

TCAAATGGATCCGCGTGAAGAAGACCGCTCCTTGCTTAC

TCAAATACTAGTATGTCTAGCGCACCACCACCCCAAGCT

TCAAATGGATCCCTGTTGTGGGTAATATGACTGCTGAGGAGG
CTG

TCAAATACTAGTATGTCTCAGCCACAAACGCAGCAAGAA

TCAAATGGATCCTTGTACCTGGATCTGAGCGGC

TCAAATACTAGTATGTCTTCTAATCAGAACATGCAGTCATTG

TCAAATGGATCCTTGTTGATAATTCCCGTATTGGCC

TCAAATACTAGTATGTCTGTGGACTATAGCCAGTGGGGG

TCAAATGGATCCCTGTGTTTGGTAACTTGCCATTCCATA

GGTGGTCCTGGTGGTGGTATGTCTTTGAACGACTTTCAAAAG

CTGCGAGCCCTCGAGTTACTCGGCAATTTTAACAATTTTACCA
ATTGCT

133

p415TEF-CREST PrLD-MC
p415TEF-HNRNPAL1 PrLD-MC
p415TEF-HNRNPAL PrLD-MC
p415TEF-HNRNPDL PrLD-MC
p415TEF-HNRNPDL PrLD-MC
p415TEF-HNRNPU PrLD-MC
p415TEF-HNRNPU PrLD-MC
p415TEF-ILF3 PrLD-MC
p415TEF-ILF3 PrLD-MC
p415TEF-JMJD6 PrLD-MC
p415TEF-JMJD6 PrLD-MC
p415TEF-PDCDG6IP PrLD-MC
p415TEF-PDCDG6IP PrLD-MC
p415TEF-QRICH1 PrLD-MC
p415TEF-QRICH1 PrLD-MC
p415TEF-SS18 PrLD-MC
p415TEF-SS18 PrLD-MC
p415TEF-TIAL1 PrLD-MC
p415TEF-TIAL1 PrLD-MC
p415TEF-Candidate PrLD-MC

p415TEF-Candidate PrLD-MC

Yeast transformation
Yeast were transformed as previously described (184). In brief, cells were spun down at
2500 rpm for 3 minutes, supernatant removed, and cells resuspended in 1 ml H>O. Cells were then

spun down again at 2500 rpm for 3 minutes, supernatant removed, and cells resuspended in 1 ml
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of 0.1M lithium acetate. After 10 minutes, the cells were pelleted again, supernatant removed, and
cells resuspended in 100 pl of Li-PEG (0.1M lithium acetate, 30% polyethylene-glycol 3350 in
H20). From this mixture, 94.5 ul of resuspended cells were combined with 3.5 ul of ssDNA and
2.0 pul of the appropriate plasmid. The transformation mixture was then incubated at 42 °C for 30
minutes. Following, the transformation mixture was moved to ice for 5 minutes before spreading
onto the appropriate selective media.

Microscopy

Images were captured using a Zeiss Axiovert 200 epifluorescence microscope with an
attached camera and the Axiovision AC software (Zeiss, Oberkochen, Germany). Cell samples
were visualized with a 100x objective and the appropriate filters for differential interference
contrast (DIC) or green fluorescent protein (GFP).
SDD-AGE

Yeast samples for SDD-AGE were grown overnight in selective media (3 ml) and prepared
similarly to previously described (121). The next day, the culture was diluted into a larger volume
of selective media (30 ml total) and grown over approximately 4 hours at 30 °C with shaking at
225 rpm. The yeast was harvested afterwards by spinning down at 2500 rpm for 5 minutes. The
media was removed, and the resulting cell pellet was washed with 10 ml of H20O. After another
spin down, the H20 was removed and 800 pl of cell lysis buffer (50 mM Tris-HCL pH 7.5, 50 mM
KCI, 10 mM MgCl, 5% glycerol, 10 mM PMSF, cOmplete Mini Protease Inhibitor Cocktail
(Roche, Basel, Switzerland)) was added. The cell suspension was transferred to a 2.0 ml screw-
cap tube filled halfway with silica beads and additional cell lysis buffer was added to fill the tube

to maximum. A Mini-Beadbeater 16 was used to lyse the suspended cells by beating 5x in 1-minute
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intervals with resting on ice for 1 minute in between. The resulting samples were then used for
SDD-AGE.

SDD-AGE was conducted as described previously (188). Briefly, yeast lysates were first
mixed with 4x Laemmli sample buffer (2x TAE, 20% glycerol, 8% SDS, 0.1% bromophenol blue).
Samples were either incubated at room temperature for 7 minutes or boiled for 10 minutes.
Samples were loaded onto 1.5% agarose, 0.1% SDS gels. After completion of electrophoresis,
samples were transferred to PVDF membrane using capillary action and 1x TBS.
Immunoblotting

Membranes were blocked via incubation in 5% milk in PBS at either 4 C overnight or room
temperature for 2 hours. Blots were washed 3x for 5 minutes with PBS + 0.01% Tween-20 before
probing with primary antibody for 2 hours at room temperature. The following primary antibodies
were used for detection: anti-Sup35 antibody (gift from the Liebman Lab, University of Nevada,
Reno, NV, USA) or anti-FLAG antibody. All primary antibodies were used at a 1:2500 dilution.
Blots were washed 3x for 5 minutes with PBS + 0.01% Tween-20 before probing with horseradish
peroxidase-conjugated rat anti-mouse secondary antibody (Cell Signaling Technology, Danvers,
MA, USA) for 1 hour at room temperature. Blots were washed 3x for 5 minutes with PBS + 0.01%
Tween-20 before incubation with Clarity Western ECL Substrate (Bio-Rad, Hercules, CA, USA).
Blots were imaged using a ChemiDoc Imaging System (Bio-Rad), Hercules, CA, USA).

