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Abstract 

The prion protein underlies several previously inexplicable phenomena, including 

transmissible neurodegenerative disease in mammals and the non-Mendelian inheritance 

of unique traits in fungi. These proteins can adopt multiple stable conformations, and each 

of these forms can self-replicate by assembling into ordered aggregates, which template 

the conversion of the newly synthesized protein into the prion form as these monomers 

join the aggregates.  These complexes must then be fragmented to generate additional 

templates and to promote the spread of the aggregates both within and between 

individuals.  Despite its efficient and autocatalytic pathways of protein misfolding, changes 

in prion self-replication cycles can inhibit prion persistence and thus the transmission of 

prion-associated phenotypes. In our studies, we first explored this inhibition process using 

a yeast prion [PSI+], the prion form of a translation termination factor Sup35, and a 

dominant-negative mutant of this protein.  Prion variants with distinct conformations were 

differentially sensitive to prion inhibition, despite the fact that each of the variants were 

impacted by the mutant in the same way - a reduction in kinetic stability and an increased 

sensitivity to fragmentation. The threshold for clearance of the existing aggregates was 

determined by both the self-replication efficiencies of the variants and also the dosage of 

the mutant, indicating that changing dosing regimes might be effective for treating prion 

variants. In addition to dominant-negative mutant inhibition, prion persistence can also be 

inhibited by heat shock. Our studies indicate that this inhibition requires the activity of the 
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deacetylase Sir2, which promotes asymmetric retention of misfolded proteins after 

cellular stress. Intriguingly, Sir2 mediates its effects through a mating-type specific gene 

YJL133C-A, which localizes to the mitochondrial membrane. Together, our studies 

indicate that prion persistence and clearance arise from a complex interplay between 

prion protein conformation and sequence and the cellular environment in which they 

reside.  

NOTE: Chapter 2 and chapter 3, Which include its separate abstracts, 

introductions, results, discussion, methods, tables, references and figures, are prepared 

as manuscripts for submission.  
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The prion hypothesis 

The prion hypothesis was originally raised to explain the molecular basis of the 

scrapie agent, which causes a class of fatal neurodegenerative diseases (Griffith, 1967; 

Prusiner, 1982a). The hypothesis posits that the prototypical and perhaps most 

extensively characterized examples of protein conformation-based inherited phenotypic 

traits are those defined by the protein infectious particles known as prions (Griffith, 1967; 

Prusiner, 1982b).  

The term prion was proposed by Stanley Prusiner in 1982 to illustrate the protein-

based composition of the scrapie agent (Prusiner, 1982b). In support of this proposal, the 

scrapie agent could be destroyed by protein-denaturing but not by nucleic acid-damaging 

conditions (Alper et al, 1967; Alper et al, 1966; Bellinger-Kawahara et al, 1987). Prions 

are now known to be responsible for a multitude of distinct biological phenomena, 

including several transmissible diseases in mammals and heritable phenotypes in fungi 

(Tuite & Serio, 2010). 

Prions self-replicate by assembling into ordered aggregates, which template the 

conversion of native-state protein into the prion form (Griffith, 1967). These complexes 

must then be fragmented to generate small aggregates that serve as additional templates 

and are delivered transmitted (Griffith, 1967).  Studies on prion propagation in mammals 

and yeast have uncovered striking commonalities and demonstrating an ability to be 

similarly modulated by both cis and trans effectors. Understanding the mechanisms by 

which prion propagation is regulated should illuminate strategies for targeted intervention 

of prion diseases.  

Prion in Mammals  
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Prions were originally identified as infectious entities that are associated with 

transmissible spongiform encephalopathies (TSEs) (Prusiner, 1982b; Prusiner, 1998), 

including Creutzfeldt–Jakob disease (CJD) and kuru in humans, scrapie in sheep and 

bovine spongiform encephalopathy (BSE) in cattle and others (Table 1) (Benetti & 

Legname, 2009). Although there are unique symptoms and pathologies associated with 

each disease, they are all progressively neurodegenerative, and ultimately fatal (Benetti 

& Legname, 2009).  

Prion diseases occur on a sporadic or familial basis (Geschwind, 2015). First, the 

sporadic form of prion disease is most common, covering almost 85% of cases of prion 

disease (Appleby & Lyketsos, 2011). The mechanism through which this form of the 

disease arises is unknown. Second, familial prion diseases arise from mutation of the PrP 

protein, which could explain 15% of cases of prion disease (Appleby & Lyketsos, 2011). 

The mutant forms of PrP are more likely to misfold and thereby cause neurodegenerative 

prion disease (Mastrianni, 2010).  

While prion diseases may arise in sporadic and familial forms, the major insight 

into the disease agent was gained from studies of prion infectivity. Prion infection may 

occur through many routes, including accidental or experimental inoculation with 

contaminated material or blood, or by ingestion of contaminated meat (Ironside, 1996). 

While transmission of prion disease within the same species is most efficient, cross-

species transmission is believed to occur naturally in rare circumstances and has been 

accomplished experimentally in laboratory mice and hamsters (Chandler, 1961; Kimberlin 

& Walker, 1977; Kimberlin et al, 1975; Will et al, 1996).  
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The prion protein, PrP, was identified as being the primary agent responsible for 

these diseases because it co-purified with infectivity (Bolton et al, 1982). There are two 

conformers of PrP protein: cellular PrP (PrPC), which is the normal conformer, and scrapie 

PrP (PrPSc), which is the infectious conformer (Detwiler & Baylis, 2003; Harman & Silva, 

2009; Prusiner, 1982b; Prusiner, 1998). PrPSc was predicted to ‘replicate’ during infection 

by contacting specific regions on PrPC to recruit this protein and convert it into PrPSc 

(Kocisko et al, 1994).  

Supporting a crucial role for PrP in prion disease, PrP knockout mice are resistant 

to TSEs (White et al, 2008). Although this result seems to favor a gain-of-function model 

for prion diseases, subsequent studies have shown that a loss-of-function model cannot 

be completely ruled out.  For example, the expression of PrP fragments induces 

spontaneous neurodegeneration in PrP knockout mice (Aguzzi et al, 2008; Baumann et 

al, 2007; Shmerling et al, 1998), indicating prion pathology induced by PrP could be 

explained as a loss of some PrP functions but not of others (Westergard et al, 2007). 

Current research, therefore, cannot exclude either possibility.  

Prion in Yeasts 

Prions have also been found in fungi, including the yeast Saccharomyces 

cerevisiae and the multi-cellular fungus Podospora anserina (Büeler et al, 1994). 

Although fungal prions are not infectious, they are transmissible through cell division and 

mating (Liebman & Derkatch, 1965). Like PrPSc, fungal prion proteins can adopt 

conformations that are also self-replicating. These conformers are partitioned to daughter 

cells during division, leading to the inheritance of the associated phenotypes (Wickner et 

al, 2007).  
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There are several known transmissible prion proteins in fungi (Table 2). Indeed, 

the list of fungal prions continues to grow and includes proteins of various functions. Some 

of the best-studied examples are the [URE3], [PSI+] and [PIN+] prions of Saccharomyces 

cerevisiae, which are the prion form of the Ure2, Sup35 and Rnq1 proteins, respectively 

(Cox, 1965; Derkatch et al, 2001; Osherovich & Weissman, 2001; Sondheimer & 

Lindquist, 2000; Wickner, 1994). Another well documented example is the [Het-s] prion 

of Podospora anserina, the prion form of the HET-s protein (Coustou et al, 1997).  

While the molecular basis of how conformational conversion of PrP leads to prion 

disease is currently unknown, conversion of fungal prion proteins to the self-replicating 

conformation results in the alteration of their normal cellular function and thereby new 

heritable phenotypes. For instance, Ure2 and Sup35, involved in nitrogen catabolism and 

translation termination respectively, display reduced activity when in their prion form, 

leading to the use of alternative nitrogen sources and stop codon readthrough 

respectively (Cox, 1965; Lacroute, 1971; Liebman & Derkatch, 1965; Serio & Lindquist, 

1999; Wickner, 1994). Interestingly, Rnq1 has no known non-prion function, but when in 

the prion form, Rnq1 acquires a gain-of-function phenotype, which allows for the induction 

of other yeast prions (Derkatch et al, 2001; Derkatch et al, 2000; Derkatch et al, 1997; 

Sondheimer & Lindquist, 2000). Like Rnq1, the HET-s protein has no known non-prion 

function, but its prion form mediates heterokaryon incompatibility during cell fusion upon 

mating with a strain carrying the Het-S allele (Coustou et al, 1997). As is the case in 

mammals, transfer of self-replicating conformations of recombinant Ure2, Sup35, and 

Rnq1 protein into yeast leads to the appearance of [URE3], [PSI+], and [PIN+], directly 
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linking the heritable phenotypes to a protein-only mechanism (Brachmann et al, 2005; 

King & Diaz-Avalos, 2004a; Patel & Liebman, 2007).  

Although fungal prions are not associated with an infectious disease, they work as 

epigenetic determinants that alter a range of cellular processes and phenotypes through 

inheritance.  

Prionoids 

The coalescence of proteins into highly ordered aggregates is a hallmark of protein 

misfolding disorders, which lead to progressive neurodegeneration when affecting the 

central nervous system. Proteins associated with non-transmissible protein misfolding 

disorders are denoted ‘prionoids’ (Aguzzi, 2009; Aguzzi & Lakkaraju, 2016; Aguzzi & 

Rajendran, 2009).  

The most common prionoids include Aβ, Tau, α-synuclein, SAA and PolyQ (Table 

3). Similar to self-replicating conformations of the prion protein PrP, their alternative 

conformations also self-replicate and underlie highly prevalent human neurodegenerative 

diseases with different pathological features. Prionoids are capable of cell-to-cell 

propagation, which was demonstrated by studies showing that amyloid seeds can be 

released from affected cells and then re-enter other cells and convert the native protein 

into the aggregate state (Aguzzi & Rajendran, 2009). However, unlike the case for the 

prion protein PrP, there is no experimental evidence so far to show that prionoids could 

be transmitted between individuals.   

 

Conformational self-replication and transmission 
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Self-replication within cells is required for prion proteins to stably persist and 

transmit prion phenotypes. A conformational based model was proposed to explain this 

process, in which prion protein binds and converts non-prion protein into a prion state 

(Griffith, 1967). According to this model, after initial misfolding of a normal protein into a 

prion state, prion protein converts newly synthesized, soluble, non-prion protein into 

highly ordered aggregates. Both in vitro and in vivo studies support this model for both 

mammal and yeast prion proteins.  

Conformational self-replication in vitro 

The “protein-only” hypothesis for prion propagation implies that it should be 

possible to generate prions in vitro from highly purified recombinant PrP. PrPC from 

uninfected sources can be converted to proteinase K-resistant forms by PrPSc in a cell-

free system (Kirby et al, 2003; Kocisko et al, 1994). This conversion efficiency is very low 

but can be improved by protein misfolding cyclic amplification (PMCA), which generates 

more templates by breaking larger aggregates into smaller aggregates (Castilla et al, 

2005; Saborio et al, 2001; Soto et al, 2002). Purified yeast prion proteins also form 

aggregates in vitro, which occurs spontaneously after a lag phase or immediately after 

the addition of preformed fibers or prion aggregate-containing yeast lysates (Glover et al, 

1997; Serio et al, 2000; Taylor et al, 1999). Because in vitro generated yeast prions induce 

the prion state when introduced into yeast cells, this process represents the mechanism 

underlying prion replication and phenotype determination in yeast (King & Diaz-Avalos, 

2004b; Maddelein et al, 2002; Patel & Liebman, 2007; Tanaka et al, 2004). Similarly, in 

vitro-generated aggregates of the mammalian prion protein create prion disease when 
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inoculated into mice, although this process is less efficient than that of brain-derived 

material  (Kim et al, 2010; Wang et al, 2011; Wang et al, 2010).  

Prion biogenesis cycle in vivo 

Studies of the yeast prion protein Sup35 have been particularly instrumental in 

advancing our understanding of prion conformational self-replication within living cells. In 

addition to the conversion reaction that occurs in vitro, the self-replication of the prion 

conformation in vivo involves a multi-step pathway of prion biogenesis that is mediated 

by cellular factors. The importance of these in vivo steps and the existence of interacting 

cellular factors on prion propagation most likely extends to all fungal prions and has been 

suggested to apply to the mammalian prion protein, as well (Masel et al, 1999). Based on 

[PSI+] studies, four critical steps must occur to ensure the growth and transmission of 

prions within a population.  

First, prion protein synthesis is clearly an important contributor to persistence of 

prion phenotypes. In mammals, continuous PrP expression is required for disease 

manifestation (Bueler et al, 1993; Büeler et al, 1994; Prusiner et al, 1993). Moreover, the 

incubation period for clinical disease decreases upon increasing PrP expression (Prusiner 

et al, 1990; Tremblay et al, 1998), and overexpressing PrP leads to a higher frequency of 

prion disease (Sandberg et al, 2011; Scott et al, 1989). However, there is an imperfect 

correlation between PrPSc accumulation and clinical disease as mice with a heterozygous 

disruption of PrP show equal levels of PrPSc accumulation as their wild type counterparts 

despite delayed clinical symptoms (Scott et al, 1989). In the yeast prion system, prion 

appearance is also stimulated by transient overexpression of yeast prion proteins 

(Chernoff et al, 1993; Chernoff et al, 1992; Derkatch et al, 1996), and overexpression of 
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Sup35 is toxic to [PSI+] strains, mirroring the enhanced toxicity (i.e. clinical disease) in 

mammals under the same conditions.  

Second, prion protein in the non-prion state must adopt the self-replicating 

conformation. Like in vitro, this process occurs through a templating mechanism in which 

existing aggregates of prion protein already in the self-replicating form direct the 

remodeling of the soluble protein coincident with its incorporation into those complexes 

(Kirby et al, 2003). For PrP, pulse-labeled PrP transits from a protease sensitive to a 

protease resistant state within celsl (Borchelt et al, 1990; Caughey & Raymond, 1991), 

indicating conversion of newly made PrP to the prion state. For yeast [PSI+], conversion 

was detected through observing the formation of Sup35-GFP foci after a [PSI+] cell 

expressing unmarked Sup35 was mated with a [psi-] cell expressing the fusion protein 

Sup35-GFP (Satpute-Krishnan & Serio, 2005). Meanwhile, this conversion was 

coincident with the emergence of the [PSI+] phenotype: stop codon readthrough (Satpute-

Krishnan & Serio, 2005). Altogether, these studies suggest protein in the non-prion state 

could be converted to self-replicating prion conformations.  

Third, the aggregate template must be fragmented into smaller complexes to 

create additional surfaces for conversion. The crucial role of fragmentation in prion self-

replication has previously been implicated in vitro, where sample agitation or sonication 

accelerates prion polymerization (Saborio et al, 2001), and several lines of evidence also 

demonstrate that fragmentation is critical in vivo for prion self-replication and transmission 

in both yeast and mammals. For mammalian PrP, prion infectivity greatly increases upon 

partial disruption of ex vivo preparations of PrP (Caughey et al, 1997; Gabizon et al, 1988; 

Gabizon et al, 1987; Malone et al, 1978) , indirectly highlighting the importance of 
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fragmentation on prion propagation. Moreover, the yield of in vitro conversion reactions 

is greatly improved by cyclic rounds of polymerization and sonication (Saborio et al, 

2001). Thus, although an endogenous fragmentation activity has not been directly 

identified for PrP, the fragmentation activity is likely crucial for the establishment and 

progression of disease (Hall & Edskes, 2004).  

In contrast to the mammalian prion system, fragmentation is well observed and 

studied in yeast. The molecular disaggregase Hsp104 and its cochaperones mediate the 

fragmentation reaction in vivo, and these factors are crucial for stable yeast prion 

propagation (Allen et al, 2005; Chernoff et al, 1995; Higurashi et al, 2008; Ness et al, 

2002; Satpute-Krishnan et al, 2007; Tipton et al, 2008). For example, prion loss results 

from any type of Hsp104 inactivation: deletion, expression of a dominant Hsp104 

mutant, or treatment with the inhibitor guanidine hydrochloride (GdnHCl) (Chernoff et al, 

1995; Derkatch et al, 1997; Moriyama et al, 2000; Osherovich & Weissman, 2001; 

Sanchez & Lindquist, 1990). The direct role for Hsp104-dependent fragmentation in vivo 

was supported by several studies. First, prion loss by Hsp104 inactivation causes 

propagons (heritable prion units or seeds) to decrease, while Hsp104 reactivation allows 

for propagon to re-amplify (Byrne et al, 2007). Second, Sup35 aggregate size becomes 

larger upon Hsp104 inactivation (Kryndushkin et al, 2003; Satpute-Krishnan et al, 2007; 

Wegrzyn et al, 2001). Lastly, when new protein synthesis is inhibited to block conversion 

in cells with wild type Hsp104 activity, existing prion aggregates represented by Sup35-

GFP foci become diffuse (Kawai-Noma et al, 2006; Satpute-Krishnan et al, 2007). Thus, 

fragmentation mediated by Hsp104 is crucial for stable propagation of yeast prion [PSI+]. 



 

23 
 

Fourth, prion aggregates must be transmitted for progression of disease in 

mammals and for maintenance of the associated phenotype in a yeast population.  In 

yeast, fragmentation of prion aggregates in vivo is also crucial for efficient prion 

transmission. When Sup35 aggregates grew too large upon Hsp104 inactivation they 

became immobile and preferentially became retained in mother cells, leading to prion loss 

upon cell division (Bailleul et al, 1999; Byrne et al, 2007; Eaglestone et al, 2000; Kawai-

Noma et al, 2009; Ness et al, 2002; Satpute-Krishnan et al, 2007). During the course of 

mammalian prion disease, PrPSc must spread throughout the central nervous system to 

produce symptoms (Beekes et al, 1998). Although several mechanisms by which prions 

spread transcellularly have been suggested, it is possible that once prion aggregates are 

released to the extracellular space they can simply diffuse throughout neural tissues 

(Aguzzi & Rajendran, 2009; Beekes et al, 1998). This could also explain the higher 

infectivity when prion aggregates are smaller, as they might have a higher mobility and/or 

ability to enter cells (Masel et al, 1999; Zampieri et al, 2009).  

Each step of this in vivo prion cycle must be undertaken with high precision to 

maintain a strong link between protein state and phenotype in order for the prion 

mechanism to serve as an effective alternate route for the inheritance of traits.  

 

Prion variants  

The misfolding of PrP has been linked to a family of related disorders with unique 

phenotypes in mammals (Basler et al, 1986; Goldfarb et al, 1994; Harrison et al, 2010; 

Prusiner, 1994). Several studies on mammalian and yeast prions explain phenotypic 

variability through conformational flexibility of the prion protein (Tanaka et al, 2006). The 
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flexibility allows prions to adopt a spectrum of self-replicating conformations (prion 

variants), which assemble into aggregates with discrete core amyloid structural properties 

(Tanaka et al, 2006). As might be predicted by the pathway of prion propagation, the 

properties of these prion complexes impact their efficiency of self-replication and thereby 

their associated phenotypes (Tanaka et al, 2006).  

Prion variants have now been observed in a wide range of natural and 

experimental settings, but the most extensive information on mammalian prion variants 

has come from work on inbred mouse lines. Through these and other mammalian prion 

studies, it has become apparent that prion variants are distinguishable by a variety of 

distinct and repeatable disease characteristics. The most obvious clinical differences 

among variants is the incubation time between prion inoculation and illness onset, which 

is strikingly consistent when the same variant is inoculated into inbred mice (Bessen & 

Marsh, 1992; Bruce et al, 1991; Dickinson & Fraser, 1969; Dickinson & Meikle, 1969; 

Outram, 1976; Pattison & Millson, 1961). Other distinguishing characteristics include the 

type, distribution, and severity of pathological changes in the brain, location of amyloid or 

protease-resistant PrP deposits, ease of interspecies transmission, and resistance to heat 

inactivation (Bruce et al, 1989; Bruce et al, 1991; Carp et al, 1984; Dickinson & Taylor, 

1978; Fraser, 1976; Kimberlin & Walker, 1978).  

Mammalian prion variants 

Prion strain variation was first suggested in 1961 by Pattison and Millson, who 

identified different phenotypes in experimentally infected goats (Pattison & Millson, 

1961). This concept was later proven in inbred laboratory rodents, which also showed 

prion disease-specific phenotypes, brain-lesion profiles, and incubation periods (Bruce, 
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2003). Current evidence suggests that the main difference between prion strains lies in 

the different conformational arrangements that PrPSc acquires (Morales et al, 2007). 

These infectious particles “transmit” their particular conformational motifs to the normally 

folded proteins expressed in the host leading to specific disease features. 

Mammalian prion variants showed differences in laboratory animal models in both 

clinical signs and biochemical properties. For example, incubation periods or specific 

patterns of spongiform degeneration in the brain are consistent when the same variant is 

inoculated into inbred mice (Bessen & Marsh, 1992; Bruce et al, 1991; Dickinson & 

Fraser, 1969; Dickinson & Meikle, 1969; Outram, 1976; Pattison & Millson, 1961). At the 

biochemical level, PrPSc variants differ in the electrophoretic mobility of their protein 

fragments generated by proteinase K digestion (Morales et al, 2007) and also 

glycosylation profiles (Morales et al, 2007).  

In addition to disease variations in laboratory animals, naturally occurring human 

prion infections, such as kuru, Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler-

Scheinker syndrome (GSS), fatal familial insomnia (FFI), and variant Creutzfeldt-Jakob 

disease (vCJD), also differ in their clinical characteristics, including behavioral 

abnormalities (Brown & Mastrianni, 2010), neuropathology (McLean, 2008; McLean et al, 

1998; Parchi et al, 1998) and PrPSc proteolytic sensitivity (Parchi et al, 1998). Overall, 

these diseases may represent unique prion variants, in addition to, or dictated by, 

changes in PrP sequence.  

As predicted by the prion hypothesis, phenotypic differences between prion 

variants are specified by physical differences in the prion protein. Interestingly, for mouse 

prion variants, amyloid thermodynamic stability is inversely related to disease severity, 
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with less thermodynamic stable variants displaying shorter incubation times (Legname et 

al, 2006; Safar et al, 1998). This intriguing link between aggregate thermodynamic 

stability and the prion-associated phenotype was initially interpreted as a change in the 

rate of conformational self-replication that is primarily mediated through differences in 

aggregate frangibility. However, transmissible mink encephalopathy variants display the 

reverse trend in the hamster model system (Ayers et al, 2011; Bessen & Marsh, 1992; 

Bessen & Marsh, 1994), perhaps suggesting a more complicated interplay between 

aggregate stability and prion-associated phenotype within a cellular context.  

Yeast prion variants 

Yeast prion variants have also been well studied for the [PSI+], [URE3] and [PIN+] 

prions. Interestingly, [Het-s] variants have never been observed. The [PSI+] prion system 

in particular has been especially useful for the study of prion variants. 

As introduced earlier, the yeast prion Sup35 is a translational termination factor in 

its normal soluble form (Cox, 1965; Paushkin et al, 1996). However, in its prion 

aggregated [PSI+] state, its ability to terminate translation at stop codons becomes 

inefficient. [PSI+] and [psi-] can be distinguished by the suppression of a nonsense allele 

ade1-14, which has a premature stop codon in laboratory strains (Chernoff et al, 1995; 

Cox, 1965). The premature stop codon of ade1-14 is read through in [PSI+] cells, 

producing full-length Ade1 protein and therefore white colonies on rich medium (Chernoff 

et al, 1995; Cox, 1965). In contrast, [psi-] ade1-14 cells produce a truncated Ade1 protein, 

resulting in red colonies on rich mediium due to the accumulation of a metabolic 

intermediate in the adenine synthesis pathway (Chernoff et al, 1995; Cox, 1965). 
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In addition to the non-prion and prion states, [PSI+] variants are also readily 

detectible based on their phenotypes. [PSI+] variants are often referred to as “strong” or 

“weak” for their respective degree of phenotypic severity, i.e. stop codon read through 

levels and mitotic stability (Uptain et al, 2001; Zhou et al, 1999). The phenotypic severity 

of [PSI+] is a product of the level of functional (soluble) Sup35, which would promote 

recognition of the stop codon in ade1-14, and also the size distribution of Sup35 

aggregates, which vary in their level of functionality.  Therefore, weak variants of [PSI+] 

appear pink on rich medium, do not grow as efficiently as strong variants on medium 

lacking adenine, and have higher frequencies of mitotic prion loss (Derkatch et al, 1996; 

Uptain et al, 2001; Zhou et al, 1999).  

