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Abstract 

 
Prions are infectious protein entities capable of self-replication. Prions 

are the causal agents behind the transmissible spongiform encephalopathies 
causing neurodegeneration and death in affected organisms. Prions have been 
identified in yeast with the best-characterized prions being [PSI+] and [PIN+], 
whose respective native proteins are the Sup35 translation termination factor 
and Rnq1 (function unknown). Autophagy is a cellular housekeeping 
mechanism mediating the degradation of damaged proteins and superfluous 
organelles. It is a highly sequential process regulated by autophagy related 
genes (ATGs). Autophagy has also been implicated in the clearance of 
amyloidogenic proteins including prions. However, the mechanistic basis 
underlying this activity is poorly understood, and a key objective of this project 
was to characterize how autophagy prevents spontaneous prion formation.  
  Our study found that the deletion of core ATGs correlated with an 
increase in de novo [PSI+] and [PIN+] formation as well as Sup35 aggregation. 
Enhancement of autophagic flux through spermidine treatment attenuated the 
increased levels of de novo [PSI+] formation in mutants that normally show 
elevated levels of [PSI+] formation. Defective autophagy correlated with 
increased oxidatively damaged Sup35 in an atg1 mutant whereas anaerobic 
growth abrogated the increased [PSI+] formation in the atg1 mutant to wild-type 
levels. Our data suggest that autophagy serves a protective role in the 
clearance of oxidatively damaged Sup35 proteins that otherwise has a higher 
propensity towards [PSI+] prion formation. We also investigated the role of prion 
formation and autophagy during yeast chronological ageing which is the time 
that non-dividing cells remain viable. Prion diseases are associated with 
advanced age which correlates with a decline in cellular protective mechanisms 
including autophagy. Our study found an age dependent increase in the 
frequency of de novo [PSI+] formation with chronological age of yeast cells, 
more so in an atg1 mutant relative to the wild-type. Autophagy competent cells 
carrying the [PSI+] and [PIN+] prions also had improved chronological lifespan 
relative to prion free cells and atg1 cells. Cells carrying the [PSI+] prion elicited 
elevated autophagic flux that may promote improved lifespan thus suggesting a 
beneficial role of the [PSI+] prion during chronological ageing.  
 The actin cytoskeleton provides the structural framework essential for a 
multitude of cellular processes to occur. We investigated the role of the Arp2/3 
complex responsible for branching of actin filaments towards prion formation. 
Knockout mutants of the nucleation promoting factors of the Arp2/3 complex, in 
particular the abp1 mutant, showed reduced de novo [PSI+] formation and 
Sup35 aggregation under basal and oxidative stress conditions. Similarly, 
treatment with latrunclin A, an actin monomer-sequestering drug also abrogated 
de novo [PSI+] formation. Colocalization studies revealed that Sup35 often does 
not colocalize with Rnq1, a marker for the insoluble protein deposit (IPOD) in an 
abp1 mutant. This suggests a role for the Abp1 protein in the efficient transport 
of Sup35 molecules to the IPOD that may facilitate de novo [PSI+] prion 
formation under vegetative states and oxidant challenges.  
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Chapter 1: General Introduction: 

1.1 Yeast Prions. 

Prions are altered protein conformations that have transmissible and 

infectious properties. Prions are central in the manifestation of a group of 

diseases known as the transmissible spongiform encephalopathies (TSEs) that 

include Creutzfeldt-Jakob disease (CJD) in humans, bovine spongiform 

encephalopathy (BSE) in cattle and scrapie in sheep (Prusiner et al, 1982; 

Prusiner, 1998). Underlying its pathogenicity, is the aberrant β-sheet rich prion 

protein, PrPSc that captures and converts native soluble α-helix rich prion 

protein, PrPC into the amyloidogenic prion form in a positive feedback loop like 

manner thus further replicating the prion form (Aguzzi, 2008). The defining 

physical characteristics of prions include a cross-beta strand structure as shown 

by X-Ray crystallography, high stability of protein structure in the presence of 

denaturing SDS and high heat treatment, and affinity to hydrophobic dyes such 

as thioflavin T and Congo Red (Otzen, 2010). Transmission of prions between 

cells or organisms also occurs independently of genetic material and represents 

bona fide epigenetic inheritance. Studies of prion-infected brain samples 

revealed that there is specific sequestration of aggregated prion proteins in 

parts of the central nervous system. Over time, the accumulation of these 

aberrant prions results in spongiform changes in neuronal tissue followed by 

progressive neurodegeneration that finally culminates in organismal fatality 

(Kovacs and Budka, 2008). In addition, many neurodegenerative diseases such 

as Alzheimer’s and Parkinson’s have been likened to prions in terms of their 

formation and disease progression. These diseases are typified by the 

coalescence of misfolded forms of the respective proteins (αβ42 and tau 

proteins, for Alzheimer’s, and α-synuclein for Parkinson’s) into highly structured 
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aggregates that progressively spread to parts of the neuronal network 

eventually leading to progressive neurodegeneration (Costanzo and Zurzolo, 

2013; Prusiner, 2013). However, unlike prions, these proteins are not infectious 

in nature and have not been shown to transmit between individuals or species. 

There are at present, no effective therapies to counteract prion diseases and 

the molecular mechanisms underpinning prion formation and its pathogenicity 

are also not comprehensively characterized.  

The existence of prions in Saccharomyces cerevisiae was first proposed 

by Wickner in 1994 to describe a series of non-Mendelian phenotypes observed 

in yeast. This included the [URE3] prion which together with [PIN+] and [PSI+] 

prions are the best-characterized yeast prions (Derkatch et al, 1997; Tuite and 

Cox, 2003). At present, 8 proteins have been established to form prions in yeast 

with at least 20 other proteins classified as potential prion candidates (Alberti et 

al, 2009; Tuite and Serio, 2010) (Table 1.1).   

Protein/Prion Protein function Prion phenotype 
Ure2 / [URE3] Nitrogen metabolism 

regulatory protein 
Poor nitrogen source utilization 

Sup35 / [PSI+] Translation termination 
factor 

Increased nonsense suppression 

Rnq1 / [PIN+] Uncharacterized Promote de novo formation of other 
prions 

Swi1 / [SWI+] Chromatin remodeling Alternative carbon source usage 
Mot3 / [MOT+] Transcriptional  

Co-repressor 
Altered cell wall  

Mod5 / [MOD+]   tRNA modifier Increased ergosterol production and 
antifungal drug resistance 

Sfp1/[ISP+] Global	  transcription	  
regulator	  

Anti-‐suppression	  of	  specific	  Sup35	  
mutations	  

Cys/[OCT+] Transcriptional	  
repressor	  

Transcriptional	  repression	  of	  
multiple	  genes	  

Table 1.1: Examples of yeast prions with their corresponding functions and 
phenotypes [Adapted from (Chernova et al, 2014)]. 
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Yeast prions are cytoplasmic elements inherited through either cellular 

division or via cytoduction (transfer of cytoplasmic content from cell to another 

without nuclear material) with the prion phenotype being reconstituted in the 

daughter/recipient cells respectively (Liebman and Chernoff, 2012). This is 

distinct from that of mammalian prions, whose propagation is through 

extracellular infection. Most yeast and mammalian prions also form stable 

aggregates structures known as amyloid fibres. The yeast prion phenotypes are 

generally manifested as either a loss or gain of function via altered 

function/activity of the corresponding prion protein. For example, [PSI+] is the 

altered conformation of the protein Sup35 which functions as a translation 

termination factor during mRNA translation. When Sup35 is in the [PSI+] prion 

form, it causes a loss of function phenotype since it sequesters and converts 

soluble eRF3 (Sup35) into its non-functional [PSI+] prion form. This leads to 

inefficient translational termination and read-through of nonsense codons by 

near-cognate tRNAs, thus leading to the aberrant extension of the translated 

polypeptide by the ribosome (Tuite and Cox, 2007) (Figure 1.1A).  