De novo prion formation assay

W303 sup354 /p316SUP35¢ [PSI] cells were independently transformed with p415TEF-
Candidate PrLD-MC constructs. Transformants were grown on -LU media and a color change to
red was observed — indicating that the fusion proteins were functional in translational termination.

Three red colonies were selected for each construct and were streaked onto -L+5-FOA media to
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select against p316SUP35¢.. Resulting colonies were selected and re-streaked onto both -Leu and
-LU media to confirm loss of p316SUP35¢L. The resulting W303 sup354 / p415TEF-Candidate
PrLD-MC yeast isolates were grown in -Leu media overnight and then counted and spread onto
YPD (10° cells) and -Ade (108, 107, 108 cells) media. Colonies on all plates were counted as
possible — plates containing >1000 colonies were not marked as uncountable. Colonies on the YPD
media that exhibited any white or pink coloration were selected for further investigation and
patched onto -Ade plates. Colonies on the -Ade media were patched onto new -Ade plates. Patched
yeast isolates were replica plated onto YPD and YPD + GdnHCI media and then both replica plated

back to YPD media to check for curability of the color phenotype.

Results
Multiple algorithm approach identifies candidate novel protein aggregators

To determine the focus of our search for novel protein aggregators involved in cancer, we
analyzed a wide range of protein sequences with multiple prediction algorithms (Figure 4.1). A set
of reference human protein sequences was collected from the UniProt database. This sequence set
included any protein with connections to the cancer-related keywords (e.g., carcinoma, leukemia,
melanoma, sarcoma). In all, the initial set totaled 9260 unique proteins after removal of duplicate
hits from the various keywords. This number represents approximately ~45% of all reviewed and
manually annotated human proteins in the UniProt database. From here, we processed all protein
sequences with a range of algorithms focused on predicting different protein characteristics (i.e.,
prionogenicity, amyloidogenicity, disorderedness).

The PAPA (prion aggregation prediction algorithm) and PLAAC (Prion-Like Amino Acid

Composition) algorithms evaluated the prionogenicity of the cancer-related protein set (159, 160).
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Figure 4.1. Identification and ranking of candidate proteins.

Cancer-related proteins were gleaned from the UniProt database using associated cancer-related
keywords (e.g., carcinoma, leukemia). All proteins were evaluated by the listed algorithms to predict
three main characteristics. Foldindex and DISOPREDS3 evaluated disorderedness. PASTA and
Zyggregator evaluated aggregation propensity. PAPA and PLAAC evaluated prionogenicity. The scores
from these various algorithms were normalized and combined after weighting to provide a synthesized
score. Proteins were ranked by this score and approximately the top 100 were selected as experimental
candidates. Mutants of high scoring candidates were fed through the same algorithms to predict whether
these mutations would increase any scores.
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In terms of parameters, PAPA was used with its default threshold while PLAAC used the default
core length (60) and the background amino acid frequencies for Homo sapiens instead of
Saccharomyces cerevisiae. Of the 9260 proteins evaluated, PAPA reported positive hits for
possible prion-like domains in 723 proteins (~7.8%). PLAAC yielded a smaller list of positive hits
with only 140 proteins (~1.5%) with predicted prion-like regions. A total of 87 proteins (~0.9%)
were predicted to contain prionogenic regions by both PAPA and PLAAC (Figure 4.2A).

Disorderedness acts as a common trait among many prion or prion-like proteins. For
evaluating the disorderedness of the cancer-related protein set, we implemented FoldIndex and the
disorderedness component of PASTA (prediction of amyloid structural aggregation) (158, 166).
Of the 9260 proteins evaluated, FoldIndex reported that 5759 (~62.2%) contained a disordered
region of greater than 50 residues in length and 2652 (~28.6%) contained a disordered region of
greater than 100 residues in length (Figure 4.2B). Meanwhile, PASTA predicted that 3558
(~38.4%) candidate proteins were at least 25% disordered and of those, 1219 (~13.1%) were at
least 50% disordered (Figure 4.2C). Not surprisingly — given the disordered nature of many prion-
favorable amino-acids, the group of proteins with at least 25% disorderedness contained ~85.7%
(120) of PLAAC positive hits. However, PAPA positive hits were not obviously biased towards
proteins predicted by PASTA to be highly disordered as only ~40.0% (289) were at least 25%
disordered (similar to the proportion of the entire protein set).

For evaluation of amyloid aggregation propensity, all proteins were assigned a predicted
PASTA energy score based on the best scoring predicted amyloid-forming peptide contained
within the protein. Of the 9260 proteins in the initial set, the overwhelming majority (8447,
~91.2%) contained at least a short amyloidogenic sequence at the energy threshold used (5 PEU)

(Figure 4.2C). Even doubling this threshold (to 10 PEU) reduces the pool of proteins to 2653
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Figure 4.2. Predicted prionogenicity and disorderedness of human cancer-related proteins.

A. Venn diagram of positive hits from PAPA and PLAAC. Of the 9260 proteins evaluated, a total of 776
proteins (~8.3%) were predicted to contain a prion-like region by either PAPA (723, ~7.8%) or
PLAAC (140, ~1.5%). Created using DeepVenn.

B. Distribution of adjusted Foldindex Max Run scores of the entire protein set. Raw Foldindex Max
Run scores were normalized and transformed to scale from 0 (smaller unfolded run) to 1 (longer
unfolded run).