The efficiency of aggregate fragmentation by chaperones relative to polymer 

growth explains the phenotypic differences between prion variants (Tanaka et al, 2006). 

Strong [PSI+] aggregates are more efficiently fragmented and therefore produce a larger 

number of propagons per cell, which act as new templates to convert more newly 

synthesized Sup35 protein into aggregates (Tanaka et al, 2006). In contrast, weak [PSI+] 

aggregates are less efficiently fragmented, resulting in fewer propagons and less efficient 

capture of new Sup35 molecules. This explains why weak [PSI+] variants are 

characterized by a larger aggregate size (Kryndushkin et al, 2003) with more non-

aggregated soluble Sup35 protein (Uptain et al, 2001; Zhou et al, 1999), leading to a 

‘weak’ ability to readthrough stop codons (Derkatch et al, 1996) when compared to strong 

[PSI+] variants. The different efficiency of aggregate fragmentation between strong [PSI+] 

and weak [PSI+] might be explained by the fact that a large amyloid core (Toyama et al, 

2007) makes weak [PSI+] variants more physically stable and less accessible to Hsp104 

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
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than strong prion variants with a smaller amyloid core. Thus, phenotypic differences in 

[PSI+] variants are based on biochemical properties of aggregates.  

 

Prion protein polymorphisms and compatibility with distinct conformations 

Prion sequence polymorphisms have been identified and found to impact prion 

persistence. For example, several PrP polymorphisms affect its susceptibility to prion 

disease. Moreover, there are also fungal prion mutations that modulate prion-associated 

phenotype. However, prion variants with different protein conformations show different 

sensitivities to the inhibition or protection caused by the sequence polymorphisms. 

Therefore, prion sequence, together with its unique protein conformations, determines 

the prion-associated phenotypes. 

Interspecies transmission 

The existence of a species barrier to prion disease has long been noted, as prion 

infections rarely spread from one species to another (Afanasieva et al, 2011). The 

interspecies barrier appears to be predominantly a product of the PrP primary sequence 

of the host and donor proteins, and the conformation of the donor PrPSc amyloid.  

Interspecies prion transmission barriers may be due to the differences in the amino 

acid sequences of PrP proteins, which was verified experimentally. It was demonstrated 

that hamster prions efficiently infect transgenic mice with a hamster PrP gene but do not 

infect wild type mice (Scott et al, 1989). Notably, the prion transmission barrier is not 

always symmetrical: prion transmission may be robust in one direction but non-existent 

or very weak in the reverse direction. Barriers of interspecies prion transmission and their 

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002579
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asymmetry can be observed both in vivo and in vitro. For instance, infection of hamsters 

with mouse prion resulted in the emergence of pathological symptoms after 378 days 

(Kimberlin & Walker, 1978; Scott et al, 1989), while infection of mouse with hamster prions 

did not result in any pathological symptoms even after two years (Kimberlin et al, 1989), 

indicating that amino acid sequence alone could not explain the interspecies prion 

transmission barrier.  

Besides amino acid sequence, strain conformations have also been reported to 

contribute to the interspecies prion transmission barriers (Bessen & Marsh, 1992). For 

example, nvCJD, but not conventional CJD, can be efficiently transmitted to transgenic 

mice producing human PrP (Hill et al, 1997). 

In addition to mammal PrP, prion species barriers are also well documented for 

the yeast [PSI+] system and mimic many of the observations made in the mammalian 

system. For instance, [PSI+] species barriers demonstrate asymmetry (Chen et al, 2010) 

and variant dependency (Chen et al, 2007; Chien & Weissman, 2001; Tanaka et al, 2005; 

Vishveshwara & Liebman, 2009), while species specificity is influenced by the sequence 

used for initial seeding (Chien & Weissman, 2001). Furthermore, expression of cross-

species sequences can generate novel prion variants as well as cause prion loss (Chen 

et al, 2007).  

Altogether, both amino acid sequence and strain conformations affect the 

interspecies prion transmission barrier.  

Prion inhibition and resistance 
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Variations in the amino acid sequence of prion proteins can affect their phenotypes 

in both mammals and yeast. For example, naturally occurring PrP polymorphisms in 

animals and humans or mutations found in yeast prions alter the individual’s susceptibility 

to prion disease (Morales et al, 2007) or yeast prion persistence (Doel et al, 1994), 

respectively. Numerous studies have demonstrated that these effects can be explained 

by sequence-dependent changes in the self-replication process we introduced earlier. 

The M129V and E219K polymorphisms of the human prion sequence play roles in 

prion inhibition. Although these polymorphisms are not directly pathogenic, 

heterozygosity at either of these positions is associated with resistance to sporadic 

Creutzfeldt-Jakob disease (Palmer et al, 1991; Shibuya et al, 1998b). Conversion of 

Human PrP (90–231) into mature amyloid fibrils is enhanced if position 129 encodes a 

valine, whereas methionine in this position promotes formation of soluble oligomers 

(Baskakov et al, 2005; Lewis et al, 2006; Tahiri-Alaoui et al, 2004). Studies in transgenic 

mouse, in tissue culture cells, and in vitro of these protective alleles demonstrate a 

dominant-negative effect on prion formation of the heterologous protein (Crozet et al, 

2004; Furuya et al, 2006; Hizume et al, 2009; Kaneko et al, 1997; Lee et al, 2007; Perrier 

et al, 2002). Furthermore, although endogenous PrP and extra-species or chimeric PrP 

protein in transgenic mice are prion competent alone, they can inhibit prion disease when 

co-expressed, thereby also exerting dominant-negative inhibition in vivo (Priola & 

Chesebro, 1995; Telling et al, 1994; Telling et al, 1995). Given their dominant effects, it 

seems likely that these sequence variants perturb some aspects of the prion propagation 

pathway outlined above, thereby serving as a system to further probe prion self-

replication in vivo.  
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To explain their potential mechanism of inhibition, a mathematical model was 

constructed that suggested that wild type and heterologous PrP could incorporate into the 

same fiber, thus altering fiber properties. For example, the polymorphic proteins could act 

as “end-blocking drugs” precluding the additional binding or conversion of heterologous 

protein onto the fiber and thereby being effective at a lower expression ratio.  Alternatively, 

polymorphic proteins could affect other aspects of prion self-replication such as 

fragmentation, thus requiring incorporation throughout the complex which requires higher 

effective concentrations (Masel & Jansen, 2000).  

Dominant inhibitory mutations have also been isolated in fungal prions and, as is 

the case for PrP polymorphisms, these mutations also affect conformational self-

replication in vivo, thereby changing the protein-based traits (DePace et al, 1998). For the 

[PSI+] prion, some substitutions, known as [PSI+]-no-more (PNM) mutations, induce prion 

loss (Doel et al, 1994). The most extensively studied PNM mutation is G58D (PNM2), 

which encodes a Sup35 Gly58Asp mutation (Doel et al, 1994). This mutant Sup35 

incorporates into wild type [PSI+] complexes (Derkatch et al, 1999; DiSalvo et al, 2011) 

and induces prion loss over many generations (Doel et al, 1994; Osherovich et al, 2004), 

suggesting that this variant might interfere with the replication of prion complexes and/or 

their transmission to daughter cells. 

Various models have been proposed to explain the dominant-negative activity of 

prion protein mutants, but controversies persist about the actual mechanism of inhibition.  

In two recent studies, G58D inhibition was linked to either an enhancement of the 

fragmentation reaction that led to dissolution of prion aggregates (DiSalvo et al, 2011), or 

to a failure to transmit existing aggregates to daughter cells upon division that blocked 
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the spread of the aggregates in the population (Verges et al, 2011).  These studies used 

different conformations of the prion protein, raising the possibility that the mutants could 

impact prion propagation through distinct pathways depending upon conformation, a 

hypothesis that will be explored in this dissertation.   

 

Conformational evolution, mutation, adaptation 

Prions exhibit metastability allowing for new traits to arise, endure, transmutate, or 

disappear within the lifetime of an individual due to the dynamics of protein conformations. 

Favorable prion conformations can be selected and propagate depending on the 

environmental changes caused either by interspecies transmission or pharmacological 

treatment.  

Interspecies transmission 

Interspecies transmission can alter the conformation of the prion. For example, the 

scrapie symptoms in mice when sheep prion was directly transmitted was different from 

the scrapie symptoms when sheep scrapie is transmitted to mice with an intermediary 

passage in white rats (Pattison & Jones, 1968). Prion variants can also be passaged 

between different species in vitro using amyloid seed and monomeric PrP of different 

species. In vitro passaging of amyloid fibers with monomeric PrP of a new species creates 

amyloids that have increased infectivity to the new species in vivo (Castilla et al, 2008; 

Green et al, 2008). These observations indicated that the infectious agent can experience 

changes in a new host, though the nature of these induced changes is not clear. As more 

and more cases of this scrapie “mutation” were observed (Bruce & Dickinson, 1987), it 
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became apparent that such changes of prion characteristics were not an exceptional 

occurrence (Bruce & Dickinson, 1987; Kimberlin & Walker, 1986). 

Pharmacological treatment 

Previous studies indicate that even sensitive conformational variants can develop 

resistance to anti-prion compounds. For example, swainsonine-sensitive 22L prions could 

develop resistance to swainsonine (Li et al, 2010; Mahal et al, 2010). An evolutionary 

conformational selection mechanism for PrPSc may explain the observed drug-induced 

evolution of mammalian prions (Oelschlegel & Weissmann, 2013). Different prion-

infected cell sub-lines were exposed to swainsonine and both drug-resistant and drug-

dependent prion populations that propagated more rapidly in the presence rather than the 

absence of the drug were observed. Moreover, the new, initially drug-dependent prions 

became new stable prion variants after drug withdrawal. The prion adaptations are most 

likely driven by the conformational selection mechanism, and this metastability calls for 

the reevaluation of different therapeutic strategies that target amyloid-forming aggregates 

of PrPSc.  

 

Prion curing  

Given the physical differences among prion variants, it is straightforward to predict 

that aggregates composed of these variants direct distinct biological outcomes through 

modulating different prion propagation steps. However, predicting the exact way that 

these alterations will manifest as a new phenotype is quite complicated due to the 

interdependency of each step in the pathway.  
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Modulation of prion cycle alters biological outcomes – inhibiting synthesis 

It has been reported that blockage of new protein synthesis can reverse 

established prion phenotypes. Specifically, the neuroinvasive prion infection with 

spongiform change and prion disease progression in mammals can be reversed through 

inhibition of new PrP expression (Mallucci et al, 2003; Mallucci et al, 2007; White et al, 

2008). For yeast [PSI+], when the N or NM prion forming domains are deleted, strains that 

normally propagate [PSI+] became unable to do so (Ter-Avanesyan et al, 1994). Thus, 

synthesis of new protein plays an important role in prion persistence. 

GdnHCl – inhibit fragmentation 

Fragmentation is required to generate templates (Bailleul et al, 1999; Byrne et al, 

2007; Cox et al, 2003; Eaglestone et al, 2000; Ness et al, 2002).  The loss of 

fragmentation reduces the number of templates and leads to the growth of aggregates, 

which them limits their transmissibility. For example, GdnHCl inhibits the activity of 

Hsp104, which is required for yeast prion propagation as we discussed earlier (Ferreira 

et al, 2001; Jung & Masison, 2001). [PSI+] is then lost by dilution of preexisting inheritable 

[PSI+] “seeds” among progeny during cell division, eventually leading to [psi-] cells.  

Heat shock – enhance fragmentation 

In Saccharomyces cerevisiae, a transit heat shock induces [PSI+]Weak prion loss 

through disassembly of existing Sup35 amyloids (Klaips et al, 2014). According to recent 

studies, the increase in Hsp104 expression at elevated temperature (Escusa-Toret et al, 

2013; Klaips et al, 2014; Sanchez et al, 1992) alone is not sufficient to induce Sup35 

amyloid resolution and [PSI+]Weak curing (Klaips et al, 2014).  Rather, Hsp104 is 
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asymmetrically retained in mother cells (Klaips et al, 2014), and this increase in 

chaperone accumulation, along with elevated expression level, promotes curing in the 

mother cells (Klaips et al, 2014).  

Dominant-negative mutants – changes in chaperone: aggregate ratio 

At normal levels, Hsp104 is responsible for propagation of the prion polymers via 

subsequent cycles of breakage and growth. More effective aggregate resolution within 

cells would be predicted to occur if the chaperone-to-aggregate ratio is higher. For 

example, expression of the dominant-negative mutant G58D leads to prion loss in 

daughter cells (DiSalvo et al, 2011; Verges et al, 2011). It is possible that prion loss in 

daughter cells resulted from imbalance of chaperone: aggregate ratio. As less aggregates 

were inherited by daughter cells, either by enhanced fragmentation in mother cells 

(DiSalvo et al, 2011) or by inefficient transmission (Verges et al, 2011), the chaperone-

to-aggregate ratio shifted and led to the disassembly of Sup35 aggregates in daughter 

cells, a hypothesis that will be explored in this dissertation. 

 

Protein inheritance 

Similar to prion aggregates, oxidatively damaged protein aggregates are inherited 

asymmetrically. Although the machinery of aggregated protein transmission was 

unknown, alterations in transmission can change the associated phenotypes.  

Prion aggregate 

It was proposed that the propensity of prion transmission to the daughter cell partly 

depends on the size of the diffuse oligomers (Derdowski et al, 2010). In this model, larger 
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aggregates are less transmissible to the next generations, whereas smaller oligomers are 

more transmissible. By contrast, the monomeric form of Sup35 is the easiest to transmit.  

The proposal that there is a transmission bias, even in the presence of functional 

Hsp104, might extend to yeast prion ‘strains’ and other amyloid-forming protein 

phenomena. [PSI+] has multiple phenotypic strains, including strong and weak [PSI+]. The 

fibrils that cause the strong [PSI+] are known to be fragile, resulting in their smaller size 

(Tanaka et al, 2006). Size-dependent transmission explains why the strong phenotype is 

more mitotically stable than the weak phenotype (Derkatch et al, 1996).  

In addition, GdnHCl treatment causes prion loss, which could be explained by 

blockage of transmission, as GdnHCl inhibits fragmentation and thus leads to larger 

aggregate accumulation within mother cells (Kryndushkin et al, 2003). The preferential 

retention of the large aggregates in the mother cells results in prion loss upon cell division 

(Derdowski et al, 2010).  

Damaged protein aggregates and chaperones 

In addition to prion aggregates, oxidatively damaged proteins that colocalize with 

Hsp104-GFP (Erjavec et al, 2007) are inherited asymmetrically during yeast cytokinesis 

(Erjavec et al, 2007; Liu et al, 2010). This phenomenon was revealed by in situ detection 

of protein carbonyls or Hsp104-GFP in single yeast cells (Aguilaniu et al, 2003; Erjavec 

et al, 2007). A distinctively asymmetrical distribution of carbonylated proteins was found 

in mother cells during yeast cytokinesis. Also, damaged protein caused by elevated 

temperature were also asymmetrically distributed between mother and daughter cells (Liu 

et al, 2010). Once the damaged protein was formed in cells, the cells respond to this 

stress by elevating the expression of PQC (Protein Quality Control) factors, including 
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Hsp104 (Morimoto, 2011). Mother cells exposed to heat retain most of the Hsp104, which 

is associated with the damaged proteins when these cells divide. This retention allows 

Hsp104 to accumulate to a level required for the breakdown of amyloid 

aggregates. (Klaips et al, 2014). Various models have been raised to explain the damage 

asymmetry mechanism (discussed in “Asymmetric inheritance of damaged protein in 

yeasts”), which is accomplished by a spatial PQC involving Hsp104.  

 

The relationship of Sir2 protein and aggregate inheritance and aging 

Sir2 protein was reported to mediate damage asymmetry and thereby the 

rejuvenation process. Although several studies illustrate the complicated networking 

regulated by Sir2, little is known about how Sir2 regulates the damage asymmetry 

process. Identifying the downstream target of Sir2 that is responsible for this process 

might further our understanding of the machinery of aggregate transmission.   

Sir2 protein and chromatin silencing 

Sir2 encodes an NAD+-dependent deacetylase involved in chromatin silencing 

(Blander & Guarente, 2004; Imai et al, 2000; Rusche et al, 2003) that 

facilitates transcriptional silencing at cryptic mating type loci HML and HMR, at telomeres, 

and at the rDNA locus (Fritze et al, 1997). This silencing regulates the processes 

of recombination, genomic stability, and aging. Sir2 is one of four “Silent Information 

Regulator” genes in yeast but is the only one that is highly conserved from archaea to 

humans (Dutnall & Pillus, 2001).  

http://www.yeastgenome.org/locus/S000002200/overview
http://www.yeastgenome.org/go/GO:0017136/overview
http://www.yeastgenome.org/go/GO:0030466/overview
http://www.yeastgenome.org/locus/S000029214/overview
http://www.yeastgenome.org/locus/S000029655/overview
http://www.yeastgenome.org/go/GO:0006348/overview
http://www.yeastgenome.org/go/GO:0006310/overview
http://www.yeastgenome.org/go/GO:0001308/overview
http://www.yeastgenome.org/locus/S000002200/overview


 

38 
 

Silencing at HML, HMR, and heterochromatic telomeres is mediated by the Sir 

complex, comprised of the two structural proteins Sir3 and Sir4, and Sir2 which is the 

enzymatic component (Moazed et al, 1997). The Sir complex does not bind DNA directly; 

instead it is recruited to regulatory chromosomal domains and the Origin Recognition 

Complex via other factors (Rusche et al, 2003). Once a silencing complex is bound to 

a nucleosome, Sir2 deacetylates the histone tails of H3 and H4 of the adjacent 

nucleosome (Rusche et al, 2003). Because the Sir proteins have a higher affinity for H3 

and H4 with reduced acetylation, deacetylation creates a binding site for an additional 

silencing complex. This process repeats until Sir complexes are spread across the entire 

chromatin region to be silenced (Rusche et al, 2003). 

Sir2 also represses rDNA loci and affects their chromatin structure and silencing 

in a dose-dependent manner (Fritze et al, 1997; Gottlieb & Esposito, 1989; Smith et al, 

1998). Sir2 may play a role in slowing the aging of yeast cells by preventing the formation 

of extrachromosomal rDNA circles (ERCs) that form through homologous recombination 

within rDNA arrays, one likely cause of yeast cell aging (Kaeberlein et al, 1999; Park et 

al, 1999).  

Sir2 protein controls asymmetric damage protein retention 

As introduced earlier, damaged proteins are inherited asymmetrically during yeast 

cytokinesis (Aguilaniu et al, 2003; Erjavec et al, 2007). Similar to yeast, accumulating 

evidence suggests that mammalian cells also asymmetrically segregate cellular 

components including genomic DNA, organelles, and damaged proteins during cell 

division (Moore & Jessberger, 2017). Studies investigating the segregation of aggregates 

in mammalian cells during asymmetric division have suggested that the inheritance of 

http://www.yeastgenome.org/locus/S000029214/overview
http://www.yeastgenome.org/locus/S000029655/overview
http://www.yeastgenome.org/go/GO:0005724/overview
http://www.yeastgenome.org/go/GO:0030527/overview
http://www.yeastgenome.org/go/GO:0005664/overview
http://www.yeastgenome.org/go/GO:0005664/overview
http://www.yeastgenome.org/go/GO:0031491/overview
http://www.yeastgenome.org/go/GO:0000786/overview
http://www.yeastgenome.org/go/GO:0042393/overview
http://www.yeastgenome.org/go/GO:0042393/overview
http://www.yeastgenome.org/go/GO:0005728/overview
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aggregates to the ‘other’ daughter cell may improve cellular fitness for the proliferating, 

stem, or longest-lived daughters (Bufalino & van der Kooy, 2014; Ogrodnik et al, 2014; 

Rujano et al, 2006). However, the question that remains unanswered in both yeast and 

mammals is the mechanism of asymmetric retention.  

The Sir2 protein was reported to control asymmetric damaged-protein retention in 

yeast cells based on experiments comparing the distribution of carbonylated proteins or 

Hsp104-GFP aggregates during cell division between wild type and Δsir2; these studies 

found that asymmetric inheritance was disrupted in Δsir2. (Aguilaniu et al, 2003; Erjavec 

et al, 2007). Given the polarized spatial distribution of F-actin during cytokinesis, the actin 

cytoskeleton was suggested to be required for proper segregation of damaged proteins 

(Aguilaniu et al, 2003). This idea was supported by additional experimental evidence 

demonstrating that inhibition of actin assembly by latrunculin A (Lat-A) abolished the 

ability of wild-type mother cells to retain oxidized proteins (Aguilaniu et al, 2003).  

However, the specific mechanism by which damaged proteins are asymmetrically 

inherited still remains controversial.  In the retrograde transport model, protein aggregates 

formed upon heat shock in emerging buds are transported back to the mother cells, an 

idea that was proposed based on real-time imaging showing that aggregates formed in 

the daughter compartment during heat shock relocalized into the mother cells (Liu et al, 

2010). Furthermore, screening of mutants suggested that retrograde transport of protein 

aggregates from daughter cells to mother cells is an actin cable-dependent rather than 

actin patch-dependent process (Liu et al, 2010). Contradicting the retrograde transport 

model, the dynamics of Hsp104-associated protein aggregates were examined by video 

microscopy, particle tracking and image correlation analysis (Zhou et al, 2011). These 
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studies showed that protein aggregates undergo random walk without directional bias. 

Moreover, clearance of heat-induced aggregates from the bud does not depend on the 

formin proteins but occurs mostly through dissolution via Hsp104p chaperone (Zhou et al, 

2011). Aggregates formed naturally in aged cells also exhibit random walk but do not 

dissolve during the observation (Zhou et al, 2011). These data indicate the absence of a 

role for actin or cell polarity in aggregate segregation; modeling suggests that their 

asymmetric inheritance can be a predictable outcome of aggregates' slow diffusion and 

the geometry of yeast cells (Zhou et al, 2011). However,  a new study by Spokoini et al. 

now shows that confinement of protein aggregate motion through association with the 

JUNQ (juxtanuclear quality control) and IPOD (insoluble protein deposit) compartments 

on the surface of the nucleus and vacuole, respectively, is important for the asymmetric 

inheritance of misfolded proteins (Spokoini et al, 2012). Similarly, protein aggregates 

formed on the ER are frequently also associated with or are later captured by 

mitochondria, greatly constraining aggregate mobility (Zhou et al, 2014). During mitosis, 

aggregates are tethered to well-anchored maternal mitochondria, whereas mitochondria 

acquired by the bud are largely free of aggregates (Zhou et al, 2014).  

Although the machinery of damage asymmetry was unknown, this process has 

been suggested to be important for both aging- and heat shock-induced prion curing as 

we discussed earlier. However, the role of Sir2 in heat shock induced prion curing was 

not known, as Sir2 mediates damage asymmetry (Aguilaniu et al, 2003; Erjavec et al, 

2007; Liu et al, 2010). Further studies of this system would shed light on the machinery 

of damage asymmetry and would elucidate the mechanism of prion aggregate dissolution 

upon thermal stress.  
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Summary of Dissertation Studies 

I. Controversies persist about the actual mechanism of dominant-negative inhibition 

of prion propagation with either an enhancement of the fragmentation reaction or 

a failure to transmit existing aggregates to daughter cells upon division proposed 

as competing models (DiSalvo et al, 2011; Verges et al, 2011). To resolve this 

controversy, we have compared the mechanism of prion curing in the [PSI+]Sc4, 

[PSI+]Sc37 and [PSI+]Weak Sup35 strains. Our studies indicate that the G58D mutant 

inhibits propagation of all Sup35 conformations through a common mechanism: an 

enhancement of fragmentation which leads to Sup35 aggregate disassembly in 

daughter cells. Despite these mechanistic commonalities, the ratio of mutant to 

wild type protein required for dominant-negative inhibition correlates with 

differences in the basal kinetic stabilities of the Sup35 aggregates. Thus, the 

conformational variation does not modulate the mechanism by which the inhibition 

occurs but rather modulates the sensitivity of these strains to prion loss by 

enhanced fragmentation. 