The defining criteria of prions in yeast are: i) reversible curability, ii) 

induced overexpression of the native form of the prion protein promotes the 

appearance of the prion form, and iii) the prion phenotype mimics the genetic 

mutation of the prion protein (Wickner et al, 2015). For example, addition of 

guanidine hydrochloride (GdnHCl) (see section 1.1.2 [PSI+] prion formation and 

propagation) can cure i.e. clear cells of the [URE3] prion that can reappear 

again albeit at low rates from the cured clones. The spontaneous appearance of 

[URE3] positive clones can also be induced by the overexpression of Ure2 by 

almost a 100-fold and the [URE3] prion phenotype observed also resembles the 

gene knockout of URE2. Although there is no yeast protein homolog of PrPC 
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(Liebman and Chernoff, 2012), both mammalian and fungal prions can adopt 

unique and stable conformational structures that are self-replicating (Collinge 

and Clarke, 2007; Wickner et al, 2007). These stable conformers may 

individually, have different abilities in propagation efficiency and manifestation 

of their phenotypes and can be categorized either as ‘strong’ or ‘weak’ 

strains/variants (Tanaka et al, 2006). More specifically, strong prion variants 

have higher efficiency during propagation and fully reconstitutes the prion 

phenotype to the subsequent generations and generally form smaller 

aggregates in comparison to ‘weak’ variants. ‘Weak variant’ on the other hand, 

form larger prion aggregates that are preferentially retained within the mother 

cell and thus, are less efficiently propagated to their subsequent progeny and 

exhibit a weaker prion phenotype (Liebman and Chernoff, 2012). In cases of 

mating between different cells with variants of the same prion, it is observed 

that prion variants that have faster replication rates and elevated aggregate 

formation will ‘outcompete’ the weaker prion variant within the population 

(Bradley et al, 2002; Tanaka et al, 2006). Furthermore, different prions can co-

exist in a yeast cell simultaneously and remarkably, one prion may also exert 

promoting or conversely, antagonizing affects on the appearance and stability 

of other prion variants or distinct prions in vivo (Liebman and Chernoff, 2012). 
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1.1.1 Prion forming domain (PrD). 

Common to all prions is the presence of a prion forming domain (PrD) 

that can singularly drive prion formation without requiring the rest of the protein 

being present. For example, expression of the PrD of Sup35 alone correlated 

with an increase in the frequency of [PSI+] formation by 66-fold compared with 

overexpression of full-length Sup35 protein (Kochneva-Pervukhonva et al, 

1998). The yeast PrDs are also inherently disordered regions of protein with 

A 

Sup35 

mRNA 

Sup45 

STOP% STOP%

%%
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Sup35 
aggregates 

B 

QN% M% Release%factor%domain%N C OR%

Induction Propagation Propagation efficiency 

40 124 685 254 1 
Sup35 protein 

Prion forming domain 

Figure 1.1: Conversion of Sup35 to the [PSI+] prion and organisation of the 
Sup35 protein. (A) In native conditions, soluble Sup35 along with Sup45 
recognizes stop codons and terminates translation. Conversely, once Sup35 is 
converted into its prion form, it aggregates into [PSI+] polymers and loses its binding 
to Sup45 as well as its translation termination function thus enabling ribosomal read-
through past the stop codon. (B) Schematic of Sup35 showing the prion forming 
domain which is composed of a glutamine/asparagine rich (QN) rich region and an 
oligopeptide repeat (OR) region necessary for [PSI+] formation and propagation 
respectively. In addition to its N-termini PrD, Sup35 contains a middle domain (M) 
which is responsible for stable maintenance of certain [PSI+] variants (Sondheimer 
and Lindquist, 2000; Bradley and Liebman, 2004). The release factor domain 
required for Sup35 translation termination function is located at the C-terminus of 
the protein. 
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enrichment in glutamine (Q) and asparagine (N) residues with their length 

correlating with prion transmission efficiency (Vitrenko et al, 2007). It is 

important to note that, contrary to other prions, the PrD of Podospora anserine 

Het-s prion as well as the Mod5 prion in yeast lack any Q/N rich domains but 

still have the capacity to form amyloid structures that are stably propagated 

(Saupe, 2007; Suzuki et al, 2012). In addition, certain prions may have other 

domains such as the oligopeptide repeats (OR) found in the Sup35 protein that 

are required for the stable propagation of the prion once it is formed (Figure 

1.1B). The OR domain is also typically associated with the Hsp104 chaperone 

that plays a critical role in prion propagation (Osherovich et al, 2004) (refer to 

section 1.1.2 [PSI+] prion formation and propagation). In addition, the fusion of 

yeast PrDs to another protein may also facilitate the prion formation of the 

chimeric protein construct. The prion forming domains may also exert other 

functions beside prion formation. For example, the PrD of Sup35 is found to 

influence mRNA stability via its association with the poly(A)-binding protein  

(Hosoda et al, 2003). 

 
1.1.2 [PSI+] prion formation and propagation. 

The de novo formation of [PSI+] prion is dependent on the presence of 

another prion, [PIN+] ([PSI+ Inducible]), which is the altered conformation of the 

Rnq1 protein whose native protein function is as yet uncharacterized (Derkatch 

et al, 2001; Bradley et al, 2002). The discovery of Rnq1 as a prion determinant 

emerged from studies of a heritable cytoplasmic element that reconstituted the 

[PSI+] status in [psi-] cells, whereas loss of [PIN+] status from cells corresponded 

with deletion of the RNQ1 gene. Furthermore, transformation of in vitro 

generated Rnq1 amyloid fibrils also recovered the [PIN+] status in [pin-] cells 
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thus confirming its infectious and transmissible nature (Osherovich and 

Weissman, 2001; Patel and Liebman, 2007). The C-termini PrD of Rnq1 spans 

amino acid residues 153-405 together with a non-prion domain forming the rest 

of the protein. Furthermore, [PSI+] prion propagation is absolutely requisite of a 

molecular chaperone, Hsp104, that is similarly essential for propagation of most 

characterized yeast prions to date (Grimminger-Marquardt and Lashuel, 2010). 

According to the heterologous cross-seeding model, pre-existing [PIN+] 

prion aggregates serves as nucleation sites for the misfolding of soluble Sup35 

molecules to assemble and further form larger prion aggregates resulting in 

more efficient [PSI+] induction (Derkatch et al, 2001; Derkatch et al, 2004). In 

yeast, misfolded Sup35 proteins are detected by the protein quality control 

machinery and sent to the IPOD, located adjacent to the PAS (pre-

autophagosomal structure) (Parzych and Klionsky, 2014). IPOD is the 

localization site for aggregated proteins including Rnq1 and Ure2 in their prion 

forms as well as oxidatively damaged proteins (Tyedmers et al, 2010a; 

Tyedmers et al, 2010b). The concentration of such proteins in a localized 

manner in a [PIN+] cell, together with Rnq1 aggregates, serves as a prion-

seeding site. This promotes further aggregation of prion proteins that first form 

non-transmissible long polymers followed by their fragmentation through the 

disaggregase activity of Hsp104 into shorter, transmissible units termed 

‘propagons’. These propagons reconstitute the prion phenotype when they are 

passed onto daughter cells (Tyedmers et al, 2010a; Tyedmers et al, 2010b) 

(Figure 1.2).  The role of Hsp104 in yeast prion propagation has been 

elucidated using the chaotropic agent, guanidine hydrochloride (GdnHCl) that 

inactivates the disaggregase activity of Hsp104 through inhibition of its ATPase 

activity. Hsp104 inactivation leads to uninterrupted extension of prion polymers 
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forming non-heritable aggregates that are preferentially retained by the mother 

cell and are not passed onto the daughter cells thus preventing prion 

propagation (Ferreira et al, 2001; Jung and Masison, 2001). Besides Sup35, 

Rnq1/[PIN+] also serves as a nucleating site that facilitates the de novo 

formation of other yeast prion proteins including [URE3] (Bradley et al, 2002), 

and this ability is extended to the polymerization of non-Q/N rich aggregation-

prone proteins such as the polyglutamine rich huntingtin protein in a yeast 

model (Meriin et al, 2002) and the [Het-s] prion in Podospora anserina (Taneja 

et al, 2007). 
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Figure 1.2: A model for [PSI+] prion propagation. Soluble Sup35 protein is misfolded 
into an altered conformation that can potentially convert other soluble Sup35 into the 
misfolded form (self-replication). Misfolded Sup35 proteins are detected by the cellular 
quality control machinery and are sent to the insoluble protein deposit (IPOD) located 
adjacent to the vacuole. [PIN+] prions and Rnq1 aggregates which are also stored in 
the IPOD can serve as seeding sites for extended polymerization of misfolded Sup35. 
These extended polymers are fragmented by Hsp104 into smaller units termed 
‘propagons’ which are transmissible into daughter cells during cell division thereby 
propagating the [PSI+] prion. Addition of GdnHCl inhibits the disaggregase activity of 
Hsp104 which prevents prion polymer fragmentation i.e. no propagons produced, thus 
stopping continued prion propagation into the subsequent generations (Tyedmers et al, 
2010a; Tyedmers et al, 2010b). 
 
 
1.1.3 Prion induction. 

The process of prion induction can be investigated via overexpression of 

prion proteins tagged with a fluorescent protein such as Sup35-GFP and its 

visualization through fluorescence microscopy. Using this approach, prion 

induction has been suggested to take place in two steps that require the role of 

the actin cytoskeleton. The first step is the formation of the peripheral ring by 

[PSI+] prion aggregates at the cell membrane cortex. The second step is the 
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collapse of the peripheral ring forming an internal ring encompassing the 

vacuole (Manogaran et al, 2011) (Figure 1.3A). Bimolecular fluorescence 

studies by Arslan et al (2015) also revealed that the first stage involves the 

initial formation of a few dots composed of prion aggregates where one of the 

dots is located adjacent to the vacuole. The perivacuolar dot further progresses 

to form the peripheral ring which then collapse into the internal ring surrounding 

the vacuole (Figure 1.3B).  The rest of the prion dots were also found to 

dissolve during this process. Furthermore, the prion aggregates forming the 

internal ring around the vacuole are subsequently sequestered at the insoluble 

protein deposit (IPOD).  