C. Distribution of adjusted PASTA scores of the entire protein set. Raw PASTA disorder and energy
scores were normalized and transformed to scale from O (more ordered) to 1 (more disordered).
The PASTA energy score was also inverted.
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(~28.7%). These results that the great sensitivity at the expense of specificity for the PASTA
energy equation. Given the lack of a necessity for amyloid formation for some prions and many
types of aggregation, this distribution of scoring should provide a modest boost to actual
amyloidogenic proteins in our data set. Combination of the various scores (FoldIndex, PASTA,
PAPA, PLAAC) with weights generated a quantitative ranking from which we selected top ranking

proteins to examine further with various assays.

Table 4.4. Top ranking proteins.

Protein General Function Protein General Function
ABLIM3 Actin binding KRT10 Cytoskeleton

ACBD3 Golgi structure regulation KRT2 Cytoskeleton

ADAM29 Spermatogenesis KRT76 Cytoskeleton

AKAP8 Anchoring / scaffolding KRT9 Cytoskeleton

ANXA11 Phospholipid binding MAML2 Transcription activation
ARNT Nuclear transport MED12 Transcription initiation
ATRX Chromatin remodeling MED15 Transcription initiation
ATXN1 DNA binding MLL5 Transcription regulation
BICRAL Chromatin remodeling NCOA3 Nuclear receptor coactivation
BMP2K Bone differentiation NFYC Transcription regulation
BRD4 Chromatin binding PBX3 Transcription activation
CDK19 Transcription activation PDCD6IP Vesicle trafficking / apoptosis
CHD7 Transcription regulation PHC1 Transcription repression
CHD9 Transcription coactivation PRB3 Pathogen recognition
CLINT1 Vesicle trafficking PYGO2 Signal transduction
CLOCK Circadian regulation QRICH1 Unknown

CNOT2 mRNA regulation R3HDM1 RNA binding

CREST Chromatin remodeling R3HDM2 RNA binding

DDX17 RNA helicase RBM14 Nuclear receptor coactivation
DLX2 Transcriptional activation SCAF11 RNA binding

DMKN Skin cell differentiation SNX16 Intracellular trafficking
EYA2 Transcription coactivation SP1 Transcription regulation
FOXA1 Transcription activation SS18 Chromatin remodeling
FOXO1 Transcription regulation SUPT5H Transcription elongation
FUS mRNA regulation SUPT6H Transcription elongation
HDX DNA binding TAF15 Transcription regulation
HNRNPAO RNA binding TCERG1 Transcription elongation
HNRNPA1 RNA binding TCF20 Transcription activation
HNRNPA2B1 RNA binding TIALL RNA binding

HNRNPH1 RNA binding TNRC6C mRNA regulation
HNRNPH2 RNA binding TOB1 mRNA regulation
HNRNPU RNA binding TRERF1 Transcription regulation
HNRNPUL1 RNA binding WNK1 Phosphorylation
HNRNPDL RNA binding WWTR1 Transcription coactivation
ILF3 RNA binding YLPM1 Telomerase regulation
JMJID6 Hydroxylation / demethylation YTHDF1 mMRNA regulation

KAT6A Histone acetylation ZMIZ1 Transcription coactivation
KPRP Skin cell differentiation ZNF384 Transcription regulation
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Multiple BAF complex proteins contain predicted PrLDs and aggregate in yeast

As the BAF complex was a specific focus of our investigation into protein aggregation in
cancer, we noted that five BAF complex proteins contained predicted prion-like domains (PrLDs).
These five proteins were the SWI1 functional homologs of ARID1A, ARID1B, and ARID?2 as
well as SS18 and its homolog, CREST (SS18L1). Moreover, both CREST and SS18 were among
our top ranked candidates from our combinatorial method (Table 4.4). BAF53B was also selected
due the presence of a couple of predicted prion-like domains buried in folded regions that could
potentially be destabilized through mutations — similar to p53. The PrLDs of CREST and SS18
both span approximately three-quarters of the full-length protein (Figure 4.3A). Those regions are
also predicted to be largely disordered by DISOPRED3, FoldIindex, and PASTA (Figure 4.3A,
4.3B, data not shown). The combination of predicted disorderedness, prionogenicity, and
amyloidogenicity pointed towards CREST and SS18 as prime candidates for potential disease-
related aggregation.

As both ARID1A and ARID1B harbored multiple predicted PrLDs and are over 2000
residues in length, these proteins were not investigated further here due to constrained feasibility
and experimental limitations. The other four proteins — ARID2, BAF53B, CREST, and SS18 —
were expressed in yeast as GFP fusions under a galactose-inducible promoter to examine the
potential for aggregation under overexpression conditions. ARID2-EGFP and BAF53B-EGFP had
poor expression though an exceptionally low proportion of cells exhibited faint fluorescent puncta
(data not shown). This hampered expression likely stemmed from a combination of a lack of codon
optimization, possible toxicity, and the large size of the protein in the case of ARID2. To attempt
to rectify the expression issue with BAF53B, a yeast codon-optimized version of the BAF53B

cDNA was synthesized. This version of the BAF53B gene robustly expressed in yeast under the



142

@«
-
(/)]
(/)]
= FoldIndex
- —— -PLAAC
/2] — PAPA
1]
14
(&)
5518 CREST
Intrinsic disorder profile Intrinsic disorder profile
1 1
g g
o 08 o 08 F
Q [ %]
a 7] )
P PR disordered state —
Q Q protein binding
c =
% 04 % 04
= =
£ =
8 02 8 02
° Q 50 100 150 200 250 300 350 400 450 ! o £ 100 150 200 250 e %0 400
Amino acid position Amino acid position

Figure 4.3. SS18 and CREST contain predicted PrLDs in their disordered regions.