II. To further understand the mechanism underlying aggregates asymmetric retention 

and its impact on heat-induced prion curing, we explored the effect of Sir2, which 

mediates damage asymmetry, on heat-induced prion curing. Our studies revealed 

that deletion of Sir2 led to a reduction of heat-induced prion curing. This loss of 

curing correlated with a disruption of asymmetric inheritance of total Hsp104, which 

could be explained by the derepression of HM loci. Further studies on mating type-

regulated genes controlled by HM loci indicates that yjl133c-a was required for the 

reduction of heat-induced prion curing.  
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Chapter 2: A dominant-negative mutant inhibits multiple prion variants through a 

common mechanism 

 

 

 

 

 

 

 

 

 

 

This chapter has been prepared as a manuscript and submitted to PLoS Genetics. 
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Abstract 

Prions adopt alternative, self-replicating protein conformations and thereby 

determine novel phenotypes that are often irreversible. Nevertheless, dominant-negative 

prion mutants can revert phenotypes associated with some conformations. These 

observations suggest that, while intervention is possible, distinct inhibitors must be 

developed to overcome the conformational plasticity of prions. To understand the basis 

of this specificity, we determined the impact of the G58D mutant of the Sup35 prion on 

three of its conformational variants, which form amyloids in S. cerevisiae. G58D had been 

previously proposed to have unique effects on these variants, but our studies suggest a 

common mechanism. All variants, including those reported to be resistant, are inhibited 

by G58D but at distinct doses. G58D lowers the kinetic stability of the associated amyloid, 

enhancing its fragmentation by molecular chaperones, promoting Sup35 resolubilization, 

and leading to amyloid clearance particularly in daughter cells. Reducing the availability 

or activity of the chaperone Hsp104, even transiently, reverses curing. Thus, the 

specificity of inhibition is determined by the sensitivity of variants to the mutant dosage 

rather than mode of action, challenging the view that a unique inhibitor must be developed 

to combat each variant.  
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Author Summary 

Prion proteins adopt alternative conformations and assemble into amyloid fibers, 

which have been associated with human disease. These fibers are highly stable and self-

replicate, leading to their persistence and resulting in a set of progressive and often fatal 

disorders. Inhibitors have been shown to interfere with some conformations but not 

others, suggesting that distinct strategies must be developed to target each. However, 

we show here that a single dominant-negative mutant can inhibit multiple conformations 

of the same prion protein through the same pathway but at distinct doses. Thus, the basis 

of this specificity is sensitivity rather than resistance to the mechanism of inhibition, 

suggesting that common strategies may be used to target a range of prion conformations.  
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Introduction 

Alternative, self-replicating protein conformations have emerged as bona fide 

parallel protein-folding trajectories with significant biological consequences (Tuite & 

Serio, 2010). In most cases, these alternative conformations are -sheet-rich and self-

assembling, forming linear amyloid aggregates (Knowles et al, 2014). These amyloids 

replicate the conformation of their constituent monomers by acting as templates to direct 

the refolding of other conformers of the same protein as they are bound by and 

incorporated into the growing aggregate. In so doing, the majority of the protein is 

converted to the alternative conformation, changing protein activity and thereby inducing 

new phenotypes, such as neurodegenerative diseases (i.e., Transmissible Spongiform 

Encephalopathies or prion diseases, Alzheimer’s and Huntington’s diseases) and 

organelle biogenesis in mammals and gene expression regulation in single-celled 

organisms (Knowles et al, 2014; Tuite & Serio, 2010; Yuan & Hochschild, 2017). The high 

efficiency of this process, when combined with the high kinetic stability of the aggregates 

(Knowles et al, 2014), contributes to the recalcitrance of amyloids to clearance by protein 

quality control pathways (Landreh et al, 2016). As a result, the associated phenotypes 

are frequently difficult - if not impossible - to reverse, especially in the clinic (Trevitt & 

Collinge, 2006).  

One notable exception to the persistence of amyloid-associated phenotypes is 

their reversal or “curing” by dominant-negative mutants of prion proteins. These sequence 

variants were first identified by their ability to confer resistance to scrapie in sheep (Q171R 

or R154H in the mammalian prion protein PrP), sporadic Creutzfeldt-Jakob disease 

(sCJD) in humans (E219K in PrP), and translation termination infidelity in yeast (G58D in 
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Sup35) (Belt et al, 1995; Clouscard et al, 1995; Dawson et al, 1998; Doel et al, 1994; 

Goldmann et al, 1994; Hizume et al, 2009; Ikeda et al, 1995; Jeong et al, 2005; Laplanche 

et al, 1993; Nozaki et al, 2010; Shibuya et al, 1998a; Tranulis, 2002; Westaway et al, 

1994). Subsequently, these mutants were shown to interfere with the assembly of amyloid 

by the wild type prion protein in vitro and to reduce or clear existing amyloid composed of 

the wild type prion protein when delivered to tissue culture cells, mice, or yeast (Atarashi 

et al, 2006; Crozet et al, 2004; Doel et al, 1994; Eiden et al, 2011; Furuya et al, 2006; 

Geoghegan et al, 2009; Hizume et al, 2009; Kishida et al, 2004; Kochneva-Pervukhova 

et al, 1998; Lee et al, 2007; Paludi et al, 2007; Perrier et al, 2002; Toupet et al, 2008). 

Given this unique curing ability, elucidating the mechanism(s) by which dominant-

negative prion mutants act may reveal potential strategies for reversing amyloid 

persistence more generally. 

Despite the promise of this line of investigation, the inhibition achieved by 

dominant-negative mutants appears to be conformation-specific. For example, the 

resistance to sCJD conferred by the E219K PrP mutant in humans is not extended to the 

conformations, known as variants, responsible for genetic and iatrogenic forms of the 

disease (Hizume et al, 2009; Kobayashi et al, 2015; Lukic et al, 2010; Noguchi-Shinohara 

et al, 2007; Nozaki et al, 2010; Shibuya et al, 1998a; Yamada et al, 2009). Similarly, 

resistance to classical scrapie is not observed for the bovine spongiform encephalopathy 

(BSE) or atypical scrapie variants in sheep with Q171R or R154H mutations in PrP 

(Andreoletti et al, 2006; Benestad et al, 2008; Buschmann et al, 2004; Foster et al, 2001; 

Gavier-Widen et al, 2004; Goldmann et al, 1994; Hope et al, 1999; Houston et al, 2003; 

Jacobs et al, 2011; Langeveld et al, 2015; Luhken et al, 2004; Madec et al, 2004; Onnasch 
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et al, 2004; Orge et al, 2004; Orge et al, 2010; Ronzon et al, 2006; Somerville et al, 1997). 

Finally, the G58D mutation of Sup35 cures the [PSI+]Strong and [PSI+]Sc4 variants (n.b. 

[PSI+] denotes the transmissible amyloid state of Sup35) to different extents in different 

genetic backgrounds but is unable to cure the [PSI+]Sc37 and [PSI+]Weak variants in yeast 

(Derkatch et al, 1999; Verges et al, 2011).  

What is the molecular basis of this differential inhibition? One possibility is that the 

distinct recognition surfaces and/or rate-limiting steps in the self-replication process 

characteristic of the variants make them susceptible to only certain mechanisms of 

inhibition (Eisenberg & Sawaya, 2017; King, 2001; Sievers et al, 2011; Tanaka et al, 2005; 

Tanaka et al, 2006; Tessier & Lindquist, 2007; Zampieri et al, 2009). Alternatively, the 

conformational differences may confer distinct sensitivities to the same mechanism of 

inhibition. Given the conformational plasticity of amyloidogenic proteins 

(Ghaemmaghami, 2016; Shorter, 2010), understanding the forces limiting the efficacy of 

inhibitors can mean the difference between developing an infinite number of individual 

interventions for each variant or simply different dosing regimes for the same inhibitor. 

Here, we exploit the yeast prion Sup35 to gain this insight. We explored the 

sensitivity of three variants of Sup35 (i.e., [PSI+]Sc4, [PSI+]Weak, and [PSI+]Sc37) to 

expression of G58D and the impact of this dominant-negative mutant on the self-

replication of each variant. Our studies indicate that “resistance” to G58D can be partially 

overcome at higher dosage of the mutant, revealing differential sensitivity to the inhibition. 

G58D reduces the kinetic stabilities of the amyloids associated with the variants, which 

determines their efficiencies of fragmentation by chaperones (Tanaka et al, 2006). 

Consistent with this correlation, G58D inhibition of the three variants was dependent on 
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the chaperone Hsp104, as was the case for the previously studied [PSI+]Strong variant 

(DiSalvo et al, 2011). In the presence of G58D, Sup35 amyloid was fragmented by 

Hsp104 with higher efficiency. This increase led to amyloid clearance in daughter cells, 

which could be reversed by transient inhibition of Hsp104 specifically in this population. 

Thus, G58D dominant-negative inhibition targets distinct conformational variants through 

the same mechanism with differing efficacy, suggesting that the observed “resistance” is 

relative rather than absolute.  

 

Results 

[PSI+] variants are inhibited at distinct doses of G58D 

To determine if the specificity of G58D on [PSI+] variants occurs through distinct 

mechanisms or through distinct sensitivities to the same mechanism of inhibition, we 

generated diploid [PSI+]Sc4, [PSI+]Weak and [PSI+]Sc37 yeast strains expressing wild type 

Sup35 at different ratios relative to G58D (2:1, 1:1, 1:2; S1 Fig). Inhibition of [PSI+] 

propagation can be monitored functionally because the formation of amyloid by Sup35 

partially compromises its activity and leads to a defect in translation termination (Patino 

et al, 1996; Paushkin et al, 1996). [PSI+] strains carrying the ade1-14 allele form white 

colonies on rich medium due to read-through of a premature stop codon in the ADE1 

open reading frame. However, strains with defective prion propagation, or those that have 

lost the prion state  (known as [psi-]), form red colonies on rich medium as a result of the 

accumulation of active Sup35 (Chernoff et al, 1995).  
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Expression of G58D at any ratio in a [PSI+]Sc4 strain promoted the accumulation of 

red pigment on rich medium, indicating reversal of the prion phenotype (Fig 1A). By colony 

color, the severity of this effect increased with G58D dosage, with a 1:2 ratio of wild type 

to G58D leading to a colony phenotype for [PSI+]Sc4 that was indistinguishable from [psi-] 

(Fig 1A). For the [PSI+]Sc37 and [PSI+]Weak  variants, which were previously reported to be 

compatible with G58D expression (Derkatch et al, 1999; Verges et al, 2011), efficient 

prion propagation was also dependent on the ratio of wild type to G58D, but the critical 

threshold for phenotypic reversal was distinct in each case. The [PSI+]Sc37 variant formed 

colonies that were more pink on rich medium at a 1:1 ratio of wild type to G58D relative 

to a wild type strain and that were indistinguishable from [psi-] at a 1:2 ratio of wild type 

to G58D  (Fig 1B), mirroring our observations for [PSI+]Sc4 (Fig 1A). In contrast, the 

[PSI+]Weak variant phenotype was only partially reversed at the highest ratio of wild type 

to G58D tested (1:2), where the pinker colonies on rich medium relative to the wild type 

[PSI+]Weak strain indicated a mild inhibition by G58D (Fig 1C). Thus, the three [PSI+] 

variants are each dominantly inhibited by G58D expression in a dose-dependent manner, 

but the dose required for inhibition of [PSI+]Sc4 and [PSI+]Sc37  is lower than that of 

[PSI+]Weak.  

To assess whether reversal of the [PSI+] phenotype upon G58D expression 

reflected prion loss (i.e., curing), we determined the frequencies of [psi-] appearance 

during mitotic division for each strain. [PSI+] propagation was largely stable at the 2:1 

(~0% curing) and 1:1 (~1% curing) ratios of wild type to G58D for both [PSI+]Sc4 and 

[PSI+]Sc37, where the colony phenotype was only mildly reversed (Fig 1A, 1B, 1D, 1E). At 

a 1:2 ratio of wild type to G58D, both [PSI+]Sc4 (~9% curing, Fig 1D) and [PSI+]Sc37 (~8% 
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curing, Fig 1E) were more unstable, consistent with the stronger reversal of their prion 

phenotypes at this ratio (Fig 1A, 1B). For the [PSI+]Weak variant, which is less sensitive to 

G58D inhibition (Fig 1C), [PSI+] propagation was stable at all wild type:G58D ratios tested 

(Fig 1F). Thus, [PSI+] curing in diploids expressing G58D parallels the severity of the 

phenotypic reversal in all three variants and, for the most sensitive strains (i.e., [PSI+]Sc4 

and [PSI+]Sc37), arises in a dose-dependent manner. Together, these observations 

indicate that the previously described “resistance” of [PSI+]Sc37 and [PSI+]Weak to curing by 

G58D expression reflected their higher threshold for sensitivity rather than their absolute 

recalcitrance to inhibition by this mutant.  

G58D reduces the kinetic stability of Sup35 aggregates from all [PSI+] variants  

Although the three [PSI+] variants studied here, in addition to the previously studied 

[PSI+]Strong variant (DiSalvo et al, 2011), differ in their sensitivities to G58D inhibition (Fig 

1), the dose dependence of this inhibition suggests a common underlying mechanism 

(DiSalvo et al, 2011; Masel et al, 1999). We previously linked G58D inhibition to a 

reduction in the kinetic stability of Sup35 aggregates and a resulting increase in their 

fragmentation by the chaperone Hsp104, which led to their disassembly (DiSalvo et al, 

2011). In this model, the distinct effective inhibitory ratios of G58D on [PSI+] variants may 

reflect the impact that this mutant has on the kinetic stability of each. While it has been 

well-established that Sup35 aggregates in the [PSI+]Sc4 conformation are of lower stability 

than those in the [PSI+]Sc37 conformation, the relative stabilities of the four variants have 

not been previously reported (Dong et al, 2010; Tanaka et al, 2006; Toyama et al, 2007). 

To gain this insight, we first determined the kinetic stabilities of Sup35 aggregates, 

in the absence of G58D, by their sensitivity to disruption with 2% SDS at different 
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temperatures as a baseline comparison (Manning & Colon, 2004). Solubilized protein is 

then quantified by entry into a SDS-polyacrylamide gel and immunoblotting (DiSalvo et 

al, 2011). For wild type strains, Sup35 was efficiently released from aggregates between 

65C and 75C in lysates from strains propagating the [PSI+]Strong and [PSI+]Sc4 variants 

(Fig 2A) or between 70C and 90C in lysates from strains propagating the [PSI+]Weak and 

[PSI+]Sc37 variants (Fig 2B). The higher kinetic stability of the latter variants is consistent 

with their lower efficiency of fragmentation, which leads to a larger steady-state size for 

their associated amyloids as assessed by semi-denaturing agarose gel electrophoresis 

(SDD-AGE) and immunoblotting for Sup35 (Fig S2) (Derdowski et al, 2010; Tanaka et al, 

2006).  

To sensitize the assay in an attempt to reveal biochemical differences between the 

variants in each group, we deleted the NATA N-terminal acetyltransferase, which reduces 

the kinetic stability of Sup35 amyloid in [PSI+] strains (Holmes et al, 2014; Pezza et al, 

2009). In this genetic background, the fraction of soluble Sup35 released from amyloid of 

the [PSI+]Strong  variant in the presence of SDS was significantly increased relative to that 

from the [PSI+]Sc4 variant over the same temperature range (Fig 2C), indicating that the 

aggregates are less kinetically stable in the [PSI+]Strong than the [PSI+]Sc4 variant. Similarly, 

a significantly larger fraction of Sup35 was released from amyloid in the presence of SDS 

from the [PSI+]Sc37 variant than from the [PSI+]Weak variant (Fig 2D), indicating that the 

aggregates are less kinetically stable in the [PSI+]Sc37 than the [PSI+]Weak variant. Thus, 

the kinetic stability of Sup35 aggregates in [PSI+] variants increases in the order 

[PSI+]Strong, [PSI+]Sc4, [PSI+]Sc37, [PSI+]Weak. 
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If G58D inhibits these variants through a common mechanism, we would expect 

the kinetic stabilities of each of the variants to decrease in the presence of the mutant. To 

test this possibility, we assessed the sensitivity of Sup35 aggregates, isolated from diploid 

strains expressing a 1:1 ratio of wild type to G58D, to disruption with 2% SDS at different 

temperatures. Soluble protein was then quantified by entry into an SDS-polyacrylamide 

gel and immunoblotting for Sup35. For the [PSI+]Sc4 strain, G58D expression increased 

the amount of soluble Sup35 released from aggregates at all temperatures assayed 

(65°C, 70°C and 75°C) in comparison with a wild type strain (Fig 3A). G58D similarly 

promoted Sup35 release from aggregates isolated from the [PSI+]Sc37 (Fig 3B) and 

[PSI+]Weak (Fig. 3C) strains at 80C and 85C, but the magnitude of this effect was greater 

for the former. Thus, G58D incorporation destabilizes Sup35 aggregates from [PSI+] 

variants in a manner that correlates directly with the severity of their phenotypic inhibition 

(Fig 1). These observations are consistent with the idea that G58D acts through a similar 

mechanism to inhibit the [PSI+] variants. 

Dominant inhibition of [PSI+] variants by G58D depends on Hsp104 

A decrease in the kinetic stability of amyloid should increase its efficiency of 

fragmentation and potentially lead to its clearance. To begin to determine the effects of 

G58D on the fragmentation of Sup35 amyloid associated with these [PSI+] variants, we 

first assessed the steady-state size distributions of these complexes by SDD-AGE and 

immunoblotting for Sup35. As we have previously observed for [PSI+]Strong (DiSalvo et al, 

2011), expression of G58D at any ratio relative to wild type Sup35 in a [PSI+]Sc4 strain led 

to a decrease in the accumulation of slowly migrating aggregates in comparison to the 

same dose of wild type protein alone (Fig 3D). For [PSI+]Sc37, similar decreases were 
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observed (Fig 3E), but for [PSI+]Weak, Sup35 aggregates were only shifted to smaller 

complexes at the lowest wild type to G58D ratio tested (1:2, Fig 3F). Together, these 

observations suggest that the kinetic destabilization of Sup35 aggregates by G58D 

results in a higher efficiency of fragmentation in vivo, and these effects correlate directly 

with the severity of their phenotypic inhibition (Fig 1). 

To determine how the kinetic destabilization of Sup35 aggregates by G58D 

impacts the number of heritable prion units (propagons) in [PSI+]Sc4, [PSI+]Sc37 and 

[PSI+]Weak strains, we used a genetic assay [75]. Specifically, diploid strains expressing 

either two copies of wild type SUP35 or one copy each of wild type SUP35 and G58D 

were treated with guanidine HCl (GdnHCl), a potent inhibitor of the fragmentation catalyst 

Hsp104 [67,76-81], allowed to dilute existing aggregates through cell division, and plated 

in the absence of the inhibitor to quantify the number of cells inheriting an aggregate. As 

we have previously observed in a [PSI+]Strong strain (DiSalvo et al, 2011), G58D 

expression in either [PSI+]Sc4 and [PSI+]Sc37 diploids reduced propagon number by factors 

of ~2 and ~4, respectively (Fig 3G, H), consistent with the reversal of the [PSI+] phenotype 

and the loss of [PSI+] that we observed in these strains (Fig 1A, B, D, E). In contrast, 

G58D expression in [PSI+]Weak increased propagon number by a factor of ~2.5 (Fig 3I). 

Although we did not detect any changes in the severity or stability of the [PSI+]Weak 

phenotype at this ratio (Fig 1C, F), this increase in propagon count provides an 

explanation for the previously reported strengthening of the [PSI+]Weak phenotype upon 

G58D expression to much higher levels (Derkatch et al, 1999). Phenotypic strengthening 

is associated with a decrease in soluble Sup35, which would result from an increase in 

amyloid templates, detected as propagons in this assay, through enhanced fragmentation 
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(Tanaka et al, 2006). Thus, the phenotypic consequences of G58D expression, both 

inhibition and enhancement, can be directly explained by changes in the steady-state 

accumulation of Sup35 propagons. Given the distinct kinetic stabilities of Sup35 amyloid 

in the [PSI+] variants studied here (Fig 2), the specificity of G58D inhibition and 

enhancement likely reflect thresholds for fragmentation activity that result in changes in 

the steady-state accumulation of Sup35 forms in vivo.  

If enhanced fragmentation is indeed the mechanism underlying G58D effects, 

these changes should be Hsp104-dependent. To determine if this is the case, we 

constructed heterozygous disruptions of HSP104 in diploid strains expressing G58D at 

different ratios (Fig S3). In strains expressing only wild type Sup35, heterozygous 

disruption of HSP104 significantly decreased the number of propagons in the [PSI+]Sc4 

and [PSI+]Sc37 variants tested (Fig 3G-H, compare lanes 1 and 3), consistent with its 

catalytic role in fragmentation (Ness et al, 2002; Satpute-Krishnan et al, 2007) and the 

size threshold for Sup35 aggregate transmission (Derdowski et al, 2010). In contrast, 

heterozygous disruption of HSP104 in [PSI+] variant strains expressing both wild type and 

G58D Sup35 increased the number of propagons (Fig 3G-I, compare lanes 2 and 4). 

Thus, the reduction in propagon number associated with G58D is suppressed by lowering 

the dosage of HSP104 and thereby fragmentation activity, suggesting that enhanced 

fragmentation is the underlying mechanism.  

Next, we determined if these changes in propagon number upon heterozygous 

disruption of HSP104 impacted the severity and stability of the [PSI+] phenotype. 

Heterozygous disruption of HSP104 restored the [PSI+] phenotype (Fig 1A) and efficiently 

suppressed [PSI+] loss (Fig 1D) in the [PSI+]Sc4 strains expressing any ratio of G58D. For 
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the [PSI+]Sc37 and [PSI+]Weak variants, similar although attenuated trends were apparent. 

Heterozygous disruption of Hsp104 partially reversed the pinker colony color on rich 

medium for both [PSI+]Sc37 and [PSI+]Weak  (Fig 1B, C). For [PSI+]Sc37, heterozygous 

disruption of Hsp104 increased [PSI+] loss in all strains, indicating that wild type 

fragmentation levels must be close to the threshold required for efficient propagation of 

the amyloid state (Fig 1E). Nonetheless, in the strain expressing the 1:2 ratio of wild type 

to G58D, the frequency of [PSI+] loss was suppressed by heterozygous disruption of 

Hsp104 (Fig 1E). Thus, reduction of Hsp104 reverses the G58D-induced inhibition of the 

[PSI+] phenotype. Together, these observations are consistent with the idea that the 

downstream effect of G58D is identical for all [PSI+] variants: an enhancement of the 

fragmentation efficiencies of their Sup35 amyloid.  

Hsp104 mediates G58D inhibition by promoting Sup35 aggregate disassembly 

The enhanced efficiency of fragmentation of Sup35 aggregates in the presence of 

G58D (Fig 3D, E) and the reduction in propagon levels (Fig 3G, H) suggests that Sup35 

aggregates are being destroyed in strains propagating the [PSI+]Sc4 and [PSI+]Sc37 

variants. For [PSI+]Strong, we previously detected this disassembly by monitoring the 

soluble pool of Sup35 in response to cycloheximide treatment to follow the fate of existing 

protein (DiSalvo et al, 2011). However, [PSI+]Strong is more sensitive to G58D expression 

than [PSI+]Sc4, [PSI+]Sc37 and [PSI+]Weak  (Fig 1) (DiSalvo et al, 2011), suggesting that 

release of soluble Sup35 from aggregates by enhanced fragmentation may be less readily 

detected in the latter variants. Specifically, the individual steps in prion propagation in vivo 

(e.g. conversion, fragmentation, and transmission) are variant-specific and difficult to 

monitor in isolation in a living system (Satpute-Krishnan et al, 2007; Tanaka et al, 2006).  
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Moreover, the accumulation of soluble Sup35 is impacted not only by the inherent rate of 

conversion on fibers ends but also by the cumulative effect of each of the steps of prion 

propagation on the number of those ends (Derdowski et al, 2010; Tanaka et al, 2006). 