 

 

Figure 1.3: [PSI+] induction process. (A) The [PSI+] prion is induced in at least two 
stages. Firstly, prion induction begins with the formation of the peripheral ring at the 
cell cortex. Secondly, the peripheral ring further collapses into an internal ring 
encompassing the vacuole. (B) Arslan et al, 2015 suggests that prion induction 
involves the formation of [PSI+] dots, whereby one of the dots further forms the 
peripheral ring followed by the internal ring. The Sup35 aggregates are further 
localized at the IPOD. During cellular budding, the mother cell will retain the internal 
ring while the daughter cells receives the Sup35 oligomers (V denotes the vacuole, the 
green rings are the peripheral ring beneath the cell membrane and the internal ring 
around the vacuole, and the red ovals are [PSI+] dots). 
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1.1.4 Role of Heat shock proteins (HSPs) in the propagation of yeast 

prions. 

Other than acting as essential components of the cellular protein 

homeostasis network that ensure the proper folding and thus function of 

proteins, chaperones also function to detect misfolded proteins including 

amyloid proteins and aggregated proteins. Chaperones have also been found to 

mediate the formation, stability and heritability of prions. Hsp104 is a key 

chaperone involved in the propagation of most yeast prions including [PSI+] as 

first shown by Chernoff et al (1995). As mentioned above, Hsp104 acts to sever 

prion polymers into smaller units to generate new prion ends that reconstitute 

the prion phenotype when transmitted to daughter cells. Overproduction of 

Hsp104 was shown to cure the [PSI+] prion presumably by excessive 

fragmentation of the prion polymers into non-prion monomers (Paushkin et al, 

1996). Conversely, Hsp104 abrogation results in formation of extended large 

molecular weight polymers of Sup35 that are preferentially retained by the 

mother cell during budding (Newnam et al, 2011). Additionally, the 

fragmentation ability of Hsp104 requires the assistance of members of the 

Hsp70 and Hsp40 chaperone families that are essential for prion propagation 

as well as the disaggregation and remodelling of stress-damaged proteins 

(Glover and Lindquist, 1998).  

The yeast Hsp70 family is mainly composed of 2 major subfamilies: Ssa 

(encoded by SSA1-4) that function in conjunction with the Hsp40 co-

chaperones, Ydj1 and Sis1 (Verghese et al, 2012) and the other subfamily 

being Ssb (encoded by SSB1 and SSB2) that is assisted by Hsp40-Zuo1 and 

the co-chaperone Ssz1 (Gautschi et al, 2002). Interestingly, both Ssa and Ssb 

exhibit differential effects on [PSI+] propagation. Excess Ssa levels leads to 



	   27	  

enhanced [PSI+] propagation rates when Hsp104 is simultaneously 

overexpressed (Newnam et al, 1999). In addition, ssa2 genetic knockout was 

found to promote the loss of weak [PSI+] variants during mild heat shock 

(Newnam et al, 2011). Conversely, overexpression of Ssb was found to 

antagonize [PSI+] propagation, and this effect was abrogated by the deletion of 

both SSB1 and SSB2 (Chernoff et al, 1995). Allen et al (2005) reported that 

when both Ssa and Ssb are present in excess levels, they promoted the 

elimination of [PSI+] when Sup35 is overproduced albeit through different 

mechanisms. More specifically, Ssa promotes the growth and stabilization of 

Sup35 amyloid fibers that may lose its prion heritability while Ssb stimulates the 

refolding of Sup35 prion aggregates into non-prion conformations or targets 

Sup35 prion aggregates to protein degradation pathways thereby counteracting 

[PSI+] formation and propagation. Using chimeric constructs of Ssa and Ssb in 

different combinations, it was found that the peptide-binding domain of Ssa and 

Ssb was the main determinant in the differential effects on [PSI+] curing by 

Hsp104 (Allen et al, 2005).  

Bacterial homologs of Hsp70 and Hsp40 chaperones are able to 

substitute for their equivalent yeast chaperones in propagating yeast prions 

when they are expressed in yeast host (Reidy et al, 2012). Furthermore, Hsp70 

and Hsp40 are also conserved in higher eukaryotes including humans (Young, 

2010). Although, orthologs of Hsp104 have been found in bacteria and plants, 

they are not conserved in animals and humans. However, the human Hsp110, 

which is a Hsp70-related chaperone, can function in conjunction with Hsp70 

and Hsp40 to disaggregate proteins reminiscent of yeast Hsp104 but Hsp110 

has not been proven to recapitulate the yeast prion propagation activity of 

Hsp104 (Shorter, 2011). It has also been postulated that the balance between 
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the Hsp104-Hsp70-Hsp40 chaperones is an important modulator of yeast prion 

propagation. Short or long-term heat shock was found to either antagonize or 

stabilize [PSI+] propagation, respectively, due to the differential levels of 

Hsp104 and Ssa that are expressed in response to a range of thermal 

challenges (Newnam et al, 2011). Thus, the chaperone machinery that 

functions in the defense against protein dysregulation and misfolding during 

environmental insults, also regulates prion propagation and enables prions to 

become self-transmissible entities.  

 

1.1.5 Prions: A boon or bane for their yeast host? 

Fungal prions are generally not associated with disease per se as 

compared to mammalian prions and their phenotypes manifest as either loss or 

gain of function via altered function/activity of the specific prion forming protein 

involved. For example, the [SWI+] and [OCT+] prions, whose normal proteins 

(Swi1 and Cyc8) function in the regulation of chromatin remodeling and 

transcription, allows alternative carbon source utilization in their prion forms. 

Conversely, [PIN+] prion (soluble protein: Rnq1) confers a gain of function 

phenotype in which it promotes the de novo formation of other prions including 

[PSI+] (Liebman and Chernoff, 2012). The [HET-s] prion identified in the 

filamentous fungus, Podospora anserina, regulates vegetative compatibility by 

inducing the death of non-prion mycelium of other genetically incompatible 

strains at points of contact, and is the first prion proven to be host-beneficial 

(Saupe, 2011). In addition, prions have been proposed to provide a mechanism 

of adaptive homeostasis in yeast which may confer a selective advantage under 

specific environmental conditions (Tyedmers et al, 2008). This idea was further 

corroborated with the identification of fungal prions in wild yeast isolates 
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including [PIN+] and [MOT3+] that were found in 6-12% of wild yeast screened. 

This also included the isolation of [PSI+] in certain strains that may confer a 

selective advantage under specific milieus including salt and oxidative stresses 

(Halfmann et al, 2012). Furthermore, cells carrying the [MOD+] prion were found 

to exhibit increased resistance to antifungal drugs and against 5-fluorouracil 

(Suzuki et al, 2012). Additionally, the conversion of the misfolded Sup35 into 

insoluble amyloid structures has also been proposed to be an adaptive 

mechanism for cells to counteract the toxicity of elevated levels of 

misfolded/damaged amyloidogenic Sup35 molecules that may normally 

overwhelm protein quality control mechanisms within the cell (Ganusova et al, 

2006). Thus, the conservation of prions in certain fungi has been regarded as a 

possible adaptive mechanism or molecular switch via epigenetic means that is 

both rapid and transient that allows the host to mount a rapid response to 

certain environmental cues to ensure overall cell survival (Tuite et al, 2011). 

Once the challenge has been removed, cells can then revert back to the non-

prion state and resume normal cellular activities. 

Alternatively, yeast prions may be thought of as pathogenic much like 

their mammalian counterpart. This has been suggested based on the idea that 

yeast prions can exert harmful effects on the host depending upon the prion 

variants, genetics and environmental conditions involved (Joseph and 

Kirkpatrick, 2008). For example, induced overproduction of Sup35 is toxic as it 

sequesters associated proteins into non-functional aggregates such as the 

Sup45 termination release factor, and overexpressed Rnq1 similarly sequesters 

spindle body components (Treusch and Lindquist 2012). Yeast prions have also 

been suggested to negatively affect their hosts and therefore, are rarely found 

in the wild and may be an anomalous product of laboratory strains and 
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conditions (Wickner et al, 2011). The ability to generate prions is also not a 

ubiquitous feature in the fungal family, with only a select few species retaining 

prion forming capacity.  