A. Plots of Foldindex, PAPA, and PLAAC analysis of the SS18 and CREST proteins. Foldindex
(gray) indicates folded and unfolded regions by positive and negative scoring per residue,
respectively. PAPA (green) log-likelihood scores are plotted per residue — scores were scaled
by a factor of -4 for graphing onto the shared axis and thus, lower scores are indicative of greater
prionogenicity. Scaled threshold for PAPA shown in a dashed green line. PLAAC (red) log-
likelihood scores are plotted per residue — scores were scaled by a factor of -1 for graphing onto
the shared axis and thus, lower scores are indicative of greater prionogenicity. PLAAC analysis
used a core length of 60 and the background probabilities of Homo sapiens. X-axis represents
amino-acid position.

B. Plots of DISOPRED3 analysis of the SS18 and CREST proteins.
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same, previously used galactose-inducible promoter (Figure 4.4). Most colonies exhibited
fluorescent puncta in a minority of cells (<15%); however, a small proportion of examined colonies
showed widespread (>50% of cells) aggregation. This distribution of observed aggregation can
typically be seen when inducing the appearance of yeast prions through overexpression —
indicating that BAF53B may misfold and form prion-like conformations.

We also examined a handful of BAF53B mutations that were predicted to increase scoring
in predictions of either prionogenicity or aggregation propensity. These attributes were examined
with PAPA and PLAAC or Zyggregator, respectively. The mutations were reported via COSMIC
and/or TCGA. The five mutations consisted of P308L, P308S, R338L, P371S, and R386L — thus
replacing a proline (P) or arginine (R) with the more aggregation-prone and prion-favorable serine
(S) or leucine (L). We were unable to determine any significance of these mutations as no mutants
behaved differently than WT BAF53B in the aggregation assays (data not shown).

Mutations of CREST and SS18 reported from samples derived from cancer patients were
selected and generated for examination in the yeast aggregation model alongside wild-type (WT).
For each protein, the full range of reported mutants in the COSMIC and TCGA databases were
collected (57, 224). Missense mutations recorded in at least two independent cases were assessed
by predictive algorithms (i.e., PAPA, PLAAC, ZipperDB, Zyggregator) to examine whether the
mutations enhanced prionogenicity, amyloidogenicity, or general aggregation propensity (data not
shown). For CREST, we selected mutations that existed within the predicted PrLD — A263T,
A348S, and P372L. For SS18, we selected mutations where a hydrophobic leucine or polar,
uncharged serine replaced a non-prionogenic, non-amyloidogenic proline residue — P117L, P168S,
P252L, and P341S. All mutations were generated via PCR mutagenesis. Both WT CREST-EGFP

and SS18-EGFP showed aggregates in some cells as early as 3 hours post-induction and in the
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Figure 4.4. BAF53B aggregates in yeast when overexpressed.

BAF53B forms aggregates in BY4741 yeast. An EGFP-only control displays only diffuse fluorescence.
Images taken at 24 hours post-induction with 2% galactose and are representative of three biological

replicates.
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Figure 4.5. CREST and SS18 aggregate in yeast when overexpressed.

Both wild-type (WT) and mutant forms of CREST (A263T, A348S, P372L) and SS18 (P117L, P168S,
P252L, P341S) form aggregates in BY4741 yeast. An EGFP-only control exhibits only diffuse
fluorescence. Images taken at 24 hours post-induction with 2% galactose and are representative of
three biological replicates.
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large majority of cells at 24 hours post-induction (Figure 4.5, data not shown). All mutations
exhibited similar aggregation patterns to WT. As such, whether these mutations indeed increase
aggregation propensity remains an open question — a more detailed kinetic study would be
required. A GFP-only control showed only diffuse fluorescent signal.

Fourteen proteins display either concentration-dependent or higher-order assemblies

Moving back to the broader search for novel protein aggregators in cancer, we collaborated
with the Halfmann Lab at Stowers Research Institute for initial screening of the top candidates
produced by the multi-algorithmic approach. Their DAMFRET system allows for automated and
high-throughput examination of phase tendencies of proteins expressed in a yeast model system
(225). From the aforementioned protein ranking, the top 79 candidates were selected for
experimental evaluation using DAMFRET. Some proteins that ranked high were removed and not
tested due to having been previously reported to form aggregates or act in a prion-like fashion
(e.g., FUS, EWS, TDP-43). Other high-ranking proteins were omitted due to their membrane-
bound existence or an unavailability in the Human ORFeome collection.

Of the 79 candidate proteins examined, the majority (56, ~70.9%) showed little to no
expression in the yeast model system — making them unable to be evaluated (Figure 4.6B). This
issue likely resulted from a myriad of factors but chief amongst them was that the genes were not
yeast-codon optimized (As will be detailed in a subsequent section, codon optimization can
significantly boost expression of human proteins in yeast.) Although these proteins were not
further investigated here, this experiment should not be taken as these proteins being unlikely to
aggregate or act in a prion-like fashion as nothing can be concluded from the lack of data. The
remaining candidates fell into three categories — proteins which expressed modestly and

monomerically, proteins which demonstrated concentration-dependent aggregation, and proteins
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Figure 4.6. DAMFRET assay of aggregation behavior of candidate proteins.

A. Top ranked protein candidates were evaluated in collaboration with the Halfmann Lab and their
DAMFRET assay. Example plots of proteins that maintain a monomeric state (top left), aggregate
in a concentration-dependent manner (top right), form higher-order assemblies even at low
concentrations (bottom left), or act in a prion-like manner with monomeric species in most cells and
aggregates in a small subset of cells at high concentrations (bottom right). Plots for monomer and
prion-like were adapted from Khan et al., 2018.