Because the cumulative effects of each event on soluble Sup35 levels are not intuitive to 

qualitatively predict from those rates, we developed a deterministic model of Sup35 

dynamics to deconstruct this complexity and gain additional mechanistic insight into the 

differential effects of G58D on the variants. This model uses a range of conversion and 

fragmentation rates that support [PSI+] maintenance to capture different variants (see 

Supplementary Information). In addition, we have incorporated the concept of nucleation, 

which specifies a minimum size for a thermodynamically stable aggregate and has been 

previously established as a key event in Sup35 aggregation in vitro (Glover et al, 1997; 

King et al, 1997; Serio et al, 2000).  

The steady-state size and number of Sup35 aggregates reflects a balance 

between conversion, which depends on continuous synthesis of Sup35, and 

fragmentation (Derdowski et al, 2010); when Sup35 synthesis is halted, aggregates are 

predicted to increase in number (Fig 4A) and decrease in size (Fig 4B) because 

fragmentation is proposed to exert a greater influence on the equilibrium state (Derdowski 

et al, 2010). In line with this observation, our model predicts that cycloheximide treatment 

will decrease soluble Sup35 levels for prion variants that are stably propagating [PSI+] 

(Fig 4C) because additional templates have been created (Fig 4A).  

Intriguingly, the extent of this decrease is predicted in our model to correspond 

inversely with the rate of fragmentation: that is, the slowest rate of fragmentation induces 

the largest decrease in soluble Sup35 (Fig 4B, black), relative to the steady-state levels 
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prior to the manipulation. If fragmentation produces more templates, which in turn 

promotes Sup35 conversion to the amyloid state, why would we predict a lower rate of 

fragmentation to have the most significant effect on soluble Sup35 levels? The reason is, 

as we have previously demonstrated under heat shock conditions (Klaips et al, 2014), 

fragmentation resolubilizes Sup35 in addition to creating new templates. Thus, high rates 

of fragmentation will push the balance between conversion and fragmentation toward the 

latter, causing a shift from aggregated to soluble Sup35. Consistent with this logic, our 

model predicts an increase in aggregate number that corresponds inversely with 

fragmentation rate (i.e. the largest increase in aggregate number corresponds to the 

slowest fragmentation rate; Fig 4A, black). This correlation can be explained directly by 

changes in the rate of Sup35 resolubilization from aggregates: the slowest fragmentation 

rate leads to the slowest rate of resolubilization (Fig 4D, black) and thereby the largest 

increase in aggregate number (Fig 4A, black).  

These predictions correlate with our observations of the [PSI+]Sc4, [PSI+]Sc37, and 

[PSI+]Weak variants upon treatment with cycloheximide. For strains where wild type Sup35 

was the only form present, the average size of Sup35 aggregates decreased (Fig 5A-C). 

In addition, the level of soluble Sup35 decreased upon cycloheximide treatment for the 

[PSI+]Weak and [PSI+]Sc37 variants, but no significant decrease was observed for [PSI+]Sc4 

variant (Fig 5D-F, lane 1). According to our model, these observations are consistent with 

a nucleation-dependent aggregation process, which permits resolubilization of 

aggregates that are fragmented below the minimum thermodynamically stable size (Fig. 

4D, compare solid and dashed lines), and a higher rate of fragmentation for [PSI+]Sc4, 

which would release more aggregated Sup35 into the soluble pool (Fig 4D, red). In the 
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presence of G58D, soluble Sup35 levels in [PSI+]Sc37 and [PSI+]Weak are no longer reduced  

(Fig 5E, F, compare lanes 1 and 3), suggesting that G58D expression promotes 

aggregate fragmentation and thereby resolubilization. Consistent with this idea, treatment 

of the variants with both cycloheximide and guanidine HCl led to an increase in aggregate 

size (Fig 5A-C) and a decrease in soluble Sup35 levels in the presence of G58D (Fig 5D-

F, compare lanes 3 and 4), indicating that Hsp104-catalyzed fragmentation promotes 

Sup35 resolubilization.   

The ability of our mathematical model to capture the behavior of Sup35 in response 

to these manipulations strongly supports the idea that G58D destabilizes Sup35 

aggregates to promote their increased fragmentation by Hsp104 and thereby their 

resolubilization. However, a more nuanced evaluation indicates that the threshold for 

inhibition cannot be explained by fragmentation efficiency alone. For example, [PSI+]Sc37 

has a similar phenotypic sensitivity to G58D dosage as the [PSI+]Sc4 variant (Fig 1) but a 

kinetic stability, size, and likely fragmentation efficiency closer to the [PSI+]Weak variant 

(Fig 2 and Fig S2). A bulk shift in Sup35 from aggregate to soluble requires that the 

resolubilized Sup35 does not efficiently reconvert to the aggregated state; thus, 

conversion efficiencies will also impact the outcome of the G58D effects on aggregate 

kinetic stability, fragmentation and resolubilization. Sup35 aggregates in the [PSI+]Sc37 

conformation direct conversion at a higher rate than those in the [PSI+]Sc4 conformation 

(Tanaka et al, 2006), but the relative rates of conversion for [PSI+]Sc37 and [PSI+]Weak have 

not been reported. To compare these variants, we transiently treated strains with GdnHCl 

in liquid culture to reduce propagon number and then monitored propagon recovery as a 

function of time after removal of GdnHCl by plating cells and assessing their colony-color 
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phenotype. The [PSI+]Weak variant amplified its propagons at a faster rate than the 

[PSI+]Sc37 variant (Fig S4). This recovery rate is a function of the product of the conversion 

and fragmentation rates (Tanaka et al, 2006). Because Sup35 aggregates in the [PSI+]Sc37 

conformation are less kinetically stable than those in the [PSI+]Weak conformation (Fig 2B, 

D) and thereby likely fragmented at a higher rate, this observation suggests that the 

conversion rate of [PSI+]Sc37 is much lower than that of [PSI+]Weak. As a result, resolubilized 

Sup35 would be less likely to reconvert to the aggregated state in the [PSI+]Sc37 variant 

than in the [PSI+]Weak variant. Thus, the higher rate of resolution and the lower rate of 

conversion combine to increase the sensitivity of [PSI+]Sc37 to G58D inhibition relative to 

[PSI+]Weak. 

G58D promotes Sup35 aggregate disassembly in daughter cells 

Together, our studies are consistent with the ideas that resolubilization of 

aggregated Sup35 is the mechanism of G58D inhibition and that the variant-specific rates 

of conversion and fragmentation dictate the threshold for phenotypic reversal. However, 

Weissman and colleagues previously reported that loss of [PSI+]Sc4 propagated by G58D 

alone was associated with propagon loss from daughter but not mother cells (Verges et 

al, 2011). This observation was interpreted as a G58D-dependent defect in Sup35 

aggregate transmission to daughter cells, but using a direct fluorescence-based 

microscopy assay for Sup35-GFP transmission, we were unable to detect a transmission 

defect in [PSI+]Strong strains expressing wild type and G58D Sup35 (DiSalvo et al, 2011). 

The appearance of daughter cells without propagons could also arise if Sup35 aggregates 

were transmitted but subsequently disassembled by Hsp104 in this compartment. If this 

scenario is correct, inhibition of Hsp104 will lead to an increase in [PSI+] propagons in 
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daughter cells. To test this hypothesis, we constructed [PSI+]Sc4 diploid strains expressing 

only G58D Sup35 and compared prion propagation in wild type and HSP104 

heterozygous disruption versions of this strain by plating on rich medium and observing 

colony-color phenotype. Consistent with previous observations (Verges et al, 2011), 

[PSI+]Sc4 propagation is unstable in a wild type strain (~50% prion loss), but we found that 

this instability is strongly suppressed by heterozygous disruption of HSP104 (~5% prion 

loss; Fig 6A).  

Propagons are normally distributed between mother and daughter cells in a 2:1 

ratio (Cox et al, 2003). However, analysis of propagon numbers in mother and daughter 

cells showed an even stronger bias in the distribution of propagons toward the mothers 

in the presence of G58D (Fig 6B, black diamonds), including a population of pairs in which 

the mother but not the daughter retained a large number of propagons (Fig 6B, red 

diamonds). By contrast, heterozygous disruption of HSP104 reduced the stronger mother 

bias associated with G58D expression, and more propagons were detected in daughter 

cells (Fig 6B, white triangles). Notably, daughter cells lacking propagons were not isolated 

from the HSP104 heterozygous disruption strain, indicating that the suppression of prion 

loss (Fig 6A) correlated with an increase in propagons in daughter cells (Fig 6B).  

Given the suppression of these phenotypes by heterozygous disruption of Hsp104, 

we next directly determined if Hsp104 inhibition specifically in daughter cells is sufficient 

to suppress [PSI+] loss. To do so, we isolated daughter cells from [PSI+]Sc4 diploids 

expressing one copy each of wild type and G58D SUP35 by FACS, based on the staining 

of bud scars with Alexa-647 WGA. The absence of bud scars in cells with the lowest 

fluorescence intensity indicates that this fraction contains the newborn population, in 
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contrast to a mixed population before sorting (Fig 6C and Fig S5). The isolated daughters 

were then incubated on rich medium in the presence or absence of GdnHCl for three 

hours to transiently inhibit Hsp104 activity and then plated to determine the frequency of 

prion loss. Strikingly, GdnHCl treatment of daughter cells suppressed the frequency of 

prion loss (Fig 6D). Because daughter cells were biochemically isolated before treatment, 

the GdnHCl suppression of prion loss cannot be explained by an increased transmission 

of Sup35 aggregates to daughter cells upon Hsp104 inhibition. Rather, Sup35 aggregates 

must have already been present, with the transient inhibition of Hsp104 blocking their 

resolubilization after transfer, consistent with the idea that G58D inhibits the propagon of 

all [PSI+] variants through the same mechanism.  

 

Discussion 

Together, our studies indicate that a single inhibitor, the dominant-negative G58D 

mutant of Sup35, can perturb the propagation of four different variants of the [PSI+] prion, 

[PSI+]Strong, [PSI+]Sc4, [PSI+]Sc37, and [PSI+]Weak, through the same mechanism. The effects 

of G58D expression are most easily detected at the protein level, as kinetic destabilization 

of Sup35 amyloid (Fig 3A-C) and related reductions in the size of their SDS-resistant core 

polymers (Fig 3D-F). These changes only become apparent at the phenotypic and 

inheritance levels when the impact on Sup35 amyloid rises above a threshold dictated by 

the rates of conversion and fragmentation for the variants, allowing disassembly to 

dominate over reassembly. 

The G58D mutation lies in the second oligopeptide repeat of Sup35, a region of 

the protein that is essential for prion propagation (Osherovich et al, 2004; Parham et al, 
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2001; Ter-Avanesyan et al, 1994) and that impacts the ability of the Hsp104 chaperone 

to thread monomers through its central pore during the fragmentation process (Langlois 

et al, 2016). Position 58 is located within the amyloid core of Sup35 in the [PSI+]Sc37 variant 

but is more accessible in the [PSI+]Sc4 variant (Toyama et al, 2007). Nonetheless, the 

kinetic destabilization of the four variants by G58D (Fig 3A-C) (DiSalvo et al, 2011) 

suggests this region contributes directly to associations within each of the aggregates.  

Structural studies on the isolated second repeat revealed that the G58D substitution 

introduced a turn into the otherwise extended conformation of the wild type repeat, 

suggesting that packing and thereby amyloid kinetic stability could be altered by this 

conformational change (Marchante et al, 2013). 

Previous studies on the [PSI+]Strong and [PSI+]Sc4 conformational variants 

suggested two different mechanisms for G58D-induced curing. For [PSI+]Strong, curing 

depended not only on the dosage of G58D but also of HSP104, suggesting that prion 

propagation was inhibited by amyloid disassembly. Indeed, in the presence of G58D, 

previously aggregated Sup35 transitioned to the soluble fraction (DiSalvo et al, 2011). 

For [PSI+]Sc4, curing correlated with the loss of heritable aggregates in daughter cells, 

interpreted as a G58D-induced defect in amyloid transmission (Verges et al, 2011). These 

distinct models for inhibition are consistent with the idea that different conformational 

variants must be cured through different molecular mechanisms (Ghaemmaghami, 2016; 

Shorter, 2010). However, our studies resolve this controversy: G58D inhibits both variants 

by promoting amyloid disassembly in daughter cells. This model is supported by both the 

Hsp104-dependence of the curing of both variants (Fig 1D) (DiSalvo et al, 2011) and of 

the reduction in propagons (Fig 3H) (DiSalvo et al, 2011). In addition, overexpression of 
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Hsp104 cures [PSI+]Sc4 propagated by G58D but not wild type Sup35, suggesting the 

former is more sensitive to higher fragmentation rates than the latter (Verges et al, 2011). 

Consistent with this interpretation, overexpression of an N-terminally truncated Hsp104 

mutant (Verges et al, 2011), which is deficient in substrate processing (Sweeny et al, 

2015), is unable to cure [PSI+]Sc4 propagated by G58D. 

We have previously drawn parallels between the dominant-negative inhibition of 

[PSI+] propagation by Sup35 G58D and that of protease-resistant PrP by hamster Q219K 

(corresponding to E219K in humans and Q218K in mouse). In both cases, the mutant is 

incorporated into wild type aggregates but capable of destabilizing the amyloid state only 

when present in excess to wild type protein, and the efficacy of dominant-negative 

inhibition is greater for less kinetically stable conformational variants (DiSalvo et al, 2011; 

Geoghegan et al, 2009; Hizume et al, 2009; Lee et al, 2007; Safar et al, 1998). Given the 

likelihood that the mechanisms of inhibition are similar between the yeast and mammalian 

dominant-negative mutants, the “resistance” of sCJD to E219K in humans and of 22L to 

Q219K in mice may be possible to overcome by increasing the dosage of the mutant, as 

we have demonstrated here for G58D and [PSI+]Sc37 (Fig 1B, E). For G58D, inhibition 

occurs at a dosage far below that at which the prion state is induced to appear (Derkatch 

et al, 1999), indicating that the threshold between curing and induction is wide enough to 

accommodate switches in one direction or the other specifically. A similar analysis in 

mammals would be prudent before pursuing increased dosage of dominant-negative 

mutants as a therapeutic strategy.  

How can the absence of heritable aggregates in some daughter cells be reconciled 

with amyloid disassembly as a common mechanism of inhibition for G58D? Our previous 
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studies have revealed that increasing chaperone levels by heat shock, leads to amyloid 

disassembly in a [PSI+]Weak strain (Klaips et al, 2014), suggesting that the ratio of 

chaperones:amyloid is a key contributor to the balance between amyloid assembly and 

disassembly. A similar skew in this ratio likely occurs during G58D curing but through a 

distinct mechanism. Our previous studies uncovered a size threshold for amyloid 

transmission during yeast cell division: larger aggregates were preferentially retained in 

mother cells (Derdowski et al, 2010). This asymmetry created an age-dependent 

difference in aggregate load, with newborn daughters taking several generations to return 

to the steady-state level of propagons observed in mother cells (Derdowski et al, 2010). 

This observation suggests that the chaperone:substrate ratio could be skewed toward the 

former in daughter cells. This altered ratio, when combined with the decrease in the kinetic 

stability of Sup35 amyloid induced by G58D (Fig 3A-C), likely creates a niche where 

amyloid disassembly dominates. Indeed, the normally resistant [PSI+]Strong variant is cured 

by transient heat shock when G58D is expressed (Klaips et al, 2014). Consistent with the 

idea that G58D cures [PSI+] by promoting amyloid disassembly, curing is reduced (Fig 

5A), and propagon numbers increase in daughters (Fig 5B) when Hsp104 levels are 

reduced. Most importantly, transiently blocking Hsp104 activity in daughter cells after 

division also greatly reduces prion loss (Fig 5D). Thus, G58D–containing Sup35 amyloid 

is transmitted to daughter cells, but, once there, these aggregates are at greater risk of 

clearance by Hsp104-mediated disassembly. 

Beyond dominant-negative mutants, conformational variants of PrP and Sup35 

also differ in their sensitivities to small molecule inhibitors (Ghaemmaghami, 2016; 

Shorter, 2010). Unfortunately, even sensitive conformational variants can develop 
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resistance to these compounds, further complicating attempts to develop therapeutic 

interventions for these diseases. For example, treatment of prion-infected mice or tissue 

culture cells with quinacrine or swainsonine reduced the kinetic stability of protease-

resistant PrP and altered its tropism in cell lines, but these properties were reversed when 

treatment was removed (Ghaemmaghami et al, 2009; Li et al, 2010; Mahal et al, 2010). 

Although it remains unclear whether the emerging conformational variants were minor 

components that were selected or newly induced by the treatment, this conformational 

plasticity creates a moving target that is impossible to manage if a unique inhibitor must 

be developed in each case. Our studies suggest that as prion conformational variants 

evolve, adapt or mutate, changes in dosing regimes could be effective countermeasures. 

Indeed, quinacrine can eliminate the RML conformational variant of PrP from CAD5 cells 

at a 5-fold lower dosage than is required to eliminate an IND24-resistant variant (Berry et 

al, 2013). 

Much research is focused on the appearance and self-replicating amplification of 

amyloid, yet these processes are clearly counteracted by disassembly pathways in vivo. 

This balance between assembly and disassembly contributes strongly to prion 

persistence, even in mammals. For example, inhibition of PrP expression can reverse 

accumulation of protease-resistant PrP, pathological changes and clinical progression of 

prion disease in mice, presumably by allowing clearance pathways to dominate, if initiated 

before extensive damage arises (Mallucci et al, 2003). While mammals lack an Hsp104 

homolog, a chaperone system, composed of mammalian Hsp70, Hsp110, and class A 

and B J-proteins, possesses strong disaggregase activity (Nillegoda et al, 2015), capable 

of directing amyloid disassembly, although this activity has yet to be tested against 
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protease-resistant PrP (Gao et al, 2015). Nevertheless, natural variations in the 

accumulation of prion and chaperone proteins may also serve as a new framework in 

which to consider phenotypic differences among variants. For example, tropism and 

clinical progression are likely to be impacted by the balance between assembly and 

disassembly pathways, as we have observed for mitotic stability and heat shock-induced 

prion curing in yeast (Derdowski et al, 2010; Klaips et al, 2014). Moreover, the steady-

state ratio of chaperones:amyloid may be a key consideration in screening potential 

therapeutics and in their ultimate efficacy in vivo, particularly for small molecules 

proteostasis regulators that perturb the assembly/disassembly balance.   
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Methods 

Plasmids.  All plasmids used in this study are listed in S1 Table. pRS306-PADH 

contains PADH-Multiple Cloning Site-TCYC1 as a KpnI-SacI fragment from pSM556 (a gift 

from F.U. Hartl) in a similarly digested pRS306. The SUP35(G58D) ORF was then 

subcloned into pRS306-PADH as a BamHI-EcoRI fragment isolated from pRS306-

SUP35(G58D) to create pRS306-PADHSUP35(G58D) (SB468).  

Oligonucleotides. Oligonucleotides used in this study are listed in S2 Table. 

Yeast strains.  All strains are derivatives of 74-D694 and are listed in S3 Table. 

[PSI+]Sc4 (SY2085) and [PSI+]Sc37 (SY2086) haploid wild type strains were gifts from J. 

Weissman. Yeast strains expressing ectopic copies of SUP35 or G58D from URA3 

(pRS306) or TRP1 (pRS304)-marked plasmids were constructed by transforming yeast 

strains with plasmids that were linearized with BstBI or Bsu361, respectively, and by 

selecting for transformants on the appropriate minimal medium. In all cases, expression 

was confirmed by quantitative immunoblotting for Sup35. Disruptions of SUP35 (FP35, 

FP36) were generated by transformation of PCR-generated cassettes using 

pFA6aKanMX4 as a template with the indicated oligonucleotide primers (S2 Table) and 

selection on rich medium supplemented with G418. HSP104 disruptions were generated 

by transformation with a PvuI-BamHI fragment of pYABL5 (a gift from S. Lindquist) and 

selection on minimal medium lacking leucine. Disruption of NAT1 (FP29, FP30) were 

generated by transformation of PCR-generated cassettes using pFA6a-hphMX4 as a 

template with the indicated primers (S2 Table) and selection on complete medium 

supplemented with hygromycin. All the disruptions were verified by PCR and 2:2 

segregation of the appropriate marker. 
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Prion loss.  Exponentially growing cultures of the indicated strain were plated on 

YPD for single colonies, and the frequency of [PSI+] loss was determined by the number 

of red colonies arising.  

Protein analysis.  Semidenaturing detergent agarose gel electrophoresis (SDD-

AGE), SDS-PAGE, quantitative immunoblotting and SDS-sensitivity experiments were 

performed as previously described (Pezza et al, 2009). To analyze the fate of aggregated 

Sup35, cultures were grown to midlog phase and treated with cycloheximide (CHX) or 

both CHX and guanidine HCl (GdnHCl) for 1.7 hours. Yeast lysates were collected before 

and after treatment and incubated at 53C and 100C in the presence of 2% SDS before 

analysis by SDS-PAGE. Lysates were also prepared from the same cultures and 

analyzed by SDD-AGE. 

Propagon counts. The number of propagons per cell was determined using a 

previously described in vivo dilution, colony-based method (Cox et al, 2003). For 

propagon counting in mothers and daughters, a pair of mother and daughter cells was 

separated by micromanipulation onto minimal medium (SD-complete with 2.5mM adenine 

and 4% dextrose) with 3mM GdnHCl. After growing at 30C for about 48 h, whole colonies 

were isolated using a cut pipette tip, resuspended in a small volume of water and plated 

onto YPD plates. The number of white colonies was then counted. 

Daughter-specific assays.  Daughters were separated by FACS based on bud-

scar labeling. Yeast cells were incubated for 1 h at room temperature in 1µg/ml Alexa-

647 wheat germ agglutinin (WGA) in PBS. After washing twice in PBS, cells with the 

lowest fluorescence intensity (5%) were sorted as newborn daughter cells, and a sample 

of this fraction was viewed by fluorescence microscopy to confirm bud scar number. This 
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fraction was also moved to rich medium (1/4 YPD) for color development. For Hsp104 

inhibition, sorted fractions were first moved to a minimal medium with 3mM GdnHCl for 

three hours before being transferred to rich medium. In each case only completely red 

colonies were counted as [psi-]. 

Fluorescence Microscopy.  Fluorescence microscopy was performed on a 

DeltaVision deconvolution microscope equipped with a 100x objective. WGA Alexa-647 

fluorescence was collected using 650nm excitation and 668nm emission wavelengths 

and with an exposure of 50ms. Images were processed in ImageJ software.   