 

1.1.6 Oxidative stress and prion formation. 

Several studies have found that oxidative stress is a common feature in 

mammalian prion diseases (Kim et al, 2001; Milhavet and Lehmann, 2002). For 

example, brain tissues originating from scrapie-infected mice as well as humans 

with Creutzfeldt-Jakob disease showed a significant rise in several oxidative 

stress markers (Yun et al, 2006; Pamplona et al, 2008). Oxidative insults on 

cells are commonly caused from elevated levels of ROS (Reactive Oxygen 

Species) that induces widespread oxidative damage to amino acid residues on 

proteins, hence promoting their misfolding (Dean et al, 1997). For example, 

methionine residues on the α-helices of PrPC were found to be targets of ROS-

induced damage and were postulated to promote the spontaneous 

conformational change to β-sheet rich structures that may represent a ‘generic 

misfolding mechanism’ in the formation of the PrPSc (Canello et al, 2008; 

Wolschner et al, 2009). Protein carbonylation, an indicator of oxidative stress, is 

also suggested to promote protein misfolding and carbonylated proteins have 

similarly been found to accumulate in protein aggregates (Stadtman and 

Levine, 2000; Maisonneuve et al, 2008). Sideri et al (2010; 2011) have 

demonstrated that the frequency of de novo [PSI+] prion formation is increased 

upon hydrogen peroxide (H2O2) exposure and is greatly elevated in mutants of 

the antioxidant peroxiredoxin (Prx) proteins tsa1 tsa2. Conversely, growth under 

anaerobic conditions prevents [PSI+] prion formation in tsa1 tsa2 mutants 

indicating that molecular oxygen is absolutely required for [PSI+] formation. 
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Tsa1 is the principal 2-Cysteine Prx with multiple niches in stress protection 

including oxidative stress defense functioning as an antioxidant in 

hydroperoxide detoxification (Garrido and Grant, 2002; Wong et al, 2004). The 

Tsa2 Prx is functionally similar and highly homologous to Tsa1 (86% amino acid 

similarity). Despite low Tsa2 basal expression levels relative to Tsa1, it is 

strongly induced upon exposure to hydrogen peroxide and other organic 

hydroperoxides (Park et al, 2000; Munhoz and Netto, 2004). Both Tsa1 and 

Tsa2 colocalize to ribosomes and were suggested to suppress [PSI+] formation. 

Sideri et al (2010) and Doronina et al (2015) also demonstrated that oxidative 

stress is a general trigger in yeast prion formation. The authors found that 

antioxidant mutants such as those lacking superoxide dismutase 1 (sod1 

mutant) and conditions that induce oxidative stress (hydrogen peroxide and 

superoxide anion exposure) resulted in an increased frequency in de novo prion 

formation in yeast. Furthermore, overexpression of methionine sulfoxide 

reductase, an antioxidant enzyme, abrogated the increased levels of prion 

formation in these antioxidant mutants. Taken together, ROS appear to 

represent an initial stage in prion formation where they cause oxidative damage 

to prion-forming proteins thus increasing their propensity to misfold into non-

native forms or the amyloid state. Once these stable amyloid forms are 

generated, they may self-perpetuate and propagate into subsequent 

generations. 
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1.2 Autophagy in yeast. 

Most cellular activities are mediated through the actions of proteins and 

protein complexes. However, proteins are also known to be targets of a variety 

of stresses that may trigger the loss of their native structures and hence cellular 

function. Therefore, a defensive network of various protein homeostasis 

mechanisms is in place to prevent or minimize such occurrences. One such 

mechanism is autophagy, which is an evolutionary conserved housekeeping 

pathway that regulates the turnover of damaged or toxic proteins, and is the 

sole cellular mechanism capable of disposing of superfluous organelles (Yang 

and Klionsky, 2010; Reggiori and Klionsky, 2013). Yeast has been a particularly 

important model organism in uncovering our knowledge of the autophagy 

machinery and its mechanistic process (Yorimitsu and Klionsky, 2007). Thus 

far, 41 genes have been identified to be involved in autophagy and are 

collectively classified as the autophagy-related genes (ATG) (Reggiori and 

Klionsky, 2013; Yao et al, 2015). The products of ATG genes form multi-factor 

complexes that have specific roles in the autophagy pathway and can be 

grouped functionally: 1) the Atg1 kinase complex, 2) the Atg9 cycling complex, 

3) the Vps34/class III PI3K complexes, and 4) the ubiquitin-like conjugation 

(Ubl) systems of Atg8 and Atg12 (Xie and Klionsky, 2007) (Table 1.2).  

Unlike other vesicular-dependent processes, autophagy involves the de 

novo synthesis of double membrane vesicles that mature into an 

autophagosome that fully entraps cytosolic waste that is then targeted to the 

vacuole (yeast) or lysosomes (higher eukaryotes) for subsequent degradation 

(Reggiori and Klionsky, 2002). Autophagy plays a key role during conditions of 

nutrient deprivation when the rechanneling of intracellular 

nutrients/macromolecules into critical cellular processes is favoured in order to 
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preserve overall cell viability (Gonzalez-Polo et al, 2005). Furthermore, 

autophagy plays a critical role in a multitude of processes in mammals such as 

cell development and cell differentiation and the immune response (Ravikumar 

et al, 2010). Autophagy is constitutively activated and is highly induced when 

cells face stress stimuli such as nutrient challenges, oxidative stress (Kiffin et al, 

2006), and ER stress (Yorimitsu and Klionsky, 2007). In addition, refined 

regulation of autophagy is critical as its dysregulation is harmful to cells and has 

been implicated in a variety of human diseases including age-related 

neurodegeneration, metabolic defects and cancer (Wirawan et al, 2012). 

 
 
Table 1.2: Core autophagy components and their roles in the autophagy pathway. 

 (Ubl: Ubiquitin-like) 

 

Core Autophagy Components  Roles 

Atg1 Kinase complex: 

Atg1-Atg13 with non-core Atg17-

Atg29-Atg31 sub-complex 

Autophagy Induction, formation of PAS 

(pre-autophagosomal structure) 

PI3K complex: 

Atg6-Atg14 with Vps34 and Vps15 

PAS nucleation 

Atg9 cycling complex: 

Atg9/Atg2-Atg18 complex 

Membrane recruitment for PAS 

expansion 

Atg12 Ubl 

system: 

Atg12-Atg5-Atg16 

Atg12 is processed by 

Atg7 and Atg10 

Conjugation of Atg8 to 

phosphatidylethanolamine (PE)  

Atg8 Ubl 

system: 

Atg8-PE 

Atg8 is processed by 

Atg4, Atg7, and Atg3 

PAS elongation and maturation to 

autophagosome 
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1.2.1 The progression of autophagy. 

The autophagy pathway is a highly sequential process that can be 

separated into i) PAS (pre-autophagosomal structure) induction and nucleation, 

ii) PAS elongation/autophagosome formation, iii) autophagosome maturation, 

iv) autophagosome fusion with vacuoles/lysosomes, and v) the degradation 

and recycling of the autophagic cargo (Figure 1.4). The process of autophagy 

begins with the induction of the Atg1 kinase complex that initiates the 

generation of the double-membrane PAS. The Atg1 kinase complex is 

composed of Atg1, the only known serine/threonine kinase in the autophagy 

pathway (ULK1/ULK2 in mammals) (Matsuura et al, 1997), and the Atg13 

regulatory kinase in conjunction with an additional sub-complex formed by 

Atg17, Atg29 and Atg31 (Kamada et al, 2000). In yeast, the PAS is generated 

at a single site near the periphery of the vacuole while conversely, multiple PAS 

formation can occur concurrently in mammals (Chen and Klionsky, 2011). 
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Figure 1.4: Overview of the autophagy pathway. Autophagy functions in the 
degradation and recycling of cytosolic macromolecules and is the sole cellular system 
mediating organelle turnover. The process of autophagy begins with the induction 
and formation of an isolation membrane, termed the PAS, which is mediated by the 
Atg1 kinase complex and the phosphatidylinositol-3-phosphate kinase (PI3K) complex. 
The PAS undergoes expansion encompassing bulk cytoplasm in non-selective 
autophagy or a selected substrate in selective autophagy with supply of membranes 
by the Atg9 cycling complex. This is followed by the maturation and full closure of the 
isolation membrane forming a double-membrane enclosed autophagosome aided by 
ATGs such as the Atg8 and Atg12 ubiquitin-like (Ubl) conjugation systems. The 
autophagosome then fuses with the vacuole. Degradation of the autophagosome and 
its contents occurs via resident hydrolytic enzymes to produce basic building blocks 
that are exported into the cytosol for recycling into anabolic pathways or for 
production of energy. [ER: Endoplasmic reticulum; Mito: Mitochondria; PM: Plasma 
membrane; GA: Golgi apparatus]. 
 