B. DAmMFRET results for the top ranked protein candidates. The number of candidates falling into each
category are reported. Names of proteins displaying either higher-order assembly or concentration-
dependent behavior are listed in the rightmost column. No candidate proteins displayed prion-like
behavior.
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which exhibited the ability to form higher-order assemblies. DAMFRET plots of representative
proteins from each of these categories can be seen in Figure 4.6A, which also includes an example
of a plot for a protein that behaves in a prion-like fashion. The candidates that displayed only
modest, monomeric expression (9, ~11.4%) were not marked for further investigation. On the other
hand, we decided to continue examining those candidates that displayed either concentration-
dependent aggregation or higher-order assembly. These proteins, in alphabetical order, were
ABLIM3, BRD4, CLINT1, CLOCK, CNOT2, HNRNPA1, HNRNPDL, HNRNPU, ILF3, IMJDG6,

PDCD6IP, QRICH1, SS18, and TIALL.

Table 4.5. Candidate PrLDs.

Protein Region PrLD Coordinates (aa) PrLD Length (aa)
ABLIM3 - 1-77 7
BRD4 - 926 — 1180 255
CLINT1 - 494 — 612 119
CLOCK A 561 — 689 129
CLOCK B 742 — 828 87
CLOCK AB 561 — 828 268
CNOT2 - 134 - 215 82
CREST - 67 — 396 330
HNRNPA1 - 192 — 372 181
HNRNPDL - 316 — 420 105
HNRNPU - 690 — 825 136
ILF3 - 658 — 894 237
JMJID6 - 336 — 403 68
PDCD6IP - 792 — 868 7
QRICH1 - 85-172 88
SS18 - 67 — 418 352
TIAL1 - 288 — 375 88

Candidate PrLD-Sup35wmc fusion proteins are functional and generate Ade* colonies
For each of the candidates, we identified probable prion-like domains (PrLDs) for each

using the previous results of the initial bioinformatic screening (Table 4.5). The primary
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determinant for the PrLDs was the results of the two algorithms that specifically predict
prionogenicity, PAPA and PLAAC. If a candidate did not have a region considered prion-like by
either PAPA or PLAAC, then disorderedness as predicted by DISOPRED3 was used to outline a
potential PrLD. In the case of CLOCK, two regions were predicted to be prion-like thus, each
region was selected separately (CLOCK PrLD A and CLOCK PrLD B) as well as a combined
domain incorporating the non-prion-like region between them (CLOCK PrLD AB). In addition to
the domains from the 14 candidates selected from the DAMFRET results, the CREST PrLD was
also determined due to a propensity to aggregate in yeast as outlined in a later section. While
CREST was tested separately using DAMFRET, low expression levels prevented the protein from
being fully evaluated in that system.

For assaying of their prionogenicity, all candidate PrLDs in Table 4.4 were fused with
Sup35mc — which consists of the middle linker region (M) and the functional region (C) of Sup35.
As an endogenous yeast prion protein, Sup35 forms the [PSI*] prion but normally functions as a
translation terminator. In cells containing a mutation that introduces a premature stop codon in the
ADEL1 gene, Sup35 recognizes said codon and prevents the translation of an enzyme essential for
the synthesis of adenine. This situation results in the build-up of an adenine precursor that bestows
a red color to the yeast and an inability to grow on media lacking adenine. This phenotype is
reversed when Sup35 prionizes as the protein becomes aggregated, preventing recognition of the
premature stop codon and leading to proper translation of ADE1. Thus, colonies adopt a white or
pink color — depending on the prion conformation — and can grow on media lacking adenine. By
replacing the Sup35 prion domain, Sup35n with the candidate PrLDs, we were able to use this

robust phenotypic assay to test for prionogenicity of these regions.
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Table 4.6. Spreading assay for Ade* colony formation.

Candidate PrLD

ABLIM3
BRD4
CLINT1
CLOCK A
CLOCK B
CLOCK AB
CNOT2
CREST
HNRNPA1
HNRNPDL
HNRNPU
ILF3
JMJID6
PDCD6IP
QRICH1

*Total for 10° cells spread onto 2-3 plates. TTotal for 107 cells spread onto an equivalent number of plates as YPD.

Number of

Colonies on YPD*

963
1054
Too many to count
607
310
844
911
96
984
1044
1231
802
77
663
970

Number of
Colonies on -Adef
18
53
Too many to count
65
182
248
26
133
Too many to count
58
32
26
Too many to count
19
99

Ade* Colonies per
10° cells
1.87
5.03

10.71
58.71
29.38

2.85
138.54

5.56
2.60
3.24
2.87
10.21

Upon initial transformation of W303 sup354 / p316SUP35¢. with the set of p415TEF-

Candidate PrLD-MC constructs and dropout of p316SUP35¢., the majority of the resulting W303

sup354 / p415TEF-Candidate PrLD-MC yeast displayed a robust red coloration — indicating

robust functioning of the various fusion proteins. In the minority were the yeast expressing JMJD6-

MC and TIAL1-MC, these isolates all displayed constant light pink coloration — indicating that

the fusion protein was likely consistently aggregated (Figure 4.7A). To examine the ability of the

Candidate PrLD-MC fusions to prionize and adopt an alternative conformation, we performed a

spreading assay of the W303 sup354 [ pA15TEF-Candidate PrLD-MC cells onto -Ade media — as

potential yeast containing prionized Candidate PrLD-MC would have the ability to grow on this

media. A control spreading of yeast onto nonselective media (i.e., YPD) was also conducted. Yeast

from all candidates generated colonies that could grow on the -Ade media, henceforth termed Ade*
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Figure 4.7. Experimental design for testing Candidate PrLDs using the Sup35mc de novo prion

formation assay.

A. Diagram of fusion proteins created. Candidate PrLDs were linked to Sup35wmc via a DPGGPGGG
linker to allow for usage of the Sup35 de novo prion formation assay.