Propagon Recovery  Cultures were grown in YPAD medium to an OD600 of 0.1 at 

30C. GdnHCl was added to 3mM, and the culture was returned to 30C for 5 hours to 

decrease the propagon number. Cultures were then collected by centrifugation, washed 

and transferred to YPAD medium without GdnHCl for recovery. Samples were plated on 

YPD, and the number of propagons per cell was counted at the indicated timepoints.   
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Table 1: Plasmids 

Name Description Reference 

6686 pRS306-PSUP35SUP35 DiSalvo et al. 2011 

SB467 pRS306-PSUP35SUP35(G58D) DiSalvo et al. 2011 

SB468 pRS306-PADHSUP35(G58D) This study 

SB645 pRS304-PSUP35SUP35(G58D) DiSalvo et al. 2011 

SB657 pRS306-Ptet02SUP35 DiSalvo et al. 2011 

SB658 pRS306-Ptet02SUP35(G58D) DiSalvo et al. 2011 
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Table 2: Oligonucleotide Sequences 

Name Description Sequence (5’-3’) 

FP29 5’NAT1 KO GACAAATACCATTGAGGAAGGCGATTGACC
CTAACGAAGTCAGCTGAAGCTTCGTACGC 

FP30 3’NAT1 KO AATTAAGTAAGAGTTAATTGACACATTGAGG
AGTTGCAGGGCATAGGCCACTAGTGGATCT
G 

FP31 5’NAT1 KO CHK AAGCAGTAGGAAAATTGGTGTGG 

FP32 3’NAT1 KO CHK CTGATCGCGTCTTTATCTTGTG 

FP33 PTEF CHK GCACGTCAAGACTGTCAAGG 

FP34 pFA6a TGCCCAGATGCGAAGTTAAGTG 

FP35 5’SUP35 KO ACTTGCTCGGAATAACATCTATATCTGCCCA
CTAGCAACACGGATCCCCGGGTTAATTAA 

FP36 3’SUP35 KO GGTATTATTGTGTTTGCATTTACTTATGTTT
GCAAGAAATGAATTCGAGCTCGTTTAAAC 

FP75 5'HSP104 promoter CCATCGATTCAAAGGCGTTATT 

FP76 3'HSP104  TCATACTTTGGTTGCAGAC 

FP77 5'LEU2 test CACATGAACAAGGAAGTACAG 

FP78 3'LEU2 test AGAAACGGCCTTAACGAC 

FP93 5'SUP35 KO CHK CACAAAAATCATACAACGAATGG 

FP108 3’SUP35 KO CHK CTAAATGATGTTGACAAACTTATG 
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Table 3: Yeast Strains 

Strains Genotype Plasmids 
Integrated 

Figure Reference 

SLL2606 MATa [PSI+]Strong ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 - 2A, S2 Chernoff et 
al. 1995 

SLL2600 MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 - 2B, S2, S4 Derkatch et 
al. 1996 

SLL3261 MATa/α [psi-] ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 

- 1A, 1B, 
1C, 3D, 
3E, 3F 

DiSalvo et 
al. 2011 

SY320 MATα [PSI+]Strong ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 
nata::hphMX4 

- 2C This study 

SY1773 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ 
leu2-3, 112 

6686 1C, 1F, 3F, 
S1C 

This study 

SY1774 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-
3, 112/ leu2-3, 112 

SB467 1C, 1F, 3F, 
S1C 

This study 

SY1776 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ 
leu2-3, 112 SUP35/sup35::kanMX4 

6686 1C, 1F, 
3C, 3F, 3I, 
S1C 

This study 

SY1777 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-
3, 112/ leu2-3, 112 SUP35/sup35::kanMX4 

SB467 1C, 1F, 
3C, 3F, 3I, 
S1C 

This study 

SY1780 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 

SB467, 
SB645 

1C, 1F, 3F, 
S1C 

This study 

SY2085 MATa [PSI+]Sc4 ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 - 2A, S2 Tanaka et al. 
2006 
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SY2086 MATa [PSI+]Sc37 ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 - 2B, S2, S4 Tanaka et al. 
2006 

SY2248 MATα [PSI+]Sc4 ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 
nata::LEU2 

- 2C This study 

SY2257 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ leu2-
3, 112 

6686 1A, 1D, 
3D, S1A 

This study 

SY2258 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 

- 1A, 1D, 
3A, 3D, 
3G, S1A 

This study 

SY2259 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 SUP35/sup35::kanMX4 

SB467 1A, 1D, 
3A, 3D, 
3G, 6C, 
6D, S1A, 
S5 

This study 

SY2260 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 

SB467, 
SB645 

1A, 1D, 
3D, S1A 

This study 

SY2261 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 

SB467 1A, 1D, 
3D, S1A 

This study 

SY2281 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ leu2-
3, 112 HSP104/hsp104::LEU2 

6686 
 

1A, 1D, 
S3A 

This study 

SY2283 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 
HSP104/hsp104::LEU2 

- 1A, 1D, 
3G, S3A 

This study 

SY2285 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 HSP104/hsp104::LEU2 

SB467 1A, 1D, 
S3A 

This study 
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SY2287 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 SUP35/sup35::kanMX4 HSP104/hsp104::LEU2 

SB467 
 

1A, 1D, 
3G, S3A 

This study 

SY2289 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 HSP104/hsp104::LEU2 

SB467, 
SB645 

1A, 1D, 
3G, S3A 

This study 

SY2535 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ 
leu2-3, 112 HSP104/hsp104::LEU2 

6686 
 

1C, 1F, 
S3C 

This study 

SY2536 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 
HSP104/hsp104::LEU2 

- 1C, 1F, 3I, 
S3C 

This study 

SY2537 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-
3, 112/ leu2-3, 112 HSP104/hsp104::LEU2 

SB467 1C, 1F, 
S3C 

This study 

SY2538 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-
3, 112/ leu2-3, 112 SUP35/sup35::kanMX4 
HSP104/hsp104::LEU2 

SB467 
 

1C, 1F, 3I, 
S3C 

This study 

SY2539 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 HSP104/hsp104::LEU2 

SB467, 
SB645 

1C, 1F, 
S3C 

This study 

SY2812 MATα [PSI+]Sc37 ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 
nata::hphMX4 

- 2D This study 

SY2847 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ leu2-
3, 112 

6686 1C, 1E, 
3E, S1B 

This study 

SY2848 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 

- 1B, 1E, 3B, 
3E, 3H, 
5B, 5E, 
S1B 

This study 
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SY2849 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 

SB467 1B, 1E, 3E, 
S1B 

This study 

SY2850 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 SUP35/sup35::kanMX4 

SB467 1B, 1E, 3B, 
3E, 3H, 
5B, 5E, 
S1B 

This study 

SY2851 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 

SB467, 
SB645 

1B, 1E, 3E, 
S1B 

This study 

SY2856 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35 leu2-3, 112/ leu2-
3, 112 HSP104/hsp104::LEU2 

6686 
 

1B, 1E, 
S3B 

This study 

SY2857 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 
HSP104/hsp104::LEU2 

- 1B, 1E, 
3H, S3B 

This study 

SY2858 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 HSP104/hsp104::LEU2 

SB467 1B, 1E, 
S3B 

This study 

SY2859 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::PSUP35SUP35(G58D) leu2-3, 
112/ leu2-3, 112 SUP35/sup35::kanMX4 HSP104/hsp104::LEU2 

SB467 
 

1B, 1E, 
3H, S3B 

This study 

SY2860 MATa/α [PSI+]Sc37 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289::TRP1:: PSUP35SUP35(G58D) ura3-52/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
SUP35/sup35::kanMX6 HSP104/hsp104::LEU2 

SB467, 
SB645 

1B, 1E, 
S3B 

This study 

SY2862 MATα [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 
nata::hphMX4 

- 2D This study 

SY2878 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::Ptet02SUP35 leu2-3, 112/ 
leu2-3, 112 SUP35/sup35::kanMX4 

SB657 5C, 5F This study 
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SY2879 MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-
289/ trp1-289 ura3-52/ura3-52::URA3::Ptet02SUP35(G58D) leu2-
3, 112/ leu2-3, 112 SUP35/sup35::kanMX4 

SB658 5C, 5F This study 

SY2957 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52::URA3::PADHSUP35(G58D)/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
sup35::kanMX4/sup35::kanMX4 

SB467， 

SB468 

6A, 6B This study 

SY2976 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52::URA3::PADHSUP35(G58D)/ura3-
52::URA3::PSUP35SUP35(G58D) leu2-3, 112/ leu2-3, 112 
sup35::kanMX4/sup35::kanMX4 HSP104/hsp104::LEU2 

SB467， 

SB468 

6A, 6B This study 

SY3044 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::Ptet02SUP35 leu2-3, 112/ leu2-
3, 112 SUP35/sup35::kanMX4 

SB657 5A, 5D This study 

SY3045 MATa/α [PSI+]Sc4 ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-289/ 
trp1-289 ura3-52/ura3-52::URA3::Ptet02SUP35(G58D) leu2-3, 
112/ leu2-3, 112 SUP35/sup35::kanMX4 

SB658 5A, 5D This study 
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Fig 1. Dose-dependent effects of G58D expression on [PSI+] variants. [PSI+]Sc4 (A), 

[PSI+]Sc37 (B) and [PSI+]Weak (C) wild type (HSP104/+) or heterozygous-disruption 
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(HSP104/Δ) diploid strains expressing wild type (WT) and G58D Sup35 from PSUP35 at 

the indicated ratios were spotted on rich medium to analyze the [PSI+] phenotype. [psi-] 

diploids were included as controls. Spontaneous frequencies of [PSI+]Sc4 (D), [PSI+]Sc37 

(E) and [PSI+]Weak (F) loss during mitotic division were determined by counting the 

percentage of [psi-] colonies. For each strain, >3000 colonies were scored. Error bars 

represent standard deviations from 12 biological replicates. 
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Fig 2. Analysis of aggregate properties for [PSI+] variants. Lysates from [PSI+]Strong and 

[PSI+]Sc4 WT (A), [PSI+]Weak and [PSI+]Sc37 WT (B), [PSI+]Strong and [PSI+]Sc4 ΔNATA (C) or 

[PSI+]Weak and [PSI+]Sc37 ΔNATA (D) haploid strains were incubated in SDS at the 

indicated temperatures before SDS-PAGE and quantitative immunoblotting for Sup35 

(percentage of Sup35 released from aggregates at the indicated temperatures). 

Horizontal lines on boxes indicate 25th, 50th and 75th percentiles; whiskers indicate 10th 

and 90th percentiles. Horizontal lines indicate pair-wise comparisons (n≥4; paired t-test, 

*P<0.05).  
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Fig 3. Effects of G58D and HSP104 dosage on Sup35 aggregate properties. Lysates from 

[PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) diploid strains expressing one endogenous 

copy of SUP35 and a second copy of SUP35 (WT or G58D) from PSUP35 were incubated 

in SDS at the indicated temperatures before SDS-PAGE and quantitative immunoblotting 

for Sup35 (percentage of Sup35 released from aggregates at the indicated temperatures). 

Box plots are as described in the legend to Fig. 2. Horizontal lines indicate pair-wise 

comparisons (n≥5; paired t-test, *P<0.05, **P<0.05, ***P<0.001). Lysates of [PSI+]Sc4 (D), 

[PSI+]Sc37 (E) or [PSI+]Weak (F) diploid strains expressing Sup35 (WT) and G58D in the 

indicated ratios were analyzed by SDD-AGE and immunoblotting for Sup35. For [PSI+]Sc4 

(G), [PSI+]Sc37 (H) or [PSI+]Weak (I), the number of propagons present in individual cells was 

counted in wildype (+) and heterozygous HSP104 disruption () strains, and the ratio of 

propagons relative to WT was determined in diploid strains expressing one endogenous 

copy of SUP35 and one copy of SUP35 (WT or G58D) from PSUP35. Box plots are as 

described in the legend to Fig. 2. Horizontal lines indicate pair-wise comparisons (n≥10 

cells per strain; unpaired t-test, *P<0.05, ***P<0.001).   

 

 

 

 

 

 



 

90 
 

 

Fig 4. Mathematical model predicts fragmentation-dependent changes in soluble Sup35 

levels in response to protein synthesis inhibition. Cycloheximide (CHX) treatment leads 

to an increase in the number of aggregates (A), and increase in average aggregate size 

(B), and a decrease in the ratio of soluble Sup35 (C) according to the results of stochastic 

simulations of a mathematical model of prion propagation. The yields (A, C) and the rate 

at which protein resolubilizes (D) vary with the rates of fragmentation: high (red), medium 

(blue), or low (black). The predicted changes in Sup35 average aggregate size (B) and 

soluble levels (C) are lost when nucleation is removed from the model (dashed lines). 
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Fig 5. G58D expression promotes Hsp104-mediated resolubilization of aggregates. 

Lysates of [PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) strains expressing two copies of 

SUP35 (WT) or one wild-type and one G58D copy of SUP35 were treated with CHX or 

both CHX and GdnHCl and then analyzed by SDD-AGE and immunoblotting for Sup35. 

Lysates from diploid [PSI+]Sc4 (D), [PSI+]Sc37 (E) or [PSI+]Weak (F) strains expressing two 

copies of SUP35 (WT) or one wild-type and one G58D copy of SUP35 from PtetO2 were 
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incubated in SDS at 53°C or 100°C before SDS-PAGE and quantitative immunoblotting 

for Sup35, and the ratio of signal before and after treatment with CHX or both CHX and 

GdnHCl treatment were determined. Error bars represent standard deviations. Horizontal 

lines indicate pair-wise comparisons (n ≥ 5; paired t-test, *P<0.05, **P<0.01). 
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Fig 6. Hsp104 promotes [PSI+] curing in daughter cells expressing G58D. (A) 

Spontaneous frequencies of [PSI+]Sc4 loss during mitotic division were determined by 

counting the percentage of [psi-] colonies for strains that were wild type (+) or 

heterozygous disruptions for HSP104 (). For each strain, >3000 colonies were scored. 

Error bars represent standard deviations from 10 biological replicates. (B) The number of 

propagons in daughter cells was plotted against the number of propagons in mother cells 

for wild type (HSP104/+, black or red diamonds) or heterozygous HSP104 disruption 

(HSP104/Δ, white triangles) diploid strains expressing one copy of G58D from PSUP35 and 

another copy of G58D from PADH in an [PSI+]Sc4 strain. Red diamonds represent mother-
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daughter pairs in the wild type strain in which the mother contained propagons but the 

daughter did not. (C) The distribution of fluorescence intensities for a population of 

[PSI+]Sc4 diploid cells expressing one endogenous copy of SUP35 and a second copy of 

SUP35 (G58D) from PSUP35 stained with Alexa-647 WGA was obtained by flow cytometry. 

Vertical dotted lines indicate least fluorescent 5%, which was sorted as daughters. (D) 

The daughters isolated in (C) were plated onto minimal medium containing 3mM GdnHCl 

for three hours and then transferred to rich medium. The frequency of [PSI+] loss was 

then determined relative to that from daughters isolated from the same culture plated 

directly onto rich medium. Horizontal lines indicate pair-wise comparisons (n≥10 cells per 

strain; paired t-test, ***P<0.001). 
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Fig S1. Sup35 expression level is consistent with copy number. Lysates isolated from 

[PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) strains described in Fig. 1A-C were analyzed 

by SDS-PAGE and quantitative immunoblotting for Sup35. The ratio of Sup35 relative to 

a wild type diploid is shown. Error bars represent standard deviation.  
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Fig S2.  [PSI+] variants differ in the size of their Sup35 aggregates. Lysates from the 

indicated [PSI+] variant haploid yeast strains were analyzed by SDD-AGE and 

immunoblotting for Sup35. 
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Fig S3. Hsp104 expression level is consistent with copy number. Lysates isolated from 

[PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) strains described in Fig. 1A-C were analyzed 

by SDS-PAGE and quantitative immunoblotting for Hsp104. The ratio of Hsp104 relative 

to a wild-type diploid is shown. Error bars represent standard deviation. 

 

 

 

 

 

 

 



 

98 
 

 

Fig S4. [PSI+]Sc37 and [PSI+]Weak recover propagons at different rates. The rate of 

propagon recovery was determined for [PSI+]Sc37 (blue) and [PSI+]Weak (red) after 

treatment with GdnHCl. Error bars represent standard deviation. (n ≥ 12 cells per strain 

per time point; unpaired t-test, **P<0.01). 
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Fig S5. Analysis of FACS-sorted daughter cells. DIC and Alexa-647 WGA fluorescence 

of bud scars of cells both before and after FACS sorting. Scale bars represent 3μm. 
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Determining the Role of Sir2 in Heat-Induced Prion Curing 
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Abstract 

Mitosis in the yeast Saccharomyces cerevisiae is distinctively asymmetrical and 

encompasses mother cell-specific aging. This asymmetry arises from the retention of 

oxidized proteins in mother cells during cell division, leading to a reset of the aging clock 

in daughter cells. Although the underlying mechanism of damage asymmetry is still 

controversial, the studies all agree that the process involves Sir2 and the Hsp104 

chaperone network. Previously, both damage asymmetry and the Hsp104 chaperone 

network have been reported to contribute to the heat-induced dissolution of amyloid in 

prion-containing cell; however, the role of Sir2 in this process was not examined. To 

examine this relationship, we focused on the effect of Sir2 on heat-induced curing of the 

yeast prion [PSI+], the alternative, self-templating, amyloid form of Sup35 protein. 

Remarkably, Sup35 amyloid is not effectively disassembled at elevated temperatures by 

the molecular chaperone Hsp104 in the Δsir2 background. This suppression of curing 

could be explained by Sir2-mediated derepression of mating-type specific loci, specifically 

a mitochondria-localized protein YJL133C-A. Since the changes in heat-induced prion 

curing correlated with the efficiency of damage asymmetry, YJL133C-A might be the 

downstream target of Sir2 in this process, implicating mitochondria as a crucial 

component. 
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Introduction 

Asymmetric inheritance upon cell division, which produces two daughter cells with 

different fates, plays an important role in maintaining cellular fitness and potency (Gotz & 

Huttner, 2005; Henderson & Gottschling, 2008; Homem & Knoblich, 2012; Inaba & 

Yamashita, 2012; Morrison & Kimble, 2006; Pelletier & Yamashita, 2012). This process 

has been extensively studied over the past decades in a variety of model organisms, 

especially in budding yeast Saccharomyces cerevisiae. Mitosis of budding yeast is an 

asymmetrical process, with both cell volume and the transmission efficiencies of cellular 

components asymmetrically distributed to reset the aging clock in daughter cells 

(Kennedy et al, 1994).  

One of the best known asymmetrical components is damaged protein aggregates, 

like protein carbonyls. Such species, which are associated with a large number of age-

related disorders in humans, including Parkinson’s disease, Alzheimer’s disease, and 

diabetes, progressively accumulate during aging (Aguilaniu et al, 2003; Dukan & Nystrom, 

1998; Grune et al, 2004; Reverter-Branchat et al, 2004; Stadtman, 1992). Many evidence 

suggest that damaged protein aggregates are asymmetrically segregated during 

cytokinesis, which is accomplished by a spatial protein quality control system involving 

Hsp104 (Erjavec et al, 2007). However, the underlying mechanism that mediates damage 

asymmetry is unknown. 

Sir2, which is highly conserved from archaea to humans (Dutnall & Pillus, 2001), 

is required for mitotic segregation of damaged protein aggregates in yeast (Aguilaniu et 

al, 2003; Erjavec et al, 2007; Liu et al, 2010). Sir2 is an NAD+-dependent deacetylase that 

facilitates transcriptional silencing at cryptic mating type loci HML and HMR, at telomeres, 

http://www.yeastgenome.org/locus/S000002200/overview
http://www.yeastgenome.org/go/GO:0017136/overview
http://www.yeastgenome.org/go/GO:0030466/overview
http://www.yeastgenome.org/locus/S000029214/overview
http://www.yeastgenome.org/locus/S000029655/overview
http://www.yeastgenome.org/go/GO:0006348/overview


 

103 
 

and at the rDNA locus (Blander & Guarente, 2004; Imai et al, 2000; Rusche et al, 2003). 

A screen for mutants with a more symmetrical distribution of carbonylated proteins 

identified Sir2, as an essential component in maintaining damage asymmetry during 

mitosis (Aguilaniu et al, 2003; Erjavec et al, 2007). Since the spatial distribution of F-actin 

during cytokinesis also became atypical with deletion of Sir2, the actin cytoskeleton was 

suggested to be required for proper segregation of damaged proteins. This idea was 

supported by additional experimental evidence demonstrating that inhibition of actin 

assembly by latrunculin A (Lat-A) abolished the ability of wild type mother cells to retain 

oxidized proteins (Aguilaniu et al, 2003). However, little is known about the machineries 

involved in establishing asymmetrical inheritance of damaged protein aggregates.  

Three different models have been proposed to explain the mechanism of damage 

asymmetry: retrograde transport, diffuse confinement, and organelle confinement. In the 

retrograde transport model, damaged protein aggregates formed upon heat shock in 

emerging buds are transported back to the mother cells in an actin cable-dependent 

rather than an actin patch-dependent process (Liu et al, 2010). However, based on the 

diffuse confinement model, damaged protein aggregates undergo a random walk without 

directional bias (Zhou et al, 2011). The asymmetric inheritance is a predictable outcome 

of aggregates' slow diffusion and the geometry of yeast cells, but the process depends 

on Hsp104 through an unclear mechanism (Zhou et al, 2011). Another study by Spokoini 

et al. showed that confinement of protein aggregate motion through association with the 

JUNQ (juxtanuclear quality control) and IPOD (insoluble protein deposit) compartments 

on the surface of the nucleus and vacuole, respectively, is important for the asymmetric 

inheritance of misfolded proteins (Spokoini et al, 2012). Similarly, protein aggregates 
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formed on the endoplasmic reticulum are frequently also associated with or later captured 

by mitochondria, greatly constraining aggregate mobility. During mitosis, aggregates are 

tethered to well-anchored maternal mitochondria, whereas mitochondria acquired by the 

bud are largely free of aggregates (Zhou et al, 2014).  

Similar to the rejuvenation process, heat-induced prion loss is also accomplished 

by both damaged protein asymmetry and a spatial protein quality control system involving 

Hsp104 (Klaips et al, 2014). Specifically, a sub-lethal thermal stress converts [PSI+]Weak, 

the alternative, self-templating, amyloid form of the Sup35, to non-prion [psi-] state 

through the disassembly of existing Sup35 amyloid by Hsp104 (Klaips et al, 2014). The 

increase in Hsp104 expression upon thermal stress alone is not sufficient to induce Sup35 

amyloid resolution and thus [PSI+]Weak curing (i.e. converted to [psi-] state). Rather, 

Hsp104 must also be asymmetrically localized to mother cells through its engagement 

with heat-induced protein aggregates in order to induce [PSI+]Weak curing in mother cells 

(Klaips et al, 2014). However, the effect of Sir2 on heat-induced prion curing via thermal 

stress had not been previously addressed.  

To explore that relationship, we assessed the effect of Sir2 on heat-induced prion 

curing. Our studies revealed that deletion of Sir2 leads to a reduction of heat-induced 

prion curing, which corresponded to loss of Hsp104 asymmetry. This curing defect, along 

with the relatively symmetrical inheritance of Hsp104 compared to wild type cells, could 

be reversed by deletion of the HM loci, indicating that Sir2-dependent gene regulation 

mediated these effects. Further studies on mating-type regulated genes controlled by the 

HM loci indicate that misregulation of a single gene yjl133c-a was required for the 

reduction of heat-induced prion curing.  
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Results 

Disruption of Sir2 reduces heat-induced prion curing and Hsp104 asymmetry  

[PSI+]Weak is cured at an elevated temperature (Klaips et al, 2014; Newnam et al, 

2011). This observation could be explained by the increase in Hsp104 expression at 

elevated temperature and by its asymmetric retention in mother cells through its 

engagement with heat-induced protein aggregates (Klaips et al, 2014). Since Sir2 has 

been reported to mediate the aggregate asymmetry (Aguilaniu et al, 2003; Liu et al, 2010), 

we hypothesized that Sir2 might also affect heat-induced prion curing. 

To monitor transitions from the prion [PSI+] to the non-prion [psi−] state, we used 

yeast strains encoding a premature termination codon in the ade1-14 gene. In [PSI+] 

strains, Sup35 forms into aggregates and thus the translational termination function is 

compromised, leading to the premature stop-codon read-through and the formation of 

white or pink colonies on rich medium, while in [psi−] strains, translation is faithfully 

terminated at the premature stop codon leading to the formation of red colonies on rich 

medium (Chernoff et al, 1995). Transiently elevating the growth temperature from 30°C 

to 40°C induced 70% of [PSI+]Weak curing in wild type cells with both fully red and sectored 

colonies observed, while only 18% of heat-induced [PSI+]Weak curing was observed in 

Δsir2 cells (Figure 1A). Consistent with previous reports, thermal stress induced curing 

through resolution of existing Sup35 aggregates in the wild type strain, which was 

indicated by the decrease in the size of SDS-resistant Sup35 aggregates immediately 

after thermal stress (Figure 1B, lane 1 and 2) and by their decreased accumulation during 

recovery from the stress (Figure 1B, lane 1 and 3), as assessed by semi-denaturing 
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detergent agarose gel electrophoresis (SDD-AGE) (Kryndushkin et al, 2003). In sir2 

cells, thermal stress also leads to an immediate reduction in Sup35 aggregate size 

(Figure 2B, lane 4 and 5), but Sup35 aggregates remained abundant during recovery 

(Figure 1B, lane 3 and 6), consistent with the decrease in heat-induced prion curing in 

Δsir2 cells (Figure 1A). Thus, disruption of Sir2 reduces the efficiency of Sup35 amyloid 

resolution following thermal stress.  