1.2.1.1 Atg1 kinase complex regulation and PAS induction. 

Under non-induced conditions, Atg1 and Atg13 activity is repressed by 

phosphorylation via multiple regulatory factors such as the serine/threonine 

protein kinase TOR (target of rapamycin) and the Ras/cAMP/protein kinase A 

pathway (Figure 1.5). The TORC1 (TOR complex 1) during nutrient rich 

conditions negatively regulates autophagy by decreasing the affinity of Atg13 

for Atg1 kinase, thus impairing the activation of the autophagy pathway. TORC1 
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is also capable of inhibiting autophagy via alteration of the phosphorylation 

status of several proteins essential for autophagy activity through the proteins 

Tap42 and protein phosphatase 2A (He and Klionsky, 2009; Yorimitsu et al, 

2009). The interplay of the nutrient sensing network and autophagy also 

involves the kinases PKA (protein kinase A) and Sch9 which function as 

negative modifiers of autophagy (Yorimitsu et al, 2007). High uptake of glucose 

induces production of cAMP (cyclic adenosine monophosphate) which binds 

and inactivates Bcy1, a negative regulator of PKA. De-repression of PKA 

activity leads to inhibition of autophagy by causing the dissociation of Atg1 from 

the PAS (Budovskaya et al, 2004). Excessive induction of PKA and Sch9 

activity also leads to inactivation of autophagy despite inhibition of the TOR 

pathway via rapamycin treatment or nutrient deficiency thus showcasing a co-

ordination of TORC1, Sch9 and PKA signals in integrating cellular nutrient 

status with autophagy regulation (Stephan et al, 2009).  

Atg17 is required for optimal efficiency of Atg1 kinase activity (Kamada et 

al, 2000) and may play a role in co-coordinating the recruitment of other Atg 

proteins to the PAS during autophagy induction (Cheong and Klionsky, 2008). 

However, the actual mechanism by which Atg13 or Atg17 exerts their regulatory 

roles on Atg1 function still remains elusive. Hypophosphorylated Atg13 

activates the Atg1 kinase and this is followed by the binding of the Atg17-Atg29-

Atg31 subcomplex that is able to homodimerize through Atg17. The assembly 

of this multimeric complex initiates the de novo generation of the isolation 

membrane, PAS, by a poorly understood mechanism and represents the first 

stage of autophagy.  
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Figure 1.5: Autophagy induction by the Atg1 kinase complex. Under non-induced 
conditions, Atg1 and Atg13 activity is repressed by phosphorylation via multiple 
regulatory factors such as the kinases TOR, Sch9 and protein kinase A that are 
negative modifiers of autophagy. Atg11, an adaptor protein, is found to be associated 
with the Atg1 kinase complex. Nutrient limitation is a known trigger of autophagy 
induction through the inactivation of TOR/Sch9/PKA kinases and the 
dephosphorylation of Atg1 and Atg13 by yet unidentified phosphatases. A 
hypophosphorylated Atg13 activates the Atg1 kinase followed by the binding of Atg17-
Atg29-Atg31 subcomplex that is able to homodimerize through Atg17. The assembly of 
this multimeric complex initiates the de novo generation of the isolation membrane, 
PAS, by poorly understood mechanisms and represents the first stage of autophagy. 
[Circles with red outline indicate protein phosphorylation]. 
 
 
 
1.2.1.2 Autophagosome maturation. 

After the generation of the PAS, the progressive elongation of the PAS 

then occurs that is facilitated by the phosphatidylinositol-3-phosphate kinase 

(PI3K) complex. In yeast, PI3P (phosphatidylinositol-3-phosphate) is 

synthesized by two complexes formed by Vps34 (the PI3K), and Vps15 

(kinase), and Vps30/Atg6 (function unknown) respectively (Kihara et al, 2001). 

Mammalian cells, on the other hand, regulate autophagy via class I and class III 

PI3K complexes (Kamada et al, 2000). Atg14 is known to be part of complex I 

and also interacts with Vps30/Atg6 with the former facilitating the recruitment of 

the complex to the PAS (Kihara et al, 2001). PI3P is suggested to serve as a 

platform for the recruitment of Atg proteins involved in the maturation of the 
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PAS into the fully-fledged autophagosome (Krick et al, 2006; Nair et al, 2010). 

For example, one known protein recruited to PI3P is Atg18, which is a PI3P 

binding protein that plays a role in the movement of Atg9 (see below). 

The maturation of the PAS into the autophagosome is mediated by the 

activity of the Atg9 cycling complex. Atg9 is the only known ATG 

transmembrane protein (Noda et al, 2000) that together with Atg18 and Atg2 

constitutes the Atg9 cycling complex. This complex serves to facilitate PAS 

elongation through the recruitment of vesicular membrane during early phases 

of autophagy. Additionally, the Atg9 cycling complex also regulates the 

retrograde movement of vesicles during autophagosome disassembly at the 

final stages of the autophagy pathway. The Atg1 kinase complex and 

oligomerization of Atg9 itself appears to regulate the cellular localization of Atg9 

(He et al, 2008). In addition, Atg41, a recently characterized protein, facilitates 

the movement of Atg9 to the PAS (Yao et al, 2015). The source of the 

membranes for PAS synthesis is still not fully known with various research 

groups proposing that the Atg9 cycling complex sources its vesicles from the 

ER (Yla-Anttila et al, 2009), Golgi (Takahashi et al, 2009) and even the plasma 

membrane (Ravikumar et al, 2010) or mitochondria (Hailey et al, 2010). 

The maturation of the PAS into an autophagosome is further aided by 

the two ubiquitin-like (Ubl) conjugation systems: the Atg8 (mammalian homolog, 

LC3) and the Atg12 Ubl complexes (Geng and Klionsky, 2008). In the Atg8 

system, the Atg8 ubiquitin-like protein is processed into its functional form by 

Atg4, a cysteine protease (Kirisako et al, 1999), and is activated by the E1 

activating enzyme, Atg7. Atg8 is subsequently conjugated to 

phosphatidylethanolamine (PE) via its C-terminal glycine through the action of 

the Atg3 conjugating enzyme (Kirisako et al, 2000) and this process is aided by 
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the Atg12 Ubl system (Hanada et al, 2007; Fujita et al, 2008). Atg12 is also 

activated by Atg7 and is irreversibly conjugated to an internal lysine on Atg5 via 

the action of the E2 conjugation enzyme, Atg10 (Shintani et al, 1999). This 

complex then binds with Atg16 through Atg5 and the former homodimerises 

(Kuma et al, 2002). The conjugated Atg8-PE on autophagosomes plays a role 

in preventing premature autophagosomal fusion with the vacuole or lysosome. 

 

1.2.1.3 Autophagosome fusion with the vacuole. 

Before the fusion event of the autophagosome with the vacuole, Atg8 on 

the external leaflet (Atg8 is initially located on both sides of the autophagosme 

membrane) is removed from PE by Atg4-dependent cleavage in an event 

termed as ‘deconjugation’. This event is thought to be a signal for the 

disassembly of other Atg protein complexes as they are not associated with the 

fully matured autophagosome. The fully mature autophagosome that has 

entrapped cellular waste/cargo targeted for degradation then fuses with the 

vacuole. It appears that the disassembly of the Atg machinery from the mature 

autophagosome is essential before fusion with the vacuole/lysosome can occur. 

The hydrolysis of PI3P on Atg complexes by the PI3-phosphatase Ymr1 

(Cebollero et al, 2012) facilitates the disassembly of the Atg machinery from the 

mature autophagosome. Vacuolar fusion releases the inner membrane of 

autophagosomes and its cargo into the vacuolar lumen and it is now termed an 

‘autophagic body’. Atg15 (a lipase) degrades the inner membrane of the 

autophagic body thus enabling the release of its contents (Epple et al, 2001) 

that can be accessed and degraded by resident vacuolar hydrolases. The 

resultant breakdown products are exported back to the cytosol via membrane 

permeases such as Atg22 (Yang et al, 2006) and are ultimately funneled into 
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biosynthetic pathways for anabolic processes or channeled into metabolic 

pathways for energy generation. 

Besides the core Atg proteins mentioned above, there are several other 

Atg proteins that mediate selective types of autophagy (Figure 1.6). These 

include the accessory Atg proteins Atg19, Atg32, Atg34, and Atg36 (Mijaljica et 

al, 2012). Atg19 and Atg34 act as receptors in the Cvt (cytoplasm-to-vacuole 

targeting) pathway, which functions in the transportation of hydrolases 

(aminopeptidase, mannosidase) into the yeast vacuole where they function to 

degrade macromolecules in the vacuole (Hutchins and Klionsky, 2001). On the 

other hand, Atg32 and Atg36 are receptor proteins that mediate selective 

autophagy of the mitochondria (mitophagy), and peroxisomes (pexophagy) 

respectively. In addition, the core autophagy machinery is also essential in the 

process for selective autophagy to occur.  
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Figure 1.6: Classification of the Atg Proteins. The core machinery is requisite for the 
initiation and the de novo synthesis of the PAS and the subsequent elongation and 
maturation of the autophagosome (Highlighted in blue). Other Atg proteins are involved 
in selective types of autophagy: the Cvt pathway, mitophagy and pexophagy and 
interact with the core machinery to coordinate non-selective and selective autophagy, 
respectively.  
 