B. Diagram of experiment. W303 sup35A / p316SUP35¢, [PSI*] cells were transformed with p415TEF-
Candidate PrLD-MC. The transformants were treated with 5-FOA to select against cells containing
the p316SUP35¢. plasmid. Resulting W303 sup35A / p415PrLD-MC cells were then checked for
color change corresponding to prionization of the Candidate PrLD-MC protein.
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Figure 4.8. PrLDs of HNRNPA1, JMJD6, and TIAL1 do not form high molecular-weight, SDS-
resistant aggregates when fused with Sup35wc.

A. IJMJID6-MC and TIAL1-MC do not support full translation termination function. W303 sup35A cells
expressing JMJD6-MC or TIAL1-MC do not exhibit full translation termination function as assessed
via the consistent light pink/white colony coloration.

B. Blot of SDD-AGE of W303 sup35A / p415TEF-Candidate PrLD-MC and W303 sup354 /
p316SUP35¢ cells with (+) or without (-) boiling. For HNRNPA1-MC, JMJD6-MC, and TIAL1-MC,
light-pink or white-colored yeast isolates that were also Ade* were examined. Membrane was
probed with a-Sup35 to detect Candidate PrLD-MC or Sup35k..
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colonies. (Yeast unable to grow on -Ade media are referred to as Ade’.) As expected from the
previously seen light pink coloration, IMJD6-MC had an uncountable (>1000) number of colonies
present on the -Ade plates — further suggesting that these constructs are consistently highly
aggregated. The other Candidate PrLD-MC fusions had variable numbers of Ade™ colonies as seen
in Table 4.6 — SS18 PrLD-MC has not yet been tested and TIAL1 PrLD-MC did not present with
red colonies for usage in the assay.

CLINT1 prion-like region acts as a bona fide prion domain in yeast

The CLINT1 PrLD exists as an extreme C-terminal domain in the full-length CLINT1
protein and was predicted by PLAAC to extend from residue 494 to 612 (Figure 4.9A).
Interestingly, yeast expressing CLINT1 PrLD-MC generated pink, white, or sectored (i.e., partially
red, partially pink/white) colonies even on the control nonselective media. We isolated and purified
these pink and white colored yeast through consecutive streaking (Figure 4.9B). In doing so, we
isolated three different variants of W303 sup354 / p415TEF-CLINT1 PrLD-MC yeast — red (non-
prion), pink (prion), and white (prion). These phenotypes were stable over many generations and
curable by disruption of Hsp104 with GdnHCI — a trait common to many endogenous yeast prions.
We termed the prionized form of CLINT1 PrLD-MC as [CLINT*] and the non-prion form as
[clintl]. To examine the aggregation status of CLINT1 PrLD-MC in these cells, we analyzed
samples with SDD-AGE alongside [PS17] and [psi‘] controls. The pink and white [CLINT*] isolates
displayed formation of high-molecular weight (MW), SDS-resistant protein species while the red
[clint1] isolate did not (Figure 4.9C). The [PSI*] control displayed clear high-MW, SDS-resistant
aggregates and the [psi] did not. Thus, the CLINT1 PrLD appears to function as PrD in this yeast

model and forms SDS-resistant prion aggregates.
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Figure 4.9. CLINT1 contains a PrLD that can de novo form a prion.

A. CLINT1 contains a C-terminal prion-like domain. PLAAC analysis predicts that a region stretching
from 494-612 at the C-terminal of CLINT1 has amino-acid frequencies highly similar to known prion
domains. PLAAC analysis used a core length of 60 and the background probabilities of Homo
sapiens. X-axis represents amino-acid position. Amino acids are represented by colors in the bottom
bar as indicated by legend.

B. CLINT PrLD-MC can de novo form a prion with different variants. W303 sup35 / p415TEF-CLINT1
PrLD-MC yeast can exhibit multiple phenotypes via an adel-14 reporter. Red colonies correspond
to non-prion [clint] cells. Pink and white colonies correspond to different prion [CLINT*] colonies.

C. Blot of SDD-AGE of W303 sup35A4 / p415TEF-CLINT1 PrLD-MC and W303 sup354 / p316SUP35¢.
cells with (+) or without (-) boiling. Three isogenic isolates of yeast expressing CLINT1 PrLD-MC
but with differing colony color (red, pink, white) were examined. Membrane was probed with a-
Sup35 to detect CLINT1 PrLD-MC or Sup35r..
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CLOCK prion-like region acts as a bona fide prion domain in yeast
As with the CLINT PrLD, we found that the CLOCK PrLD A could prionize in our yeast
model system. Although CLOCK contains two different predicted PrLDs, we only observed
prionization of the more interior PrLD stretching from residue 561 to 689 (Figure 4.10A). The
aforementioned initial screening produced a number of W303 sup354 | p415TEF-CLOCK PrLD
A-MC Ade" colonies. Additionally, these colonies exhibited corresponding coloration with a pink
or white coloring on YPD media as compared to a red non-prion CLOCK PrLD A-MC isolate
(Figure 4.10B). These phenotypes were stable across many generations. As such, we tried to cure
the pink/white Ade™ colonies by inactivating Hsp104 via treatment with GdnHCI; however, these
isolates were not curable through this method (data not shown). This result could indicate that
some of the CLOCK PrLLD A-MC prion isolates may instead be random mutants in the reporter
system used for assaying and therefore, not faithfully reporting the status of CLOCK PrLD A-MC.
To this end, we evaluated the aggregation status of a pink Ade™ isolate and a white Ade* using
SDD-AGE. A red non-prion CLOCK PrLD A-MC isolate and control [PSI1*] and [psi*] yeast were
also included. The ensuing blot showed that the pink CLOCK PrLD A-MC isolates harbored high-
MW, SDS-resistant protein species whereas the red and white isolates did not (Figure 4.10C). This
result indicates that some white candidates may indeed be off-target mutants and not prionized.
However, the pink Ade™ isolates do appear to contain a prion form of CLOCK PrLD A-MC,
[CLOCK™] while the red Ade isolates are non-prion ([clock]). The control [PSI*] and [psi]
samples exhibited the expected pattern — high-MW, SDS-resistant band and no such band,
respectively. Given this result, we find that the CLOCK PrLD A-MC fusion protein forms a prion
— termed here [CLOCK™] — in yeast that exhibits high-MW, SDS-resistant aggregates but cannot

be cured through Hsp104 inactivation.
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Figure 4.10. CLOCK contains a PrLD that can de novo form a prion.