Because the heat-induced disassembly of Sup35 amyloid is an Hsp104-dependent 

process (Klaips et al, 2014), we assessed both Hsp104 levels and their partitioning during 

cell division to determine the molecular basis of the reduced curing efficiency in sir2 

cells. By SDS-PAGE and quantitative immunoblotting, Hsp104 expression levels were 

elevated to a similar extend in both wild type and Δsir2 cells following heat shock (Figure 

S1A), indicating that differences in gene expression could not explain the reduction in 

curing efficiency in sir2 cells.  

Next, we assessed both the accumulation of misfolded proteins and Hsp104 

asymmetry following thermal stress. By differential centrifugation, protein aggregates 

accumulated to similar extents in both wild type and Δsir2 cells (Figure S1B). 

Correspondingly, the aggregation retention efficiency (ARE: percentage of mother cells 

capable of retaining all aggregates during cytokinesis), detected by microfluidics, was 

also similar between wild type and Δsir2 cells (Figure 1C). This observation is at odds 

with a previous report (Liu et al, 2010), and we cannot currently explain the discrepancy.  

To further examine Hsp104 partitioning using a less subjective assay, we monitored the 

distribution of total Hsp104-GFP, detected by microfluidics, during cell division following 

thermal stress. Disruption of Sir2, significantly decreased the asymmetric retention of 
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Hsp104 in comparison with wild type cells (Figure 1D). This change corresponds to the 

decrease in curing efficiency in sir2 cells (Figure 1A), raising the possibility that it is the 

causative event. 

Sir2 modulates prion curing through its regulation of mating-type specific gene expression  

In addition to its role in establishing asymmetry, Sir2 facilitates transcriptional 

silencing at the cryptic mating type loci (HM loci: HML and HMR) (Aparicio et al, 1991; 

Klar et al, 1979; Rine & Herskowitz, 1987; Rine et al, 1979). To test whether these 

activities are related, we explored the possibility that the reduction in heat-induced prion 

curing in Δsir2 cells resulted from derepression of HM loci. We constructed MATa ΔHML 

and Δsir2ΔHML strains and compared the heat-induced prion curing in these strains to 

that of wild type yeast. ΔHML cells had similar levels of heat-induced curing as wild type 

cells (Figure 1A), consistent with the fact that HM loci are silenced in wild type cells (Rine 

& Herskowitz, 1987). However, disruption of HML restored heat-induced prion curing in 

the Δsir2 background cells back to wild type levels (Figure 1A). Moreover, the 

accumulation of Sup35 aggregates was reduced in Δsir2ΔHML cells compared to Δsir2 

cells during recovery (Figure 1B, lane 6 and 9), suggesting that these complexes were 

being disassembled in the double mutant. Together, these observations suggest that the 

reduction in heat-induced prion curing in Δsir2 cells resulted from the derepression of HM 

loci. 

To ensure that the restoration of prion curing occurred through the same pathway, 

we examined the subpopulation of cells being cured. Heat-induced prion curing occurs in 

wild type mother cells (Klaips et al, 2014). We incubated [PSI+]Weak wild type and 

Δsir2ΔHML cultures at 40°C and then isolated single unbudded cells on rich solid medium 
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at 30°C. Following budding and cell division, mother and daughter cells were separated 

by micromanipulation and grown into colonies, which were then dispersed on rich solid 

medium to quantify prion curing. Mother cells in both wild type and Δsir2ΔHML strains 

were more likely to be cured than their daughters (Figure 1E), indicating curing in both 

genetic backgrounds proceeded through the same mechanism.  

To determine the molecular mechanism of heat-induced prion curing in Δsir2ΔHML 

cells, we also monitored the levels of Hsp104 protein expression (Figure S1A), the 

accumulation of misfolded proteins (Figure S1B) and ARE (Figure 1C) and found no 

differences among wild type, Δsir2 and Δsir2ΔHML cells. However, the asymmetric 

partitioning of Hsp104-GFP in Δsir2ΔHML cells during cell division following thermal 

stress was significantly reversed back to wild type levels (Figure 1D), which is consistent 

with the curing efficiency. Thus, disruption of asymmetric retention in Δsir2 cells could 

also be explained by derepression of HM loci.  

Actin cable state could not explain Hsp104-GFP asymmetric retention 

It was reported that the actin cytoskeleton helped retain protein aggregates and 

maintain asymmetric inheritance, as this structure was disrupted in Δsir2 cells (Aguilaniu 

et al, 2003; Erjavec et al, 2007; Liu et al, 2010). To test whether the actin cable state 

could explain total Hsp104-GFP asymmetric retention, we compared the distribution of 

the actin-binding protein Abp140, tagged with GFP, as this fusion was reported to be a 

more sensitive detector of actin cables than phalloidin staining (Yang & Pon, 2002). No 

differences were detected among wild type, Δsir2 and Δsir2ΔHML cells (Figure 2), 

indicating that the actin cable presence could not explain Hsp104-GFP asymmetric 

retention.  
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Cell size but not budding pattern has some effect on heat-induced prion curing 

Deletion of SIR2 leads to changes of both cell size and budding pattern, as 

derepression of HM loci changes cell morphology from the haploid to the diploid 

phenotype (Wright & Schneider, 2013; Yang et al, 2011). Compared to wild type cells, 

sir2 cells are larger and spindle shaped, reflecting a switch in budding pattern from axial 

to bipolar budding (Figure 3A) (Haber, 2012); these changes are reversed by the 

additional deletion of HML in the MATa sir2 strain (Figure 3A), suggesting that the 

restoration of heat-induced prion curing in the double mutant could be mediated by one 

or both of these characteristics.  

To determine whether changes in budding pattern affect heat-induced prion curing, 

we disrupted AXL1, BUD3, or BUD4; deletion of these genes switches haploids from an 

axial to a bipolar budding pattern without altering cell size (Figure 3B) (Bi & Park, 2012). 

No differences in heat-induced prion curing were found among these strains (Figure 3C), 

indicating budding pattern changes could not explain the reduction in heat-induced prion 

curing in sir2 cells. 

To determine whether changes in cell size affect heat-induced prion curing, we 

constructed wild type diploids (2N), triploids (3N), and tetraploids (4N) cells to create a 

series of cells with bipolar budding patterns (Figure 3D) but with varying sizes (Figure 

3E). Heat-induced prion curing was slightly reduced as cell size increased (Figure 3F), 

but this effect did not approach the level seen in sir2 cells (Figure 1A), indicating 

changes in cell size were not sufficient to explain the differences in heat-induced prion 

curing. 
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yjl133c-a could explain heat-induced prion curing in Δsir2 cells 

The restoration of heat-induced prion curing to wild type levels in sir2 cells by 

disruption of HM loci suggested that this effect was mediated through transcriptional 

derepression of mating-type regulated genes. To determine whether repression of these 

targets alone is sufficient to reduce heat-induced prion cuing, we expressed MATα in wild 

type MATa cells to create a pseudo-diploid phenotype. As expected, expression of MAT 

inhibited mating by MATa cells (Figure 4A) (Hall & Johnson, 1987), which was shown by 

the absence of growth on solid media lacking amino acids compared to wild type MATa 

cells, but it was unable to reduce heat-induced prion curing in wild type cells to the level 

seen in sir2 cells (Figure 4B). In addition, we found that disruption of Sir3 but not Sir4 

phenocopied the reduction in heat-induced prion curing in Δsir2 cells (Figure 4C), 

although silencing at HML, HMR, and heterochromatic telomeres is mediated by the 

Sir2/3/4 complex (Moazed et al, 1997). Overall, our results show that the repression of 

mating-type specific genes was required but not sufficient to explain the reduction in heat-

induced prion curing observed in sir2 cells.  

To determine which mating type-regulated gene was specifically required for the 

reduction of heat-induced prion curing in Δsir2 cells, we constructed a series of double-

mutant cells, containing a deletion of SIR2 and a deletion of a mating-type specific gene, 

rationalizing that deletion of the latter would restore heat-induced prion curing to wild type 

levels.  Of 17 genes tested, we found that disruption of one, YJL133c-a, restored heat-

induced prion curing to wild type levels (Figure 4D, 4E). Notably, disruption of YJL133c-

a alone does not alter heat-induced prion curing levels (Figure 4E), indicating that 

http://www.yeastgenome.org/locus/S000029214/overview
http://www.yeastgenome.org/locus/S000029655/overview
http://www.yeastgenome.org/go/GO:0005724/overview
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derepression of this factor in sir2 cells is required for the suppression of heat-induced 

prion curing by disruption of Δsir2.  

 

Discussion 

In Saccharomyces cerevisiae, thermal stress induces [PSI+]Weak prion curing 

(Klaips et al, 2014). However, deletion of SIR2 reduces heat-induced curing through 

derepression of the HM loci. This effect correlates with the efficiency of Hsp104 

asymmetric retention, uncovering a role for mating identity in this process. We eliminated 

cell size, budding pattern, actin cytoskeleton integrity, and Hsp104 expression levels as 

contributing factors. Instead, we found that derepression of YJL133C-A, one of the 

mating-type regulated genes, was required for the Δsir2 heat-induced prion curing 

phenotype. Thus, YJL133C-A might mediate the establishment of damage asymmetry as 

a downstream target of Sir2.  

Sir2 was reported to mediate damaged protein aggregate asymmetry (Aguilaniu et 

al, 2003; Erjavec et al, 2007; Liu et al, 2010). However, surprisingly, no differences in the 

retention of visible foci of Hsp104-GFP (ARE) were detected between wild type and Δsir2 

cells, which was not consistent with previous reports (Liu et al, 2010). While we currently 

cannot explain this difference, we cannot rule out differences in cell populations, thermal 

stress conditions, yeast genetic backgrounds, or the presence of the [PSI+] prion as 

mitigating factors. For example, we used a milder thermal stress condition (40°C vs 42°C) 

and a different genetic background for our studies to maintain viability while examining 

propagation of the [PSI+] prion. And we only quantified ARE immediately after cytokinesis 

in cells that experienced thermal stress at their small-budded stage. Further studies are 
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required to elucidate the basis for the differences between these two studies which would 

further our understanding of the  Sir2-mediated damage asymmetry process.  

Since the ARE assay is subjective, we instead examined Hsp104 partitioning after 

cytokinesis by quantifying total protein levels using a GFP fusion and microfluidics. 

Previously it was shown that overproduction of Hsp104 in Δsir2 cells markedly increased 

the mean lifespan to almost the same value as wild type cells, suggesting that limits on 

Hsp104 activity contribute to the lifespan reduction of sir2 cells (Erjavec et al, 2007). 

Our studies on heat-induced prion curing extend these observations by directly 

demonstrating that Hsp104 function is reduced in sir2 cells, presumably due to its 

increased partitioning. Although deletion of HML restored Hsp104 asymmetry and heat 

shock-induced prion curing, it could not reverse the shorter replicative life span in Δsir2 

cells (Kaeberlein et al, 1999), suggesting that the limitation of Hsp104 function is only 

partly responsible for the latter effect. 

Our studies reveal the involvement of HM loci in asymmetric inheritance. The 

Sir2/3/4 complex is known to be required for transcriptional silencing of the HM loci in 

haploid yeast cells (Schlissel et al, 2017; Smeal et al, 1996). Our studies imply a 

connection between this activity and the establishment of damage asymmetry in yeast 

cells. These observations raise the possibility that disruption of asymmetric inheritance in 

older cells might also result from derepression of HM loci during aging. 

Our genetic analysis indicates that of the 17 known mating-type specific genes, a 

single gene, YJL133C-A, is required for the reduction in heat-induced prion curing 

observed in the sir2 strain. YJL133C-A localizes to the mitochondria, implying that this 

organelle might play a crucial role in damage asymmetry. Protein aggregates have been 
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reported to tether to well-anchored maternal mitochondria, whereas mitochondria 

acquired by the bud are largely free of aggregates upon cell division (Zhou et al, 2014) 

YJL133C-A, which localizes at outer membrane of mitochondria (Reinders et al, 2006), 

might mediate the association of aggregates with mitochondria. 

Our results indicate that derepression of the HM loci was required but not sufficient 

to reduce heat-induced prion curing, which suggests that the effect of Sir2 on heat-

induced prion curing could also be affected by other functions of Sir2. Although disruption 

of Sir2, Sir3 and Sir4 all derepress HM mating type loci expression and thus YJL133C-A 

expression, heat-induced prion curing in Δsir4 cells was not reduced as in Δsir2 and Δsir3 

cells, implicating other gene(s) not affected by disruption of Sir4 but affected by disruption 

of Sir2 or Sir3 was also required for reduce heat-induced prion curing. Further comparison 

of gene profiles of three different strains (Ellahi et al, 2015) suggests that YFL063W might 

be the other downstream target of Sir2 that was required to affect heat-induced prion 

curing.  

Together, our observations suggest the downstream targets of Sir2, HM loci and 

YJL133C-A mediate damage asymmetry in Saccharomyces cerevisiae. Within this 

framework, our studies provide evidence to further support that asymmetric retention of 

Hsp104 was required for heat-induced prion curing. Our studies raise the possibility that 

the attachment of aggregates to mitochondria might explain the asymmetric retention 

mechanism.  
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Materials  

Plasmids. All plasmids used in this study are listed in Table 1. The HMLKO-

his3MX6 as a XhoI fragment PCR amplified from pFA6a-his3MX6 using primer FP83 and 

FP84 (Table 2) was then subcloned into pGEM3 as a XhoI fragment to create pGEM3-

HMLKO-his3MX6 (SB1076). pRS306-PMATαMATα (SB1174) was made by removing the 

2-micron sequence from Yep352- PMATαMATα (a gift from J. Laney).  

Oligonucleotides. Oligonucleotides used in this study are listed in Table 2. 

Yeast strains. All strains are derivatives of 74-D694 and are listed in Table 3. All 

of the [PSI+]Weak knockout strains except the HML knockout were constructed by 

transformation of PCR-generated cassettes using different knockout cassettes as 

templates with corresponding primers listed in Table 2 and selection on appropriate 

media. For the HML knockout, SB1076 linearized with BamHI was transformed and 

selected on minimal medium lacking histidine. The ABP140-GFP [PSI+]Weak strain 

(SY3184) was created by transforming a PCR-generated cassette using pFA6a-

GFP(S65T)-KanMX6 as a template with primers FP71 and FP72 (Table 2) into a wild type 

[PSI+]Weak strain (SLL2600) and selecting on medium containing 300 μg/ml G418. Using 

this strain, SIR2 and HML were disrupted as described above to create ABP140-GFP in 

the Δsir2 and Δsir2ΔHML backgrounds. All the disruptions and integrations were verified 

by PCR. The [PSI+]Weak wild type (MATa or MATα, 2n) was constructed through 

overexpressing HO endonuclease in wild type [PSI+]Weak diploid strain (SY945) followed 

by FOA counter-selection; single colonies following sporulation were subsequently 

isolated and tested for mating type. The [PSI+]Weak wild type (MATa/α, 3n) (SY3612) was 

constructed through mating wild type (MATa, n) (SLL2600) with wild type (MATα, 2n). 

https://elifesciences.org/articles/04288#tbl3
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And the [PSI+]Weak wild type (MATa/α, 4n) (SY3613) was constructed through mating wild 

type (MATa, 2n) (SY945) with wild type (MATα, 2n).  

Growth conditions and phenotypic analysis. Unless otherwise specified, yeast 

cultures were grown in rich YPD medium supplemented with 0.3 mM adenine. Cultures 

were maintained at an OD600 of less than 0.5 at 30°C for at least 10 doublings to ensure 

exponential growth. Where indicated, cultures were then transferred to 40°C for the 

specified period. To analyze colony-color phenotype, aliquots of cultures were diluted in 

water as needed to ensure well-separated single colonies upon plating on solid YPD 

medium. After growth at 30°C, each colony was scored based on colony-color phenotype: 

fully cured (completely red, [psi−]), sectored (part red and part white), or [PSI+] (completely 

white). For all colony-counting assays, at least 150 colonies were counted for each 

experimental condition/time point.  

Protein analysis.  Semi-denaturing detergent agarose gel electrophoresis (SDD-

AGE), SDS-PAGE and quantitative immunoblotting were performed as previously 

described (Pezza et al, 2009).  

Imaging and microfluidics. Static images were obtained on a DeltaVision 

deconvolution microscope equipped with a 100x objective. Images were processed in 

ImageJ software (National Institutes of Health, Bethesda, USA). Microfluidics 

experiments were performed on a Zeiss Axio Observer Z1 using a CellAsics microfluidics 

plate with temperature controls and media flow of 1 psi on a Y04C yeast perfusion plate. 

Imaging was performed in complete minimal medium supplemented with 2% glucose and 

2.5 mM adenine. Fluorescence intensity was analyzed using the Zen software package 

(Zeiss, Germany). 



 

116 
 

Mating efficiency test. Strains were mated with mating tester strains to 

complement each other’s amino acid auxotrophy. The mating efficiency was measured 

by the growth of diploid colonies on plate lacking amino acid supplements. 
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Table 1: Plasmids 

Name Description Reference 

SB1076 pGEM3-HMLKO-his3MX6 This study 

SB1174 pRS306-PMATαMATα This study 
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Table 2: Oligonucleotide Sequences 

Name Description Sequence (5’-3’) 

FP33 PTEF CHK GCACGTCAAGACTGTCAAGG 

FP34 pFA6a TGCCCAGATGCGAAGTTAAGTG 

FP45 5’SIR2 KO CHK AGCAGTCTTTCTCCCTTG 

FP46 3’SIR2 KO CHK CGACATGTGCATTGTATTAC 

FP54 5’HML KO CHK ACTTGGAAGAAGCGTTGGATAG 

FP69 
5’ABP140-GFP 

CHK 
CTTGAGGATAATAGCCGCAGAT 

FP70 
3’ABP140-GFP 

CHK 
TGGACTGCAAAGAGTTTAGCGC 

FP71 5’ABP140-GFP 

GTACCGCTGCTGGGTACAAGCTGTGTTTGACGTT

CCTCAAGCTGCTGCTGCTGCTCGGATCCCCGGGT

TAATTAA 

FP72 3’ABP140-GFP 
ATGATGAGAGAGGAGGTGGTACTTGTCTCAGAAC

TTCCTAGAATTCGAGCTCGTTTAAAC 

FP83 5’ HML-HI3MX6 CTCGAGGGTTAATTAAGGCGCGCCAGAT 

FP84 3’ HML-HI3MX6 CTCGAGGCATAGGCCACTAGTGGATCTG 

FP96 3’HML KO CHK CATAGGTTTCCAGCATAGTCTC 

FP100 5’AXL1 KO 
CTGGCGTTAAAAAATAGCAACTGAATAAGTTTTTTT

ACTGCAGCTGAAGCTTCGTACGC 

FP101 3’AXL1 KO 
TAACAAAAACGTGGAAAGGCTGGAACGAGCAAAA

TACGGTGCATAGGCCACTAGTGGATCTG 

FP102 5’AXL1 KO CHK TATGTTGTTCTACCTTAAAAATTTG 

FP103 3’AXL1 KO CHK CTGTCTTGGATGCACTAGACAT 

FP112 5’SIR2 KO 
CATTCAAACCATTTTTCCCTCATCGGCACATTAAA

GCTGGCAGCTGAAGCTTCGTACGC 

FP113 3’SIR2 KO 
TATTAATTTGGCACTTTTAAATTATTAAATTGCCTT

CTACGCATAGGCCACTAGTGGATCTG 

FP116 5’HSP104-GFP 

CGATAATGAGGACAGTATGGAAATTGATGATGACC

TAGATGGTAGTGGTAGTGGTAGTCGGATCCCCGG

GTTAATTAA 

FP117 3’HSP104-GFP 
ATTCTTGTTCGAAAGTTTTTAAAAATCACACTATAT

TAAAGAATTCGAGCTCGTTTAAAC 

FP118 
5’HSP104-GFP 

CHK 
CAAGAATCTACCAAGAATTTGGT  

FP119 
3’HSP104-GFP 

CHK 
TGTTCGCTGTAACATTATATTGGC 

FP141 5’BUD3 KO 
TGTTATCTGGTTGCTAAAAGAGTATATTTACACCTC

ACCACAGCTGAAGCTTCGTACGC 

FP142 3’BUD3 KO 
TTGCATTAAATTAAAAAGAAAAAAAAAATCAATAAA

ACACGCATAGGCCACTAGTGGATCTG 
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FP143 5’BUD3 KO CHK GGTACAGGATTATTAGTGAGCAA 

FP144 3’BUD3 KO CHK TTGCTCCTCTGGGTTGTGCTAT 

FP145 5’BUD4 KO 
TTTAGTTCATTAAATTATATAAAAACAAAAGTACAG

AAGCCAGCTGAAGCTTCGTACGC 

FP146 3’BUD4 KO 
TCATCAGATTATATGCTGTTTTCATTCCATTAATCA

CCTTGCATAGGCCACTAGTGGATCTG 

FP147 5’BUD4 KO CHK CAAGTTGTTGATGTTCATCTGCT  

FP148 3’BUD4 KO CHK TACCTGGATGGAGTATTTACATA 

FP267 5’PGPD-HOG1 
ATTTTCTCTTTCTTCTATATTGGTAAATACTAGACT

CGAAGAATTCGAGCTCGTTTAAAC 

FP268 3’PGPD-HOG1 
TACCGAATATCTGTGTCCTAATGAATTCCTCGTTA

GTGGTCATTCGAAACTAAGTTCTTGGTGTTT 

FP269 5’PGPD-HOG1 CHK CTTCATTACGGCATAACGTATTA  

FP270 3’PGPD-HOG1 CHK CGAAATCGCAAATCTTCAAATCA 

FP284 5’PGPD-DDR2 CHK CAGACCACCCCTGAGCTAAGG 

FP285 3’PGPD-DDR2 CHK GTATACGGGTCGTTCAAGTACG 

FP399 5’YJL047C-A KO 
CCAAAGATGCATAGTTCAACTGATTGAACATACTA

TCGAACAGCTGAAGCTTCGTACGC 

FP400 3’YJL047C-A KO 
AGTACGCGCTGGGTCCGTTACGATTCGTGCTGCA

AGAGGTGCATAGGCCACTAGTGGATCTG 

FP401 
5’YJL047C-A KO 

CHK 
CTAGGGACGAATCAACAGCAAC 

FP402 
3’YJL047C-A KO 

CHK 
CCTGACATCTCGTACATTTCTG 

FP403 5’YER053C-A KO 
TAAAAACAAACAATAGCTTTACTACACAGTACACA

CTACACAGCTGAAGCTTCGTACGC 

FP404 3’YER053C-A KO 
TACCTCTCTTGGCGGCAGTAAGCAGATTAGCTGAT

TTAAAGCATAGGCCACTAGTGGATCTG 

FP405 
5’YER053C-A KO 

CHK 
GCTTCAGTTTGAAATGTAAGGGA 

FP406 
3’YER053C-A KO 

CHK 
TTGTGCCTTCCTCGAATGTCTA 

FP407 5’SFC1 KO 
TTTAGCCGTAAGATAACATAACAAAGAAGAAGAAA

GAAAACAGCTGAAGCTTCGTACGC 

FP408 3’SFC1 KO 
TTTTTTCTTTATTTCATTTTGTAGTCCCATTGTTCAT

CATGCATAGGCCACTAGTGGATCTG 

FP409 5’SFC1 KO CHK AACGGACCTTAATTGTGACGAA 

FP410 3’SFC1 KO CHK GTTTGTAAAACTTAGGAACCATG 

FP411 5’FMP43 KO 
AAGCATTCAAGACACATAGAAACACAAACCTATAT

TTTTACAGCTGAAGCTTCGTACGC 

FP412 3’FMP43 KO 
AAAAAAATGCGAGTTCAGGAACATATTATCGTTTA

CGTAAGCATAGGCCACTAGTGGATCTG 
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FP413 5’FMP43 KO CHK AGGTTACCCTGCAGTTTGGATA 