 
1.2.2 The role of autophagy in protection against prions and other protein-

aggregation diseases. 

Increasing evidence has highlighted the important roles for autophagy in 

the defense against protein aggregation and in ageing-associated diseases. 

This protective function is particularly important for neurons, as they are post-

mitotic cells that cannot dilute the accumulation of misfolded proteins and 

dysfunctional organelles by cellular division. The connection between prion 

disease and autophagy was first proposed based on the finding that neurons in 

mouse and cell models of prion disease often had large autophagic vacuoles 

(Boellaard et al, 1991; Liberski et al, 2004). In addition, PrPSc was also found to 
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colocalize with lysosomal markers indicating that the clearance of prions may 

occur via the autophagy pathway (Dearmond and Bajsarowicz, 2010). The first 

direct evidence that autophagy is capable of mediating cellular PrPSc 

degradation came from studies by Aguib et al (2009) and Heiseke et al (2009). 

In these studies, downregulation of autophagy using either pharmacological 

inhibition or siRNA knockdown of Atg5 (essential for autophagy to occur) was 

correlated with impaired clearance of intracellular PrPSc levels in mice. 

Furthermore, application of other autophagy promoting agents such as imatinib, 

rapamycin and trehalose was also shown to result in reduced levels of prions 

and, in certain instances, delayed incubation time of prions as well as the onset 

of the disease (Aguib et al, 2009; Heiseke et al, 2009; Cortes et al, 2012). 

Rapamycin, an mTOR (mammalian target of rapamycin) inhibitor treatment, 

was shown to have a clearing effect on the levels of prion accumulation thus 

indicating that upregulating autophagy may promote degradation of PrPSc.  

Similarly, application of resveratrol, which induces autophagy via upregulation 

of Sirt1 activity, was found to attenuate prion-mediated toxicity in human cell 

lines (Jeong et al, 2012) and in C.elegans  (Bizat et al, 2010).  

A protective role of autophagy also extends to other neurodegenerative 

diseases caused by the aberrant accumulation of protein aggregates including 

Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease 

(Ravikumar et al, 2002; Qin et al, 2003; Iwata et al, 2005; Rubinsztein et al, 

2005; Berger et al, 2006; Hara et al, 2006; Ventruti and Cuervo, 2007). For 

example, the degradation of mutant huntingtin and α-synuclein was promoted 

upon upregulation of autophagy via treatment with lithium or trehalose (Sarkar 

et al, 2005; Sarkar et al, 2007). Specific knockdown of atg5 and atg7 in the 

brain gave rise to sporadic neurodegeneration not unlike that observed for 
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Alzheimer’s and Parkinson’s diseases whose symptoms include impaired motor 

function, poly-ubiquinated protein aggregates accumulation and 

neurodegeneration (Nassif et al, 2010). Rapamycin-mediated induction of 

autophagy also promotes the degradation of aberrant toxic proteins in animal 

models of Huntington’s and other proteinopathies (Qin et al, 2003; Ravikumar et 

al, 2004; Iwata et al, 2005; Berger et al, 2006). Impairment of the autophagy 

system may also underlie the increased accumulation of α-synuclein protein 

aggregates in neurons as has been demonstrated in a mice model harbouring a 

deletion of Atg7 which is essential for autophagy to occur (Friedman et al, 

2012). Furthermore, promotion of autophagy via inhibition of the TOR pathway 

exerts positive effects on the degradation of a human polyglutamine huntingtin 

protein in Drosophila (Wang et al, 2009). Although there is mounting evidence 

to suggest a cytoprotective role for autophagy against prions and other 

proteinopathies, it is unclear which stage of the autophagy pathway is crucial for 

prion clearing (i.e. protection against prions) and whether a defective autophagy 

pathway corresponds to increased de novo prion formation and prion 

propagation. 

 

1.2.3 The link between autophagy and ageing. 

Ageing is the progressive decline of organisms in various cellular 

processes and in resistance against stress and disease. It is also associated 

with a loss of proteostasis, and increase accumulation of aggregate-prone 

proteins including tau (Alzheimer’s), huntingtin (Huntington’s) and α-synuclein 

(Parkinson’s) (Levine and Kroemer, 2008). A decline in autophagy activity has 

been correlated with ageing and is suggested to contribute to different aspects 

of the ageing phenotype including ageing-related diseases (Rubinsztein et al, 
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2011). A number of studies have also reported that Atg proteins together with 

their regulators such as Sirtuin1 have diminished expression in aged 

cells/tissues. For example, downregulation of the essential autophagy 

components Atg5, Atg7, Beclin1/Atg6 is observed in human brain ageing 

(Lipinski et al, 2010). In addition, a multitude of short-lived mutants with 

impaired autophagy (10 ATG genetic aberrations out of 117 short-lived 

mutants) were identified in an unbiased screen to identify chronological ageing 

factors in yeast (Matecic et al, 2010).   

The connection between autophagy and lifespan extending 

phenotypes/factors has been found in species ranging from invertebrates to 

mice models (Madeo et al, 2010). For instance, regulatory systems mediating 

yeast lifespan such as the critical components of nutrient-sensing pathways 

including protein kinase A, Sch9 and target of rapamycin (TOR) are also 

common regulators of autophagy. Increased expression of Atg5 was also 

demonstrated to induce autophagy and improve the lifespan of mice in 

conjunction with anti-ageing phenotypes such as enhanced resistance to 

oxidative stress and apoptosis in fibroblasts, improved motor function and 

insulin resistance (Pyo et al, 2013). Application of spermidine, a polyamine, has 

also been reported to promote lifespan extension in models of yeast, worms 

and flies predominantly via induction of autophagy (Eisenberg et al, 2009). The 

role of autophagy in increasing lifespan via calorie restriction has also been 

validated in worm models (Jia and Levine, 2007) and the FOXO-transcription 

factor mediates lifespan extension in C. elegans via upregulation of autophagy 

(Salih and Brunet, 2008). 

The links between ROS regulation and autophagy has important 

implications for the ageing process. For instance, atg7 Drosophila mutants 
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show decreased resistance against challenges to oxidative stress-inducing 

compounds such as paraquat and hydrogen peroxide and have reduced 

lifespan relative to wild-type flies (Juhasz et al, 2007). Conversely, 

overexpression of Atg8a in Drosophila was found to extend lifespan in addition 

to improving resistance to ROS challenges and reducing the accumulation of 

oxidatively damaged proteins (Simonsen et al, 2008). Similarly in the same 

study, specific overexpression of autophagy genes in the brains of adult 

Drosophila showed significantly improved lifespan and increased resistance to 

oxidative stress. Despite numerous studies linking autophagy with the ageing 

process, it is still not clearly characterized how autophagy declines with age. 

Based on the stochastic nature of ageing and the complexity of the autophagy 

pathway, the reasons for such a decline may be multi-factorial. Therefore, more 

strategic and comprehensive studies will be required to dissect the interplay 

between autophagy and ageing.  

There is also the possibility that the dysregulation of upstream signaling 

events during normal ageing could potentially disrupt autophagy and other 

proteostasis mechanisms and thus accelerate the ageing process. Notably, the 

mTOR pathway is often hyperactivated during ageing and as a result inhibits 

autophagy as well (Cornu et al, 2013). Similarly, suppression of mTOR via 

rapamycin treatment was shown to increase the lifespan of murine models 

(Harrison et al, 2009) and slowed a variety of age-related defects in the 

cardiovascular, blood, liver and general neuronal health in mice (Wilkinson et al, 

2012). The majority of manipulations of the autophagy pathway via genetic or 

pharmacological means exhibit pleiotropic effects indicating that autophagy 

genes and their products have roles outside of autophagy. For example, mTOR 

inhibition also affects many other processes including mRNA translation, 
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ribosome formation, angiogenesis, mitochondrial metabolism, adipogenesis and 

cellular growth that may modulate the ageing phenotype (Dennis et al, 2001; 

Rubinsztein et al, 2011). How these additional effects may influence ageing and 

ageing-associated diseases requires further investigation. Therefore, the 

therapeutic application of autophagy promoting pharmacological compounds 

must first be tested out with caution as the consequences of long-term induction 

of autophagy has not been fully clarified. Nonetheless, the contribution of 

autophagy in the degradation and clearance of abnormal proteins, dysfunctional 

organelles and superfluous material suggests its importance in providing new 

material for maintenance of cellular health and fitness (Kenyon, 2010). 
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1.3 Ageing in Yeast. 