A. CLOCK contains two C-terminal prion-like domains. PLAAC analysis predicts that two regions
stretching from 561-689 (PrLD A) and 742-828 (PrLD B) at the C-terminal of CLOCK have amino-
acid frequencies highly similar to known prion domains. PLAAC analysis used a core length of 60
and the background probabilities of Homo sapiens. X-axis represents amino-acid position. Amino
acids are represented by colors in the bottom bar as indicated by legend.

B. CLOCK PrLD A-MC can de novo form a prion with different variants. W303 sup354 / p415TEF-
CLOCK PrLD A-MC yeast can exhibit multiple phenotypes via an adel-14 reporter. Red colonies
correspond to non-prion [clock] cells. Pink and white colonies correspond to potential prion
[CLOCK?] colonies.

C. Blot of SDD-AGE of W303 sup354 / p415TEF-CLOCK PrLD A-MC and W303 sup35A /
p316SUP35¢ cells with (+) or without (-) boiling. Three isogenic isolates of yeast expressing CLOCK
PrLD A-MC but with differing colony color (red, pink, white) were examined. Membrane was probed
with a-Sup35 to detect CLOCK PrLD A-MC or Sup35rL.
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Discussion

In this study, we have used a bioinformatically guided process to test for novel
protein aggregators involved in cancers. A set of cancer-related proteins were scored and ranked
based on key characteristics for protein aggregation. These characteristics included disorderedness
as predicted by DISOPRED3 and FoldIndex, prionogenicity as predicted by PAPA and PLAAC,
and general and amyloid aggregation propensity as predicted by PASTA, ZipperDB, and
Zyggregator. Due to our lab’s focus on the yeast SWI/SNF complex, the proteins of the human
SWI/SNF or BAF complex were of particular interest. From a set of cancer-related proteins, we
collaborated with the Halfmann lab to evaluate the 79 top-scoring candidates using a DAMFRET-
based assay for concentration-based aggregation patterns. Proteins displaying aggregation of any
sort in that assay were then experimentally tested for prionogenicity using the widely used yeast-
based Sup35 de novo prion formation assay. We found that a predicted PrLD in the clathrin
interacting protein CLINT1 and a predicted PrLD in the circadian rhythm protein CLOCK both
can act as bona fide prion domains — forming [CLINT1] and [CLOCK™].

CLINTL1 (also known as epsinR) was first identified through its homology to other epsin
proteins (226). CLINT1 contains an epsin-N-terminal-homology (ENTH) domain which allows
for binding to cargo proteins and specific lipids and appears to be highly structured (227, 228).
However, the majority of the protein appears to be relatively unstructured even though it contains
a middle domain for binding to clathrin and adaptor protein-1 (AP-1). It is in this unstructured
region and at the C-terminal of the protein that the CLINT1 PrLD resides. Although the function
of this region has not been determined, there exists limited evidence of additional clathrin binding

sites residing there (227). The value of a PrLD in normal cellular functioning has been observed
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with other proteins including the human MAVS (mitochondrial antiviral-signaling protein) and
ASC (apoptosis-associated speck-like protein containing a caspase activation and recruitment
domain) in antiviral responses and mammalian CPEB3 (cytoplasmic polyadenylation element-
binding protein 3) in long-term facilitation of synapses (80, 81, 88, 89). Perhaps the CLINT1 PrLD
acts in important protein-recruiting functions — whether that is recruitment of cargo, adaptors, or
other proteins.

Normally, CLINT1 specifically acts in trafficking cargo between the trans-Golgi network
(TGN) and endosomes (228-230). Polymorphisms in CLINT1 have been associated with
disruptions in schizophrenia in humans (231, 232). Could possible mutations destabilize the
normal CLINT1 conformation and lead to aberrant misfolding and prion-like aggregation (as
observed with p53)? Any such aggregation activity likely would have a significant effect on
neurologic functioning given the importance of vesicle trafficking in neurons. Examination of full-
length CLINT1 for prion-like aggregation in a human cell line would be valuable and could assist
in elucidating the function of the CLINT1 PrLD.

The driving of circadian rhythms by molecular clocks plays a critical role in maintaining
organismal homeostasis. As the first identified mammalian circadian gene, CLOCK acts in a
central role of this molecular clock through its interactions with and regulation of other circadian
proteins and genes (e.g., BMAL1, CRY, and PER) (233). The dimerization of CLOCK and
BMAL1 target the CRY and PER genes, which in turn, repress the CLOCK and BMAL1 dimer.
Disruptions of circadian genes play an important role in a range of diseases — including cancer,
neurodegeneration, obesity, and of course, sleep disorders (234). In cancer, disturbances of
circadian rhythms can increase susceptibility to liver carcinomas and lung tumors (235, 236).