FP414 3’FMP43 KO CHK ATCGTAAGATGTGACTATGTTGC 

FP415 5’JID1 KO 
TATCTACACACCATAGGTCACTACTTGCAATATATT

TGTTCAGCTGAAGCTTCGTACGC 

FP416 3’JID1 KO 
ATTTAGTAATTGTATTCCGCGAGCGGCGCAATAGG

TGATTGCATAGGCCACTAGTGGATCTG 

FP417 5’JID1 KO CHK CGTCTTTGTTATTGATAAGACATC 

FP418 3’JID1 KO CHK TCCATTCTAACTAATTCATCTCT 

FP419 5’GTO3 KO 
TATTCCATCTCTCTCTTGCAACCACGGCAAAGCTG

GAGCTCAGCTGAAGCTTCGTACGC 

FP420 3’GTO3 KO 
GTGATGTGTGTGCGTGCTAATCGAAAGAAAAAAAA

AAATTGCATAGGCCACTAGTGGATCTG 

FP421 5’GTO3 KO CHK GCTAAAGGAAACAACAACGAGAA 

FP422 3’GTO3 KO CHK TTATTCTATTATCGAGACTGTAGC 

FP423 5’YDR042C KO 
ACTAGGTCTCTAAGAGAAAAAATCTTTTTCTTTTCA

CAACCAGCTGAAGCTTCGTACGC 

FP424 3’YDR042C KO 
AACTATATGATGAACAATTTTGTACTAATATTGCGG

CCCGGCATAGGCCACTAGTGGATCTG 

FP425 
5’YDR042C KO 

CHK 
TGATGATATCCTATAACAACAACA 

FP426 
3’YDR042C KO 

CHK 
GTCCGAAATATCGCTGGACTTG 

FP427 5’HMX1 KO 
ACAGCATATATACACACACACACATAAAATAACCG

CAAAACAGCTGAAGCTTCGTACGC 

FP428 3’HMX1 KO 
GTATATATTATGTTTGTATTTAGACTTTTTTTTTTAT

ACGGCATAGGCCACTAGTGGATCTG 

FP429 5’HMX1 KO CHK CACCAAGACCCGTTGCCATGT 

FP430 3’HMX1 KO CHK AACAGCAATTAACACTACAATGC 

FP431 5’MTH1 KO 
GAATTTTATTCGAACGCATAGAGTACACACACTCA

AAGGACAGCTGAAGCTTCGTACGC 

FP432 3’MTH1 KO 
TCTCCAAAAAAACCATCGGGAAGGTTTCTTTTTAG

TATCTGCATAGGCCACTAGTGGATCTG 

FP433 5’MTH1 KO CHK CCTCATCTTATAATTTTGTGGAAA 

FP434 3’MTH1 KO CHK GATCGGTTTTGGTGGTTAGAAG 

FP435 5’YKR075C KO 
CAAGTGTTCATACACACACAAATAGATACATATAC

AGAAACAGCTGAAGCTTCGTACGC 

FP436 3’YKR075C KO 
AAATGTGTATGTGGAAATGCAGAAGAGAGCAAAC

TCTCCTGCATAGGCCACTAGTGGATCTG 

FP437 
5’YKR075C KO 

CHK 
CGACTCGATACTCTTTACAAAGA 

FP438 
3’YKR075C KO 

CHK 
TCAGACCATTCCGTAATGTTAAG 
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FP439 5’NCA3 KO 
TATAGTCGCACATACTTAACTCGTCTCTCTCTAAC

ACATACAGCTGAAGCTTCGTACGC 

FP440 3’NCA3 KO 
TCAAAATACAAGACATTCTTTTACCGAAAAGAAGA

ATGACGCATAGGCCACTAGTGGATCTG 

FP441 5’NCA3 KO CHK GAGTGTAAGGTGGTAGAATTATG 

FP442 3’NCA3 KO CHK TCTTGTTAGTTCTGTTGCAACTC 

FP443 5’YJR115W KO 
CCTGTCGAAGAGTAGCATAACAGCAGCGTAGTGA

ACGTGCCAGCTGAAGCTTCGTACGC 

FP444 3’YJR115W KO 
AAATGTTCTTAAGAAAGGAAAAGGGGAAAATGCAT

GCTAAGCATAGGCCACTAGTGGATCTG 

FP445 
5’YJR115W KO 

CHK 
CGAAACCACACGGGTCTGCCA 

FP446 
3’YJR115W KO 

CHK 
TATACTGTTATGTTGCGTTGAGT 

FP447 5’CYC7 KO 
AAGTAAACTTCAGTAAACTACATTACATCATAAACA

AAACCAGCTGAAGCTTCGTACGC 

FP448 3’CYC7 KO 
GAATAATAAAAGTAATAAATATCTCCTCCGACGAC

ATAGCGCATAGGCCACTAGTGGATCTG 

FP449 5’CYC7 KO CHK CACTCACCACCGTCATCGTTG 

FP450 3’CYC7 KO CHK TATCCTCCGTATCCTCTTCCGTCACT 

FP451 5’YDR119W-A KO 
CACAGATATTTACAGACTCTTTTAATTCTAAATAGG

TAAACAGCTGAAGCTTCGTACGC 

FP452 3’YDR119W-A KO 
GTTACACTCATTTTTAGCAAATTTTTTTTTCTTATCA

AACGCATAGGCCACTAGTGGATCTG 

FP453 
5’YDR119W-A KO 

CHK 
GCTTAGATAAAGATGCAGGGAAC 

FP454 
3’YDR119W-A KO 

CHK 
GCTAAAAATTGTGAGATATCAGGA 

FP455 5’YJL133C-A KO 
TTAAATATTACATTCATAAGACAGTAAATAAACGTA

TTAACAGCTGAAGCTTCGTACGC 

FP456 3’YJL133C-A KO 
TTAATAAACCAGGAAAGAAAAGAGCATAATTAAGA

TACGCGCATAGGCCACTAGTGGATCTG 

FP457 
5’YJL133C-A KO 

CHK 
AGCACGTGATACAAACCTGTCA 

FP458 
3’YJL133C-A KO 

CHK 
GCACAAAGAAGGTGCAAGCAAGT 

FP463 5’AHP1 KO 
ACCAGAACAACACAAGTACTACCAATAACCACAAC

AAAACCAGCTGAAGCTTCGTACGC 

FP464 3’AHP1 KO 
TTTTTATATAAACATGGTTTTATTGTCTATTACATAG

CATGCATAGGCCACTAGTGGATCTG 

FP465 5’AHP1 KO CHK CTGATTTGTAATTATACGGGGAG 

FP466 3’AHP1 KO CHK CCGCTGCTTTGTTGTTGTAAACT 
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FP467 5’SIR3 KO 
TTAAGAAAGTTGTTTTGTTCTAACAATTGGATTAGC

TAAACAGCTGAAGCTTCGTACGC 

FP468 3’SIR3 KO 
TAGGCATATCTATGGCGGAAGTGAAAATGAATGTT

GGTGGGCATAGGCCACTAGTGGATCTG 

FP469 5’SIR3 KO CHK ACACAAAGAAATGGTGTAAATGAA 

FP470 3’SIR3 KO CHK TTCGTGTGCTTGTTTTGTTTCCT 

FP471 5’SIR4 KO 
GCTTCAACCCACAATACCAAAAAAGCGAAGAAAAC

AGCCACAGCTGAAGCTTCGTACGC 

FP472 5’SIR4 KO 
GGTACACTTCGTTACTGGTCTTTTGTAGAATGATA

AAAAGGCATAGGCCACTAGTGGATCTG 

FP473 5’SIR4 KO CHK GTATGTGAGTACATATATCCGCA 

FP474 5’SIR4 KO CHK TGAAACGTCGCAAAATTCAAGC 

FP275 5’PGPD-DDR2 
CCATTCTTTGGTTAATTCTTTCTTCATTCTTTTTTTT

TTCGAATTCGAGCTCGTTTAAAC 

FP276 3’PGPD-DDR2 
CGAAGACAGAGATGGCAGAAATGAAAACTTGTGA

TACTTTCATTCGAAACTAAGTTCTTGGTGTTT 
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Table 3: Yeast Strains 

Strains Genotype 
Plasmids 

Integrated 
Figure Reference 

SLL2600 MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 - 

1A, 1B,1E, 

3A, 3B, 

3C, 4A, 

4B, 4C, 

4D, 4E, 

S1B 

(Derkatch et 

al, 1996) 

SY945 
MATa/α [PSI+]Weak ade1-14/ade1-14 his3Δ200/his3Δ200 trp1-

289/ trp1-289 ura3-52/ura3-52 leu2-3, 112/ leu2-3, 112 
- 3D, 3E, 3F 

(Klaips et al, 

2014) 

SY2126 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112  

HSP104GFP::kanMX6 
- 

1C, 1D, 

S1A 

(Klaips et al, 

2014) 

SY2760 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 
- 

1A, 1B, 3B, 

4A, 4B, 

4C, 4D, 

4E, S1B 

This study 

SY2761 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 HSP104GFP::kanMX6 
- 

1C, 1D, 

S1A 
This study 

SY3038 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 HML/hml::HIS3 
SB1076 

1A, 1B,1E, 

3C, S1B 
This study 

SY3039 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 HML/hml::HIS3 HSP104GFP::kanMX6 
SB1076 

1C, 1D, 

S1A 
This study 

SY3184 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112  

ABP140GFP::kanMX6 
- 2 This study 

SY3186 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 ABP140GFP::kanMX6 
- 2 This study 

SY3188 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 HML/hml::HIS3 ABP140GFP::kanMX6 
SB1076 2 This study 
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SY3295 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

AXL1/axl1::HIS3 
- 3B, 3C This study 

SY3540 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

BUD3/bud3::HIS3 
- 3B, 3C This study 

SY3541 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

BUD4/bud4::HIS3 
- 3B, 3C This study 

SY3557 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

HML/hml::HIS3 
SB1076 1A This study 

SY3585 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-

52::URA3::PMATαMATα leu2-3, 112 
- 4A, 4B  This study 

SY3586 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YJL047C-A/yjl047c-a::HIS3 
- 4D, This study 

SY3587 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YER053C-A/yer053c-a::HIS3 
- 4D This study 

SY3588 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 SFC1/sfc1::HIS3 
- 4D This study 

SY3589 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 FMP43/fmp43::HIS3 
- 4D This study 

SY3590 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 JID1/jid1::HIS3 
- 4D This study 

SY3591 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 GTO3/gto3::HIS3 
- 4D This study 

SY3592 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YDR042C/ydr042c::HIS3 
- 4D This study 

SY3593 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 HMX1/hmx1::HIS3 
- 4D This study 

SY3594 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 MTH1/mth1::HIS3 
- 4D This study 

SY3595 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YKR075C/ykr075c::HIS3 
- 4D This study 
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SY3596 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 NCA3/nca3::HIS3 
- 4D This study 

SY3597 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 CYC7/cyc7::HIS3 
- 4D This study 

SY3598 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YDR119W/ydr119w::HIS3 
- 4D This study 

SY3599 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 YJL133C-A/yjl133c-a::HIS3 
- 4D, 4E This study 

SY3600 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 AHP1/ahp1::HIS3 
- 4D This study 

SY3601 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR2/sir2::hphMX4 PDDR2-DDR2/PGPD-DDR2::kanMX4 
- 4D This study 

SY3602 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR3/sir3::HIS3 
- 4C This study 

SY3603 
MATa [PSI+]Weak ade1-14 his3Δ200 trp1-289 ura3-52 leu2-3, 112 

SIR4/sir4::HIS3 
- 4C This study 

SY3612 

MATa/α [PSI+]Weak ade1-14/ade1-14/ade1-14 

his3Δ200/his3Δ200/his3Δ200 trp1-289/trp1-289/trp1-289 ura3-

52/ura3-52/ura3-52 leu2-3, 112/leu2-3, 112/leu2-3, 112 

- 3D, 3E, 3F This study 

SY3613 

MATa/α [PSI+]Weak ade1-14/ade1-14/ade1-14/ade1-14 

his3Δ200/his3Δ200/his3Δ200/his3Δ200 trp1-289/trp1-289/trp1-

289/trp1-289 ura3-52/ura3-52/ura3-52/ura3-52 leu2-3, 112/leu2-

3, 112/leu2-3, 112/leu2-3, 112 

- 3D, 3E, 3F This study 
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Fig.1. Reduction of heat-induced prion curing in Δsir2 cells resulted from derepression of 

HM loci. (A) Quantification of [PSI+]Weak colony-color phenotypes in wild type (WT), Δsir2, 

ΔHML and Δsir2ΔHML cells following 30 min incubation at 40°C. Colonies were scored 

as completely [psi-] (grey), or sectored (partially [psi-], white). Data represent averages; 

error bars represent standard deviations; n=3. (B) Semi-native lysates of [PSI+]Weak WT, 

Δsir2 and Δsir2ΔHML cultures were analyzed by semi-denaturing detergent agarose gel 
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electrophoresis (SDD-AGE) and immunoblotting for Sup35 before treatment (Pre), 

following a 30 min incubation at 40°C (Post 0h) and recovery at 30°C for 3 h following 

40°C for 30 min (Post 3h). (C) [PSI+]Weak HSP104GFP WT, Δsir2 and Δsir2ΔHML cells 

were imaged over time in a microfluidics chamber at 30°C after a 30 min incubation at 

40°C. Fluorescence intensity in daughter and mother cells was quantified at the first cell 

division. Lines represent medians; boxes represent upper and lower quartiles; and 

whiskers represent maximum and minimum. (Unpaired t-test, n ≥ 10, ***P= 0.0005, *P= 

0.014). (D) With the same treatment as described in (C), percentage of mother cells 

capable of retaining all Hsp104-GFP aggregates was quantified at the first cell division. 

Data represent averages; error bars represent standard deviations; n=3. (E) 

[PSI+]Weak WT and  Δsir2ΔHML cells were incubated at 40°C for 30 min and plated on rich 

medium. Mother and daughter pairs were separated by micromanipulation and allowed 

to form colonies, which were then dispersed to YPD for analysis of curing by colony color 

phenotype. n ≥ 12. 
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Fig.2. Actin cables were not affected by deletion of Sir2 and HML. The pattern of Abp140-

GFP fluorescence in WT, Δsir2 and Δsir2ΔHML cells was examined by microscopy. Scale 

bar = 3 μm.  
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Fig.3. Cell size, but not budding pattern slightly affects heat-induced prion curing. (A) DIC 

images of WT, Δsir2 and Δsir2ΔHML cells was examined by microscopy. Scale bar = 2 

μm. (B) DIC images of WT, Δaxl1, Δbud3 and Δbud4 cells was examined by microscopy. 

Scale bar = 2 μm. (C) Quantification of [PSI+]Weak colony color phenotypes in WT, Δaxl1, 

Δbud3 and Δbud4 cells following 30 min incubation at 40°C. Colonies were scored as 

described in Figure 1A. Data represent averages; error bars represent standard 
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deviations; n=3. (D) DIC images of WT (2N), WT (3N) and WT (4N) cells was examined 

by microscopy. Scale bar = 2 μm. (E) Quantification of width and length of MATa/α 

[PSI+]Weak WT (2N), WT (3N) and WT (4N) cells. Lines represent medians; boxes 

represent upper and lower quartiles; and whiskers represent maximum and minimum. 

(Unpaired t-test, n ≥ 10, ***P< 0.0001).  (F) Quantification of MATa/α [PSI+]Weak colony 

color phenotypes in WT (2N), WT (3N) and WT (4N) cells following a 30 min incubation 

at 40°C. Colonies were scored as described in Figure 1A. Data represent averages; error 

bars represent standard deviations; n=3. 
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Fig.4. Derepression of YJL133C-A by Sir2 is required for reduction of heat-induced prion 

curing. (A) The mating efficiency of WT, Δsir2 and WT+MATa/α is reflected by the growth 

of colonies on media lacking amino acids. (B) Quantification of [PSI+]Weak colony color 

phenotypes in WT, Δsir2 and WT+MATa/α (MATa WT strains with integrated expression 

of MATα) cells following a 30 min incubation at 40°C. Colonies were scored as described 

in Figure 1A. Data represent averages; error bars represent standard deviations; n=3. (C) 

Quantification of [PSI+]Weak colony color phenotypes in WT, Δsir2, Δsir3 and Δsir4 cells 

following a 30 min incubation at 40°C. Colonies were scored as described in Figure 1A. 

Data represent averages; error bars represent standard deviations; n=3. (D) [PSI+]Weak 

colony color phenotypes in Δsir2 and Δsir2Δmating-type gene cells following a 30 min 

incubation at 40°C was quantified relative to that in WT cells. Fully cured and sectored 

colonies were combined in the ‘cured’ category. Data represent averages; error bars 

represent standard deviations; n=3. (E) Quantification of [PSI+]Weak colony color 

phenotypes in WT, Δsir2, Δyjl133c-a and Δsir2Δyjl133c-a cells following a 30 min 

incubation at 40°C. Colonies were scored as described in Figure 1A. Data represent 

averages; error bars represent standard deviations; n=3. 
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Fig.S1. Neither the chaperone level nor the heat-induced aggregate accumulation 

correlates with heat-induced prion curing. (A) The [PSI+]Weak WT, Δsir2 and Δsir2ΔHML 

were incubated at 40°C for 30 min, and lysates were prepared and analyzed by SDS-

PAGE and quantitative immunoblotting for Hsp104. Data represent means; error bars 

represent standard deviations; n ≥ 5. (B) Aggregates from lysates of a [PSI+]Weak strain 

WT, Δsir2 and Δsir2ΔHML cells following treatment as described in (A) were prepared 

and analyzed by differential centrifugation and Bradford assay. Data represent means; 

error bars represent standard error; n = 3.  
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Prion cycle inhibition at any step leads to prion curing but with distinct effects on 

existing aggregates 

Prions are thought to be incurable in mammals due to their efficient and 

autocatalytic pathways of misfolding. However, studies of prion dynamics in yeast indicate 

multiple possible routes of elimination of prion aggregates. For example, alterations in 

synthesis, conversion, fragmentation or transmission rate changes the balance between 

soluble and aggregated protein, leading to either complete resolubilization or retention of 

aggregated prion protein within cells, and thus prion loss.  

Synthesis/conversion 

Prion protein synthesis is clearly an important contributor to persistence of prion 

phenotypes. In mammals, PrP expression is required for prion disease establishment and 

progression (Bueler et al, 1993; Büeler et al, 1994; Prusiner, 1993). In our studies, the 

steady-state size and number of yeast Sup35 aggregates reflects a balance between 

conversion and fragmentation. When Sup35 synthesis is blocked upon cycloheximide 

treatment, aggregates increase in number and decrease in size as there is no new source 

of Sup35 and, without this counterbalance, fragmentation contributes more significantly 

to the outcome of the prion cycle.  

In addition to blocking of synthesis, there are also dominant-negative mutants that 

are conversion-defective. Yeast Sup35(Q24R) has been reported to inhibit conversion of 

soluble Sup35 into pre-existing aggregates. This defect was revealed in mating 

experiments: after [psi−] haploids expressing either wild type or Sup35(Q24R) with a 

fluorescent reporter of translation termination efficiency (GST-UGA-DsRed-NLS) were 

mated to wild type [PSI+] cells, the fluorescence intensity in zygotes with Q24R expression 
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was significantly lower than wild type zygotes (DiSalvo et al, 2011). With Q24R 

expression, aggregates decrease in size and also in number. Both of these effects can 

be explained by a defect in conversion, which increases the soluble and functional pool 

of Sup35 and amplifies the effects of fragmentation by removing fiber regrowth (DiSalvo 

et al, 2011). The dominant-negative hamster PrP Q172R mutant appears to be 

functionally analogous to Sup35 Q24R, converting to the prion form ineffectively and 

inhibiting conformational self-replication (Bossers et al, 1997; Geoghegan et al, 2009).  

Together, these studies suggest that synthesis and conversion are a 

counterbalance to naturally occurring processes that promote amyloid disassembly in 

vivo.  

Fragmentation 

Changes of fragmentation rate either increase or decrease, leading to prion curing 

but with distinct effects on existing aggregates.  For fragmentation inhibition, aggregate 

size becomes larger because conversion continues and reaches a threshold that limits 

its transmission to daughter cells (Derdowski et al, 2010). As a result, daughter cells are 

cured of the prion state.  

However, the fragmentation rate can also be elevated, either by increased Hsp104 

expression or by asymmetric localization, to create an imbalance with conversion in the 

opposite direction. In this scenario, prion amyloid can be dissolved, and thus [PSI+] state 

changed to [psi-] state ((DiSalvo et al, 2011; Klaips et al, 2014), as demonstrated by our 

studies in Chapter 2. In contrast to the curing occurring upon Hsp104 inhibition in 

daughter cells, curing by enhanced fragmentation can occur in either mother or daughter 

cells depending on the conditions, and revealing distinct niches to evoke clearance.  
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Inhibition of Hsp104, either by treatment with GdnHCl or introduction of dominant-

negative Hsp104 mutants, leads to accumulation of large, non-transmissible aggregates 

(Kryndushkin et al, 2003; Satpute-Krishnan et al, 2007; Wegrzyn et al, 2001). 

Interestingly, this mechanism of prion curing is effective against all prion variants but 

varies in its efficiency. For example, [PSI+]Strong cells that have smaller and more 

numerous aggregates must be treated longer with GdnHCl than [PSI+]Weak cells, which 

have larger and fewer aggregates, before non-prion cells appear in the population. But in 

both cases, the cured cells are daughters which complete cytokinesis before aggregates 

are transferred to them.  

Increasing fragmentation efficiency, such as during heat shock and following the 

introduction of the Sup35(G58D) mutant, cures the [PSI+] prion through the dissolution of 

Sup35 aggregates within cells. In the case of heat shock, both the elevation of Hsp104 

expression and the asymmetric retention of proteins in mothers were required for curing 

in this compartment (Klaips et al, 2014).  In the case of G58D expression, incorporation 

of the mutant destabilizes Sup35 aggregates and makes them easier to fragment and be 

cleared. Interestingly, in contrast to heat shock, dominant-negative mutants cure daughter 

cells rather than mother cells, presumably because the small number of aggregates 

transmitted to daughter cells are more readily cleared due to their reduced stability. Thus, 

fragmentation-induced prion clearance can occur by increasing the accumulation of 

chaperones relative to aggregates or by decreasing aggregates relative to chaperones.  

Transmission 

Alterations in prion transmission can affect prion propagation and even cure prions. 

First, blocking transmission cures prions as no aggregates would be inherited by daughter 



 

141 
 

cells upon cells division, similar to what we discussed above when fragmentation was 

inhibited. Another example was that [PSI+]Weak strains accumulate larger aggregates 

compared to [PSI+]Strong strains (Bagriantsev et al, 2006; Kryndushkin et al, 2003; Uptain 

et al, 2001; Zhou et al, 1999). Consistent with the size-based transmission model, fewer 

aggregates are transmitted into daughter cells (Derdowski et al, 2010), which correlates 

with the decrease mitotic stability for [PSI+]Weak strains (Derkatch et al, 1996). Thus, 

changes in prion transmission can effectively influence prion inheritance.  

 

Prion Variant Evolution/Mutation/ Adaptation and Challenges for Therapies 

Although prions adapt, transmute, and evolve, our studies on G58D suggests that 

a common therapy inhibiting prion persistence could be used to cure prion disease.  

Selection vs. Induction of new conformations 

Changes in the biological characteristics of prions either upon crossing the species 

barrier or in experiments with subcloned cell lines indicate that prions undergo mutation, 

evolution and adaptation (Li et al, 2010; Mahal et al, 2007; Prusiner, 1993). However, the 

exact molecular mechanism underlying this effect remains unknown.  

The evolutionary conformational selection mechanism was raised to explain the 

evolution and adaptation of prion strains. In this theory, a single prion protein can 

spontaneously populate multiple, structurally distinct self-templating conformations, 

which provides the natural variation upon which selection can act (Ghaemmaghami et al, 

2013; Haldiman et al, 2013). Specifically, natural selection can enrich or deplete different 

prion strains from populations depending on their conformational fitness in the prevailing 
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environment. This evolutionary conformational selection mechanism of PrPSc may explain 

the drug-induced evolution of mammalian prions (Oelschlegel & Weissmann, 2013). In 

these experiments, drug-resistant prion populations propagated more rapidly in the 

presence of the drug, but not in the absence of the drug, indicating the selection strains 

with conformational fitness in the environment (Oelschlegel & Weissmann, 2013). 