Ageing in the cell is the progressive deterioration of a multitude of cellular 

processes resulting in the increased probability of cell death. The study of 

ageing is of paramount importance due to the increase in average lifespan 

across the human population coupled with the rise in age-related diseases and 

the consequent socioeconomic burden entailed. Understanding the 

mechanisms and causes of ageing could help devise preventative or 

ameliorative strategies to bring about healthier ageing and improved general 

wellbeing. Yeast was first used as a model organism around 50 years ago by 

Mortimer and Johnson (1959) to study the effects of ageing. However, it was 

only in the 1990s that yeast was actively used to investigate ageing. Since then, 

yeast as a model organism has been instrumental in uncovering the genetic 

and epigenetic mechanisms through which ageing is modulated. Several of the 

ageing mechanisms or ageing genes found in yeast also appear to be 

correlated and conserved with their respective counterparts in higher 

eukaryotes. There are currently two main paradigms that ageing is studied in 

yeasts, namely: replicative lifespan (RLS), and chronological lifespan (CLS) 

(Figure 1.7).  
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Figure 1.7: Schematic representation of chronological ageing and replicative 
ageing. Both chronological ageing and replicative ageing are associated with an 
increased accumulation of damage in the form of oxidatively damaged proteins and 
dysfunctional mitochondria with the progress of time. During chronological ageing, 
extracellular glucose is metabolised into ethanol which is then converted to acetic 
acid as cells age further. In replicative ageing, other than damaged proteins and 
organelles, cells also accumulate extrachromosomal DNA which are predominantly 
rDNA (ribosomal DNA) circles. As the mother cells age, the resultant daughter cells 
are also found to be increasingly prone to inherit damaged molecules and 
components from aged mother cells (Modified from Kaeberlein, 2010). 
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1.3.1 Replicative lifespan (RLS) and Sir2 (Silent Information Regulator). 

Replicative lifespan is defined by the number of budding events that 

occurs from a single mother cell before death (Mortimer and Johnston, 1959). 

This assay takes advantage of the asymmetric budding of mother cells to 

produce daughter cells that are physically smaller to distinguish between the 

two. Depending on the strain background, a mother cell on average produces 

approximately 20-30 buds before becoming senescent. In addition, the yeast 

mother undergo a series of morphological changes and accumulates damage 

as they advance in age including increases in cell size, having longer cell 

cycles, fragmented nuclei and becoming sterile before going into senescence 

(Longo et al, 2012). This age-associated damage is asymmetrically segregated 

during cell division with the mother cell retaining most of the damage to ensure 

higher survival fitness of the new daughter cell. One of the major genetic 

modulators in ageing uncovered from yeast RLS experiments was that of SIR2 

which is a nicotinamide adenine dinucleotide dependent histone deacetylase of 

the Sirtuin family (Imai et al, 2000). Sir2 was initially discovered to silence the 

HML (Hidden MAT Left) and HMR (Hidden MAT Right) mating type loci. 

Additionally, Sir2 is also implicated in gene silencing at the telomeric ends of 

chromosomes as well as rDNA repeats in the nucleolus (Wierman and Smith, 

2014). Overexpression of Sir2 was found to be correlated with an extension in 

RLS (Kaeberlein et al, 1999) and this effect is attributed to Sir2 acting as a 

suppressor in the formation of extra-chromosomal rDNA circles (ERCs) which 

are generated as a result of homologous recombination in ribosomal DNA 

(rDNA) repeats. ERCs are also capable of self-replication and are preferentially 

retained by the mother cell during cellular division (Sinclair and Guarente, 

1997). The role of rDNA instability in limiting RLS was further emphasized with 
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the finding that FOB1 deletion which suppresses rDNA recombination and 

therefore ERC formation led to the extension of lifespan and improved the RLS 

of sir2 mutants (Kaeberlein et al, 1999). However, the idea that an excess of 

ERCs leads to reduced lifespan is being questioned as it is suggested that 

rDNA instability has a more pronounced effect on ageing compared to ERCs 

(Lindstrom et al, 2011). An ERC-independent function of Sir2 was identified that 

resulted in RLS extension through its histone acetylation activity to promote 

transcriptional silencing at certain telomeric and subtelomeric regions (Dang et 

al, 2009). Other than ERCs, the deletion of SIR2 was found to lead to 

impairment of asymmetric segregation of oxidatively damaged proteins to 

daughter cells from sir2 mother cells during budding events (Erjavec et al, 2007; 

Erjavec and Nystrom, 2007). Thus Sir2 was proposed to aid in generating 

daughter cells with an improved capacity to counteract oxidative stress (Erjavec 

et al, 2007). Induction of Hsp104 activity also counteracted the decrease in 

lifespan in the sir2 mutant indicating that oxidative stress-induced cellular 

damage may contribute to accelerated ageing.  

 

1.3.2 Chronological lifespan (CLS), and the Tor/Sch9 and Ras/cAMP/PKA 

pathway. 

Chronological lifespan or chronological ageing is defined as the period of 

time that a stationary yeast cell survives. CLS experiments involves growing 

yeast cultures into the postdiauxic phase (normally achieved 2-3 days after 

inoculation) where the majority of cells no longer divide (Longo et al, 1996). 

Once the postdiauxic phase is reached, and most glucose in the media is 

depleted, yeast cells switch to mitochondrial respiration of ethanol fermented 

from glucose (Werner-Washburne et al, 1996). This phase is typically 



	   51	  

characterized by reduced growth rates and an induction in stress-resistance 

pathways. While RLS provides a model that mimics the ageing of somatic or 

stem cells of higher organisms that are mitotically dividing, the CLS more 

closely resemble the ageing of non-dividing cells such as neurons and muscles 

(Fabrizio and Longo, 2008). Studies of ageing using CLS provided the first 

proof that the Ras/cAMP/PKA pathway is linked with improved chronological 

ageing and that the antioxidant protein, Sod2, is essential in these pathways to 

promote lifespan (Fabrizio and Longo, 2003; Wei et al, 2008). In fact, ras2 was 

the first mutant found in CLS studies and leads to a doubling of CLS and is 

accompanied with an increase in resistance to heat shock and oxidative stress 

(Fabrizio and Longo, 2003). The Ras/cAMP/PKA pathway is involved the 

sensing of the availability of glucose and other nutrients and has been 

confirmed to have pro-chronological ageing effects in mice (Enns et al, 2010; 

Fontana et al, 2010; Borras et al, 2011).   

Another major pathway identified in CLS studies to have positive effects 

on lifespan is the Tor/Sch9 pathway which is involved in glucose and amino 

acid sensing (Fabrizio et al, 2001). Interestingly, studies from both RLS and 

CLS led to a more comprehensive model of the pro-chronological effect during 

calorie restriction that is largely dependent upon downregulation of TOR/Sch9 

and the Ras/cAMP/PKA pathways (Figure 1.8). Furthermore, both TOR/Sch9 

and the Ras/cAMP/PKA pathways impinge on Rim15 kinase and is associated 

with the upregulation of the Msn2/4 and Gis1 transcription factors involved in 

promoting stress-resistance and in regulating metabolism and utilization of 

carbon (Longo et al, 2012).  The importance of Msn2/4 activated response in 

promoting lifespan was further corroborated with the finding of its upregulation 

of Sir2 expression in RLS studies (Fabrizio et al, 2005; Medvedik et al, 2007). 
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Deletion of SK6, the mice ortholog of Sch9, also improved lifespan and reduced 

age-related defects (Selman et al, 2009). However, the role of Sir2 as seen in 

RLS analysis is not reflected to that observed in CLS studies as the deletion of 

SIR2 results in lifespan extension rather than limiting it during calorie restriction. 

This lifespan promotion during CR (calorie restriction) is attributed to the 

premature depletion of ethanol in a sir2 mutant closely resembling to that 

observed in sch9 and ras2 mutants (Fabrizio et al, 2005; Smith et al, 2007). 

Calorie restriction has also been validated as the only means of consistently 

promoting lifespan in most model organisms tested including yeasts, worms, 

flies and rodents (Anderson and Weindruch, 2012). Reduction of TOR activity 

through amino acid starvation or treatment with rapamycin was also found to 

result in the induction of autophagy that may enhance degradation of damaged 

proteins thus further improving CLS during calorie restriction (Alvers et al, 

2009a).  The yeast CLS model has also led to the identification of a multitude of 

factors that interfere with chronological ageing particularly implicating several 

protection mechanisms against stress including oxidative stress, mitochondrial 

dysfunction and generation of reactive oxygen species, nuclear DNA instability 

and replication stress, reduced autophagy and alterations in metabolism (Longo 

et al, 2012).  

Changes in the composition of the extracellular environment were also 

another factor found to modulate CLS. For example, the accumulation of acetic 

acid that is generated through metabolism of ethanol in the postdiauxic phase 

of CLS led to a reduction of chronological lifespan (Burtner et al, 2009). 