Thusly, CLOCK was an intriguing candidate for our investigation.
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We found that the CLOCK protein harbors two predicted PrLDs, which we termed CLOCK
PrLD A and CLOCK PrLD B. In examining these two PrLDs in the Sup35 de novo prion formation
assay, we observed the formation of yeast with pink, Ade™ phenotypes reflective of CLOCK PrLD
A-MC prionization. We did not find phenotypically stable yeast indicating the prionization of
CLOCK PrLD B-MC or the larger combination of both PrL.Ds and the intervening region, CLOCK
PrLD AB-MC. However, the lack of susceptibility to Hsp104 inactivation by [CLOCK*] formed
by CLOCK PrLD A-MC may suggest that delineating between mutants that phenotypically mimic
prionization and actual protein conformational changes is a limiting factor of screening
prionization of these three fusion proteins. Although many endogenous yeast prions are curable by
millimolar concentrations of GdnHCI due to Hsp104 inactivation, some yeast prions cannot be
cured by such a treatment and instead can be cured by disruption of other molecular chaperones
(e.g., Hsp70s, Hsp90s) (145). Given this knowledge, we intend to examine the possibility that
[CLOCK*] formed by CLOCK PrLD A-MC can be cured by expression of a dominant-negative
Hsp70 (Ssal K69M) or treatment with the Hsp90-disrupting radicicol (206, 237, 238). The finding
that CLOCK PrLD A-MC indeed exists in two different states (monomeric or high-MW, SDS-
resistant species) whether in red [clock] cells or pink [CLOCK™] cells, respectively as seen via
SDD-AGE supports the existence of an alternative, aggregated prion state for CLOCK PrLD A-
MC. Additional study will have to further confirm the transmissibility of this putative prion state
to naive cells.
The two PrLDs in CLOCK (PrLD A and PrLD B) both reside in the second half of the
protein and contain an enrichment of glutamine (Q) residues. While the N-terminal region of
CLOCK contains a bHLH-PAS (basic helix-loop-helix and PER-ARNT-SIM) domain that is

typically found in transcriptional regulators, little is known about the C-terminal region other than
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its importance for transactivation (239, 240). Given the presence of two PrLDs within this region,
there may be significance in their composition for protein-protein interactions between CLOCK
and BMALL1 or other circadian proteins. Disruption of these domains may then lead to aberrant
circadian rhythms and contribute towards human disease.

Six proteins involved in the BAF complex were predicted to contain PrLDs. Although we
were not able to effectively express the larger proteins of this group — ARID1A, ARID1B, ARID2
— in a yeast model, the other three proteins — CREST, BAF53B, SS18 — demonstrated aggregation
phenotypes. Intriguingly, BAF53B exhibited a skewed distribution of aggregation frequencies
across different colonies — indicating a possible prionogenic nature. CREST and SS18
demonstrated robust aggregation under overexpression conditions but no differences between WT
and mutant versions. We attempted to test the prionogenicity of CREST and SS18 with the Sup35
de novo prion formation assay; however, both CREST-MC and SS18-MC were unable to provide
a stable non-prion phenotype (data not shown). This issue may have been due to localization to
the nucleus (in the case of CREST-MC) or consistently aggregated proteins preventing the
assumption of a non-prion state.

We intend to move forward with this research into novel protein aggregators associated
with cancer by moving into a human cell culture model with our collaborators in the laboratory of
Dr. Marc Mendillo. Already, we have generated lentiviral expression clones for the various
Candidate PrLDs fused to a 3XFLAG.V5 tag. In fact, initial experimentation has revealed that the
some of the Candidate PrLDs can form high-MW, SDS-resistant aggregates in HEK293T cells
(Figure 4.11A). For this experiment, Dr. Milad Alasady and Jasen Jackson of the Mendillo lab
produced the stable cell lines expressing the Candidate PrLDs fused to 3xFLAG.V5 and the 0.02%

SDS condition mirrored conditions previously used in investigating tau aggregate strains (17). We
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Figure 4.11. Candidate PrLDs can form high-molecular weight, SDS or sarkosyl-resistant
aggregates in HEK293T cells.

A. Blot of SDD-AGE of Candidate PrLD-3xFLAG.V5 fusions expressed in HEK293T cells. Samples
were incubated with 0.02% SDS (-) at room temperature or with 2% SDS and boiling (+). Membrane
was probed with a-FLAG to detect Candidate PrLD-3xFLAG.V5.

B. Blot of SDD-AGE of Candidate PrLD-3xFLAG.V5 fusions expressed in HEK293T cells. Samples
were incubated with 1% sarkosyl (-) at room temperature or with 2% SDS and boiling (+). Membrane
was probed with a-FLAG to detect Candidate PrLD-3xFLAG.V5.



165
also saw similar high-MW aggregates formed by some Candidate PrLDs when 1% sarkosyl was
used as the detergent condition (Figure 4.11B). We plan to further investigate the promising
candidates — including both the PrLDs alone and the full-length proteins — in HEK293T and other
appropriate human cell lines. In regard to the CLINT1 PrLD and CLOCK PrLD A, both proteins
may be susceptible to study either via vesicular assays or established reporter systems, respectively
(241-243). Additionally, the possibility of infection of cultured human cells with CLINT1 PrLD
and CLOCK PrLD A seeds from [CLINT*] and [CLOCK?*] yeast exists as a promising route of
investigation.

Given a starting set of over 9000 proteins and a bioinformatically-informed selection
process, we have identified at least two disease-related proteins with prionogenic regions that
appear to function as PrDs in a yeast-based assay. Additionally, at least three BAF complex
proteins display significant aggregation phenotypes in yeast; although, mutant forms of these
proteins do not appear to differ in aggregation from the WT versions. These results indicate that
our understanding of the role of protein aggregators in disease including cancers may still be
limited. Future research must focus on determining the extent of the aggregation abilities of the
CLINT1 PrLD and the CLOCK PrLDs and the functional importance of these domains in a human

cell line model.
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