Specific vs. General Inhibition 

There are no effective anti-prion inhibitors or therapies so far. The evolutionary 

conformational selection and switching between different prion strains significantly 

complicate the development of anti-prion therapies. The problem is whether anti-prion 

therapies can antagonize the entire repertoire of structurally distinct misfolded prion 

forms. Our studies on the dominant-negative G58D mutants implies that a common 

therapy could be used to antagonize different prion diseases with different dosages to 

inhibit prions with different conformations. 

Two broad anti-prion strategies were used to design and develop effective 

therapies: either specific interaction with a prion protein or general modulation of cellular 

pathways to eliminate prions. For the first, several small inhibitors have been discovered 

to interfere with (Crowe et al, 2009; Ehrnhoefer et al, 2008; Ehrnhoefer et al, 2006; Feng 

et al, 2008; Gestwicki et al, 2004; Hammarstrom et al, 2003; Masuda et al, 2006) and 

sometimes even reverse amyloidogenesis (Blanchard et al, 2004; Chirita et al, 2004; Li 

et al, 2004; Roberts et al, 2009; Wang et al, 2008). These small-molecule-antagonists 

can reduce the intrinsic toxicity of amyloid conformers in cell culture settings (Blanchard 

et al, 2004; Ehrnhoefer et al, 2008; Gestwicki et al, 2004).  For the second, inhibitors 

might be developed to operate more generally by modulating proteostasis to enhance 
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cellular pathways that eliminate prions. These inhibitors do not interact with amyloid 

directly; instead, they manipulate molecular chaperones in the heat shock response 

(Balch et al, 2008; Powers et al, 2009). The promise of this approach is supported by 

several studies. First, genetic deletion of Hsf1, the master regulator of heat-shock gene 

expression (Mahat et al, 2016; Sorger & Pelham, 1987), confers a more rapid progression 

of prion disease in mice infected with the RML prion strain (Steele et al, 2008). Second, 

prion-infected cells appear to have a defective heat shock response (Tatzelt et al, 

1995), which can be restored by inhibiting Hsp90 with geldanamycin (Winklhofer et al, 

2001). Last, heat shock dissolves prion aggregates in yeast system (Klaips et al, 2014). 

However, approved drugs have yet to be proven effective in resolving amyloid or prion 

conformers. 

Examples of combinations that are effective 

Since there are no effective drugs for the specific or general strategies for treating 

prion disease, a combination of several less effective drugs might be another way to clear 

prions completely. For example, both desipramine and quinacrine are anti-prion drugs 

with slightly different anti-prion effects (Doh-ura et al, 2004; Klingenstein et al, 2006; 

Murakami-Kubo et al, 2004). Previous studies have shown that when ScN2a cells were 

treated with a combination of quinacrine and desipramine at dosages at which either the 

drug alone did not exhibit anti-prion effect, prions were completely cleared (Klingenstein 

et al, 2006). Similarly, combination of both dominant-negative prion mutant G58D with 

heat shock cures [PSI+]Strong (Klaips et al, 2014), which usually is not very efficiently cured 

under heat shock. Furthermore, a Sup35(Q24R, G58D) double mutant or a 

Sup35(Q172R, Q214I, Q219K) triple dominant-negative mutant  leads to a better prion 
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inhibition effect that is capable of interfering with different prion variants (DiSalvo et al, 

2011; Zulianello et al, 2000). Taken together, combination therapy might potentiate the 

anti-prion effect and be the most promising avenue to antagonize prion disease. 

 

Protein concentration/transmission 

Protein aggregates, including both prion aggregates and oxidatively damaged 

protein aggregates, are suggested to be asymmetrically transmitted in a diffuse manner. 

Disruption of the asymmetric inheritance not only affects prion-associated phenotypes, 

but also oxidatively damaged protein-associated disease progression.  

Protein aggregate transmission 

The asymmetric inheritance of damaged proteins has been studied in yeast and in 

mammalian systems (Denoth Lippuner et al, 2014; Knoblich, 2010). In the mammalian 

system, the majority of studies have focused on induced protein aggregates to correlate 

with cellular events occurring in different degenerative diseases. The mammalian 

aggresome, where aggregated, misfolded proteins localize, is transported on 

microtubules to the microtubule organizing center and caged in the intermediate 

filament vimentin (Johnston et al, 1998). But still, the mechanism governing the 

asymmetric segregation of aggregates remains unknown. To answer this question, 

extensive studies have also been done in the yeast system as we discussed above.  

Based on our studies, reduction of heat-induced prion curing in Δsir2 cells resulted 

from derepression of YJL133C-A, a protein that localizes to the mitochondria (Reinders 

et al, 2006). Our studies suggest that asymmetric damaged protein inheritance might be 
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mediated by organelle-based confinement, which favors the passive diffuse instead of the 

active transport model. However, the machinery mediating aggregate transport is still 

under debate. The active transport model is mainly supported by the experimental results 

demonstrating that disruption of the actin network leads to defects in asymmetric 

inheritance of aggregates and that some aggregates in the bud moved across the bud 

neck into the mother compartment (Liu et al, 2010). However, our experimental results of 

actin cable morphology showed no difference between wild type and Δsir2 cells although 

asymmetric inheritance of damaged protein was disrupted. Moreover, cell polarity and 

well-oriented actin cables only exist in a limited time window prior to entry into mitosis, 

significantly before cell division (Moseley & Goode, 2006). Consistent with this idea, later 

studies shed light on the cellular basis of the confined diffusion of protein aggregates and 

demonstrated its importance in the asymmetric inheritance of misfolded proteins 

(Spokoini et al, 2012; Zhou et al, 2011; Zhou et al, 2014). However, clear and direct 

evidence is lacking to exclude either of the possibilities. 

Although actin does not appear to play a role in aggregate segregation through the 

polarized, actin cable-based transport system, actin does seem to influence aggregate 

mobility in the cytoplasm. Further studies of this mechanism might also help us better 

understand the aggregate transport and also its interaction with other cellular 

components. 

Impact on prion cycle 

Prion transmission was reported to be sized-based. Smaller aggregates seem to 

partition more efficiently than larger aggregates (Derdowski et al, 2010), which suggests 

a passive transport model. Since prion aggregates are in a dynamic state of assembly 
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and disassembly, changes in fragmentation efficiency will affect aggregate size, prion 

transmission, and phenotypic effects (Derdowski et al, 2010). For example, in our studies, 

G58D incorporation leads to less [PSI+]Sc4 and [PSI+]Sc37 propagon formation in the 

mother cells. Within daughter cells after cell division, the aggregates are more susceptible 

to dissolution due to the limiting number of aggregates transmitted added to the 

destabilization by G58D incorporation. Like heat-induced aggregates, propagons also 

appear to distribute differentially between mother and daughter cells, with daughters 

inheriting approximately only one-third of those aggregates, which is proportional to the 

relative volumes of the mother and daughter compartments during cell division (Cox et al, 

2003). This differential asymmetric transmission of aggregates from one cell to another 

gives rise to phenotypic heterogeneity within a population (Derdowski et al, 2010; DiSalvo 

et al, 2011; Klaips et al, 2014). 

The asymmetric transmission of aggregates also creates age-dependent 

variations. The limited number of aggregates inherited by a daughter progressively 

amplifies and reaches a steady state as that cell grows and ages: early daughters inherit 

fewer aggregates than later daughters (Derdowski et al, 2010). This provides a 

mechanistic explanation for previously observed cell-to-cell variability in propagons 

(Byrne et al, 2009; Cox et al, 2003) and reveal age-dependent [PSI+] phenotypes at the 

single-cell level. 

This differential transmission of aggregates from one cell to another and the 

resulting asymmetry likely skews substrate-to-chaperone ratios, thus creating an 

imbalance between assembly and disassembly. For example, this heterogeneity created 

by asymmetric inheritance of prion aggregates promotes G58D dominant-negative 
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inhibition in daughter cells upon cell division.  In our studies, daughter cells inherit 

significantly less aggregates, due to the G58D-induced reduction in propagon numbers, 

and become more susceptible to Hsp104-mediated fragmentation due to the G58D-

induced reduction in aggregate kinetic stability: thus, prion curing occurs. Another 

example of the importance of substrate-to-chaperone ratios on prion stability is the curing 

occurring in mother cells following thermal stress. Since young mother cells have a 

greater ability to retain damaged proteins (Aguilaniu et al, 2003) and thereby Hsp104, we 

predict that young mother cells are cured more efficiently than old mother cells.  Through 

these examples, the importance of maintaining the substrate-to-chaperone balance in 

prion stability and curing emerges, and this understanding may also shed light on 

neurodegenerative disease and aging progression, and potentially may provide some 

clues for designing inhibitors to combat these events.  

Implications in disease progression 

The symmetric or asymmetric inheritance of proteins has been shown to regulate 

many cellular activities and development. For example, asymmetric division plays an 

important role for stem cells to generate both self-renewing and differentiating daughter 

cells (Knoblich, 2008): Numb, for example, segregates asymmetrically during mitosis in 

muscle stem cells (Shinin et al, 2006) and T lymphocytes (Shinin et al, 2006). However, 

it is currently unknown whether the sirtuin protein family (homolog of yeast Sir2 protein) 

plays a role in asymmetric inheritance in stem cells.  

Defects leading to the disruption of asymmetric cell division can cause the 

establishment and progression of several diseases. In fact, many of the key regulators of 

asymmetric cell division act as tumor suppressors (Bello et al, 2006; Betschinger et al, 
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2006; Castellanos et al, 2008; Caussinus & Gonzalez, 2005; Gonzalez, 2007; Lee et al, 

2006). Moreover, defects in asymmetric cell division can turn neural stem cells into tumor-

initiating cells in Drosophila (Li et al, 2014).  

Not limited to tumor progression, the imbalance of chaperone and substrate ratios, 

or even overloading of the proteostasis network resulting from disruption of asymmetric 

inheritance, can lead to aggregation of proteins that normally do not have that propensity.  

In this way, a decline in the levels and/or activities of factors in the proteostasis network 

might contribute to age-associated neurodegenerative disease. For example, the ability 

to activate Hsf1 during stress decreases with aging (Shamovsky & Gershon, 2004), and 

chaperones and other proteostasis factors might be sequestered into inclusions once 

aggregation occurs, further limiting their protection (Yu et al, 2014). Taken together, 

maintaining the balance of chaperone and substrate ratio, or the proteostasis network, 

plays a crucial role for protection from neurodegeneration.  

Impact of aging 

As cells age, oxidatively damaged proteins begin to accumulate, forming toxic 

protein aggregates. These protein aggregates are preferentially retained in the mother 

cell, which promotes mother cell aging and production of a daughter cell with a reset of 

the aging clock (Aguilaniu et al, 2003; Erjavec et al, 2007; Liu et al, 2010). This 

asymmetric inheritance can be established by two mechanisms: one retains damaged 

protein aggregates in the mother cell and the other clears aggregates from the daughter 

cell. Both of them are important for cellular health and normal lifespan (Hill et al, 2014; 

Song et al, 2014). For example, increasing the expression level of the type I metacaspase, 

Mca1p, promotes clearance of aggregates in daughter cells and extends yeast lifespan 
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(Hill et al, 2014). In addition, an extensive body of work, largely from Leonard Guarente 

and his colleagues, has demonstrated that asymmetric damaged-protein inheritance 

mediated by Sir2 correlates with yeast replicative life span, measured by the number of 

daughter cells that one mother cell can produce: SIR2 deletion strains are short lived, 

whereas strains that overexpress SIR2 are long lived (Kaeberlein et al, 1999). Increasing 

the dosage of Sir2 extends the replicative life span of yeast and the chronological life 

span of Caenorhabditis elegans (Tissenbaum & Guarente, 2001) and Drosophila 

melanogaster (Rogina & Helfand, 2004). All of these studies imply a correlation between 

the accumulation of protein aggregates and aging. However, it is not clear whether protein 

aggregates are the (only) aging determinants. 

 

Future directions 

Yeast as a model 

As previously mentioned, dominant-negative prion inhibition extends to 

mammalian diseases, and the mechanisms underlying prion protection in this system may 

suggest promising strategies for therapeutic interventions. For instance, individuals with 

some PrP polymorphisms are genetically less susceptible to prion disease (Belt et al, 

1995; Bossers et al, 2000; Dickinson & Outram, 1988; Dickinson et al, 1968; Goldmann 

et al, 1998; Hizume et al, 2009; Laplanche et al, 1994; Maciulis et al, 1992; Shibuya et al, 

1998b), and certain polymorphisms can also function as dominant inhibitors of prion 

propagation in vivo (Atarashi et al, 2006; Crozet et al, 2004; Furuya et al, 2006; Hizume 

et al, 2009; Kaneko et al, 1997; Ott et al, 2008; Perrier et al, 2002; Toupet et al, 2008; 

Zulianello et al, 2000). Interestingly, our studies on the yeast dominant-negative mutant 
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Sup35(G58D) may illuminate mechanisms of prion protection that operate in the 

mammalian system; indeed, the PrP sequence variant, Q219 dominantly inhibits wild type 

PrPSc propagation in a process that shares similarities with G58D inhibition of [PSI+] in 

yeast (Hizume et al, 2009; Kaneko et al, 1997; Perrier et al, 2002).  

The expression of the dominant-negative PrP mutant Q219K has been linked to 

defects in propagation of the prion state (Hizume et al, 2009; Kaneko et al, 1997; Perrier 

et al, 2002). Excitingly, this mutant appears to hold potential for protecting against, or 

even reversing, prion disease post-infection, suggesting that it can inhibit or resolve prion 

complexes that have already established themselves in vivo (Crozet et al, 2004; Furuya 

et al, 2006; Toupet et al, 2008). Furthermore, understanding the mechanism of prion 

inhibition by this mutant may suggest other methods that could be effective therapies for 

prion or other protein misfolding diseases.  

PrP(Q219K) has several traits which parallel those of Sup35(G58D): both convert 

to the prion conformer efficiently, destabilize aggregates, and are incompatible only with 

prion variants of reduced thermodynamic stability (Atarashi et al, 2006; Geoghegan et al, 

2009; Hizume et al, 2009; Lee et al, 2007; Safar et al, 1998). Instead of acting to decrease 

prion conversion, Q219K might target a distinct event in the prion propagation pathway, 

such as aggregate disassembly. These observations suggest that a similar competition 

between aggregate assembly and disassembly pathways may occur in the mammalian 

prion system, with the kinetics of these pathways modulating the metastability and 

phenotypic outcome of mammalian prion disease.  

Dominant-negative mutations 
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Our data suggests that dominant-negative inhibition of Sup35(G58D) was 

promoted by Hsp104-mediated fragmentation, either by more efficient binding to or 

processing by Hsp104. Previous studies showed that Hsp104 had a similar binding 

efficiency to both wild type and G58D aggregates (Verges et al, 2011), which ruled out 

the possibility of more efficient binding to Hsp104. Moreover, both our studies and 

previous studies indirectly support the idea of a more efficient Hsp104-mediated 

processing activity. First, promotion of Hsp104-mediated fragmentation corresponded to 

destabilization of G58D aggregates in our studies. Second, overexpression of Hsp104 

ΔNTD, a truncation mutant defective in substrate processing but not binding, is unable to 

cure WT [PSI+] but effectively cures G58D [PSI+], suggesting the latter is more easily 

resolved (Sweeny et al, 2015). However, the mechanism promoting more efficient 

Hsp104 processing is unknown.  

G58 of Sup35, which lies in the central part of the amyloid core, might face the 

central pore of the Hsp104 hexamer and may thus affect the processing efficiency by 

Hsp104. We hypothesize that mutation from G to D leads to more efficient pulling of prion 

aggregates through the Hsp104 central pore, thus increasing the processing efficiency. 

This hypothesis is supported by our experimental results showing destabilization of prion 

aggregates by G58D and by the Hsp104(ΔNTD) mutant as it has been reported to 

selectively cut tail-to-tail interaction of aggregates (Sweeny et al, 2015).  

Our studies highlight that protein disaggregases could be manipulated or 

engineered to combat misfolding diseases as they can safely refold self-templating 

amyloid and toxic soluble oligomers back into soluble, functional proteins (Shorter, 2008; 

Shorter, 2016). Studies to define, engineer, and apply protein disaggregases, including 
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Hsp104 in yeast, G3 in bacteria,  Hsp110, Hsp70, and Hsp40 in humans, HtrA1 in humans 

and NMNAT2 and Hsp90 in humans to reverse deleterious protein misfolding in 

neurodegenerative disease have been advanced recently (Reviewed in (Shorter, 2017)). 

A potentiated Hsp104 variant has been engineered that can antagonize the aggregation 

and toxicity of prioinoids associated with neurodegenerative disease such as TDP-43, 

FUS, TAF15, and a-syn; more excitingly, the working efficacy of this Hsp104 variant is 

greatly improved as it can rescue neurodegeneration at the concentrations where original 

Hsp104 is ineffective (Jackrel et al, 2014; Jackrel & Shorter, 2014; Jackrel & Shorter, 

2015; Jackrel et al, 2015; Ovsepian et al, 2016; Torrente & Shorter, 2013). Further studies 

need to focus on determining whether Hsp104 or enhanced variants can also be of benefit 

in mammalian cells, patient-derived neurons, and additional animal models of 

neurodegeneration.  

Prion transmission 

Prion transmission was reported to be sized-based (Derdowski et al, 2010), which 

indicates a passive transport. However, overexpression of Art5 or Lsb3, which are actin-

binding proteins, reverse G58D-mediated prion loss (Verges et al, 2011), suggesting that 

actin cytoskeleton somehow influences prion persistence, probably through promoting 

prion transmission. However, it is unknown how the actin cytoskeleton influences prion 

aggregates’s transmission.  

The actin cytoskeleton network might act as a diffusion barrier for aggregate 

transport, which was supported by the fact the asymmetric aggregate inheritance was 

disrupted by the disintegration of actin cytoskeleton networking (Erjavec et al, 2007). 
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However, it is unknown whether actin cytoskeleton also act as a diffusion barrier for prion 

aggregate transmission.  

In addition to a possible diffusion barrier in the cytoplasm, a diffusion barrier might 

also exist at the bud neck where the transmission of large Sup35 aggregates are 

restricted by an unknown mechanism. One possibility is that the septin rings work as 

diffusion barriers at the bud neck. Further studies are needed to clarify the mechanism of 

the involvement of actin cytoskeleton in asymmetric inheritance of prion transmission. 

A similar debate about active or passive transport also exists for damaged protein 

transport as we discussed earlier. Based on our studies, reduction of heat-induced prion 

curing in Δsir2 cells resulted from derepression of YJL133C-A, a protein localized at the 

mitochondria (Reinders et al, 2006). This observation suggests that YJL133C-A might 

play an important role in the stress response, either through damaged protein or 

chaperone asymmetry.  

A previous study showed that stress conditions can induce hyperpolarization of 

mitochondrial membrane, which is required for the induction of chaperone expression 

(Rikhvanov et al, 2005), indicating that it is possible for YJL133C-A to regulate chaperone 

levels, including Hsp104, following thermal stress. However, this is unlikely to explain our 

observed inhibition of aggregate dissolution by deletion of Sir2 because Hsp104 induction 

after heat shock did not appear to be changed in the absence of Sir2. Another possibility 

is that mitochondrial membrane potential contributes to chaperone or proteasome 

efficiency, or affects aggregate dissolution indirectly through other essential 

mitochondria-mediated processes.  
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YJL133C-A, which localizes at mitochondria, might also be directly involved in 

asymmetric retention of damaged protein. Previous studies have shown that aggregates 

are tethered to well-anchored maternal mitochondria, whereas mitochondria acquired by  

buds are largely free of aggregates during cytokinesis. Disruption of aggregate-

mitochondria association results in increased mobility and leakage of mother-

accumulated aggregates into the bud (Zhou et al, 2014). YJL133C-A might affect 

aggregate-mitochondria association. Previous studies have also shown that 

mitochondria-aggregate interactions contribute to neurodegenerative disease. For 

example, mutant SOD1 binds to mitochondria and thus disrupts normal mitochondrial 

distribution and size homeostasis, which is the early pathogenic features of SOD1 mutant-

mediated ALS (Vande Velde et al, 2011). Future studies focusing on YJL133C-A might 

also shed light on the mechanism of the pathogenic progression of neurodegeneration.  

Interestingly, aggregate transmission directly and indirectly influences cellular 

phenotypes and development, including [PSI+] persistence in our studies and 

neurodegeneration and aging in other studies. These phenotypes depend on cell-to-cell 

heterogeneity and the balance of chaperone and substrate within individual cells, which 

are all closely correlated with aggregate transmission. However, the machineries to 

mediate this process remain largely unknown. Our results highlight that actin cytoskeleton 

might be involved but may not directly mediate aggregate transport. Meanwhile, our 

studies point out that further studies need to focus on the important but unknown role of 

mitochondria in aggregate transport.  
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Table 1: Mammalian Prion Diseases 

Disease Host Mechanism 

infective Creutzfeldt-

Jakob disease (iCJD) 

Human Infection 

variant Creutzfeldt-

Jakob disease (iCJD) 

Human Infection 

familial Creutzfeldt-

Jakob disease (fCJD) 

Human Genetic: octarepeat insertion, D178N-129V, 

V180I, T183A, T188K, T188R-129V, E196K, 

E200K, V203I, R208H, V210I, E211Q, M232R 

sporadic Creutzfeldt-

Jakob disease (sCJD) 

Human unknown 

Gerstmann-Straüssler-

Sheinker disease 

(GSS) 

Human Genetic: octarepreat insertion, P102L-129M, 

P105-129M, A117-129V, G131V-129M, Y145-

129M, H197R- 129V, F198S-129V, D202N-

129V, Q212P, Q217R-129M, M232T 

Fatal Familial 

Insomnia (FFI) 

Human Genetic: D178-129M 

Kuru Human Infection 

sporadic fatal 

insomnia (sFI) 

Human unknown 

Scrapie Sheep and 

goat 

Infection 

Bovine Spongiform 

Encephalopathy (BSE) 

Cattle Infection 

Transmissible Mink 

Encephalopathy 

(TME) 

Mink Infection 

Chronic Wasting 

Disease (CWD) 

Mule, deer 

and elk 

Infection 
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Feline Spongiform 

Encephalopathy (FSE) 

Cat Infection 

Exotic ungulate 

encephalopathy 

greater 

kudu, 

nyala, oryx 

Infection 

Adapted from (Benetti & Legname, 2009) 
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Table 2: Fungal Prions 

Determinant Protein Cellular Function Phenotype 

[PSI+] Sup35 Translation termination 

factor (eRF3) 

Nonsense suppression and 

resistance to toxic 

compounds 

[PIN+]/[RNQ+] Rnq1 Unknown De novo prion formation 

[URE3] Ure2 Transcriptional co-repressor Poor nitrogen source use 

Nonsense 

[SWI+] Swi1 Subunit of the SWI–SNF 

chromatin remodelling 

complex 

Repression of transcription 

[OCT+] Cyc8 Transcriptional co-repressor Derepression of transcription 

[MOT3+] Mot3 Transcriptional co-repressor Derepression of transcription 

[Het-s] HET-s Unknown Vegetative incompatibility 

and cell death 

[ISP+] Sfp1 Transcriptional activator Translational accuracy 

    

Adapted from (Tuite & Serio, 2010) 
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Table 3: Potential Prionoids in Health and Disease 

Phenotype/Function Protein Molecular 

Transmissibility 

Infectivity 

Alzheimer's disease Aβ (luminal) Yes In APP-overexpressing 

mice 

Tauopathies Tau (cytosolic) Possibly Not shown 

Parkinson's disease α-synuclein 

(cytosolic) 

Host-to-graft Not shown 

AA amyloidosis SAA (luminal) Yes Probable 

Huntington's disease PolyQ 

(nuclear) 

Yes Not shown 

Adapted from (Aguzzi & Rajendran, 2009) 
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