Buffering the CLS culture at pH 6.0 and simultaneous removal of acetic acid 

from the medium or transferring the culture to water was found to be sufficient 

to extend CLS. However, the exact mechanism of acidification during CLS is 
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unclear with suggestions that it may lead to exacerbated ROS production, 

increase in Ras signalling and causing mitochondrial dysfunction therefore, 

leading to increased senescence of yeast cells (Longo and Fabrizio, 2002). It is 

evident that chronological ageing involves the cumulative effect of many genes 

and proteins that may influence each other and the ageing process. More 

expansive efforts are required to identify the downstream effects of the major 

stress responsive genes and nutrient sensing pathways implicated in 

chronological ageing thus allowing the construction of a more comprehensive 

network linking the major mechanisms that underpin chronological ageing.  
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Figure 1.8: Yeast lifespan pathways and calorie restriction. The Tor/Sch9 and 
Ras/cAMP/PKA pathways are major nutrient sensing pathways and are inextricably 
implicated in calorie-restriction mediated life-span extension. Both of these pathways 
converge upon the Rim15 kinase that activates the Msn2/4 stress response resulting 
in increased resistance to various stresses and enhanced chronological longevity. In 
addition, the Msn2/4 stress-responsive transcription factor also promotes Sir2 activity 
resulting in improved rDNA and chromatin stability thus extending replicative lifespan. 
Reduced Tor/Sch9 activity also improves mitochondrial activity and adaptive ROS 
signalling during the growth phase. This results in decreased ROS production and 
promotion of the stress response leading to lifespan extension. 
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1.3.3 Mitochondria and oxidative stress in yeast ageing 

The switch from high metabolic activity towards enhanced stress 

protection is a key feature through which reduced TOR/Sch9 activity improves 

yeast CLS. Interestingly, a reduction in TOR/Sch9 was found to promote the 

upregulation of mitochondrial translation and respiration leading to increased 

ROS production that extends yeast CLS (Bonawitz et al, 2007). Indeed, a 

mitochondrial ROS signalling adaptation mechanism has been proposed to 

explain the longevity promoting effect of reduced TOR/Sch9 signalling (Pan et 

al, 2011). The idea of a mitochondrial adaptation during ageing has been 

suggested based on the findings that there is increased mitochondrial 

respiration activity during calorie restriction through induction of the Hap4 

transcription factor (Piper et al, 2006) as well as the production of ROS during 

stationary phase (Goldberg et al, 2009) that correlated with CLS extension. 

ROS generated during calorie restriction or as a result of catalase dysfunction 

was also found to extend lifespan through stimulation of SOD activity (Mesquita 

et al, 2010). This is consistent with other studies that found overexpression of 

SOD1 and SOD2 is linked with extension of yeast CLS (Fabrizio and Longo, 

2003) and enhancing lifespan in flies (Sohal et al, 1995; Sun et al, 2004). 

Furthermore, increases in early stages but ablated levels during later stages in 

mitochondrial ROS is associated with longevity promotion in C. elegans (Schulz 

et al, 2007). It is important to note however that overexpression of antioxidant 

genes/enzymes only led to a modest increase in CLS compared to deletion of 

sch9 or ras2 suggesting a more complicated network involved between ROS, 

mitochondria activity and ageing (Fabrizio and Longo, 2003). 

The link between mitochondrial function and RLS is somewhat poorly 

defined. Initial studies show that the activation of the retrograde response 
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pathway whereby the mitochondria is able to communicate stress signals to the 

nucleus is correlated with an increase in lifespan during RLS and is mediated 

via the Ras/cAMP/PKA pathway (Kirchman et al, 1999; Borghouts et al, 2004). 

However, studies in yeast strains with the absence of mitochondrial DNA or 

mitochondrial respiration showed an improvement in RLS (Kaeberlein et al, 

2005). In addition, a mutant of a mitochondrial translation factor, SOV1 which is 

a nuclear encoded gene, promoted longer RLS that is also partly dependent 

upon Sir2 activity (Caballero et al, 2011). Contrary to that found in CLS studies 

as well, the induction of superoxide dismutases actually reduces RLS (Fabrizio 

et al, 2004).  

Further work is required to expand the complex connection between 

mitochondrial function and signalling coupled to ROS production in regulating 

yeast lifespan. One possibility in which the mitochondria could impact upon 

chronological ageing is through the activation of redox-sensitive programmes 

such as the DNA-damage response pathways, protein homeostasis, and 

autophagy by ROS generated from mitochondrial activity. Additionally, adaptive 

mitochondrial signalling to the nucleus during the early stages of CLS may also 

promote chronological ageing through the increased expression of genes 

involved in adaptive responses such as the genes involved in the Msn2/4 stress 

response pathway. Some or all of these protective pathways mentioned may 

directly or indirectly contribute to the amelioration of lifespan in yeast and other 

organisms.  
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1.4 Yeast actin cytoskeleton. 

The actin cytoskeleton is the architectural framework of the cell and plays 

critical roles in a multitude of cellular processes including maintenance of cell 

shape, cell motility, mechanosensing, cellular division, and intracellular 

transport (Pollard et al., 2000). Actin is one of the most abundant proteins in the 

cell and exists in two forms, either as monomeric G-actin (Globular-actin) or as 

polymeric F-actin (Filamentous-actin). F-actin is a double-stranded helix with a 

fast growing barbed end where the ATP-bound G-actin is incorporated, and a 

pointed end that is slow growing where actin disassembly preferentially occurs 

(Moseley and Goode, 2006). Profilin, a ubiquitous protein within the cell, serves 

to inhibit the addition of ATP bound G-actin monomers to the pointed end while 

allowing G-actin addition to the barbed end of F-actin filaments. Thus actin 

polymerization is preferentially initiated at the ‘free’ uncapped barbed end. The 

generation of ‘free’ barbed ends can occur either through the uncapping of 

existing capped barbed ends, via the severing of an actin filament to reveal free 

ends, or by the de novo generation of new actin filaments from G-actin 

monomers. Repeated cycles of assembly and disassembly of actin is regulated 

by almost 100 different proteins serving to maintain the reservoir of actin 

monomers, promote actin nucleation and polymerization, as well as actin 

filament bundling. The remodelling of the actin architecture is highly regulated in 

a spatiotemporal manner by these actin-associated proteins in accordance with 

internal and external stimuli to drive processes such as vesicular trafficking or 

cellular movement (Pollard et al, 2000; Pollard and Cooper, 2009).  

Since initial evidence that yeast contains a full actin cytoskeleton was 

first confirmed in 1984 (Adams and Pringle, 1984), yeast has been instrumental 

in the genetic identification and functional elucidation of components of the actin 
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cytoskeleton as well as their regulatory pathways; most of which have their 

respective homologs in mammals. For example, genetic screens in yeast led to 

the discovery of the Arp2/Arp3 (human Arp2/Arp3) complex that function to 

initiate and facilitate the branching of actin filaments (Higgs and Pollard, 2001) 

(Figure 1.9). Yeast studies also provided more definitive molecular functions for 

certain proteins in the regulation of actin. The role of the metazoan formin in the 

nucleation of linear actin filaments was confirmed in work studying its yeast 

homologs, Bni1p and Bnr1p (Evangelista et al, 2002; Sagot et al, 2002). 

Furthermore, work on the yeast actin cytoskeleton also confirmed the crucial 

role of the actin network in the process of endocytosis whereas studies in 

mammalian cells at that time provided inconclusive data. Concomitantly, 

examples of the conservation in actin regulatory pathways between that in 

humans and yeast are: Rho and Ras GTPases, protein kinases A and C, and 

phosphatidylinositol 4,5- bisphosphate (Mishra et al, 2014).  
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Figure 1.9: The Arp2/3 complex facilitates actin filament branching. The 
Arp2/3 complex together with vinculin (VCA) recruits and adds actin monomers 
onto pre-existing actin mother filaments at an angle of 70° to form a dense 
network of branched actin filaments. 
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 The yeast actin cytoskeleton, albeit less complex than mammalian cells, is 

organised primarily in three distinct ways (Mishra et al, 2014): 

 

1) Cortical actin patches are networks of branched actin filaments that can 

be detected as dot structures when stained with the fluorophore-

conjugated phalloidin (F-actin specific). Cortical actin patches in yeast 

are assembled by the Arp2/3 actin nucleation complex and its accessory 

co-factors (Figure 1.10). Nucleation promoting factors (NPFs) including 

WASp (Wiskott-Aldrich syndrome) associated protein Las17, Myo3/5 

(Myosin 3/5), Pan1, and Abp1 also serve to facilitate the nucleation 

activity of the Arp2/3 complex. Indeed, mutants of the Arp2/3 complex 

have also been shown to have abnormal actin patch formation (Winter et 

al, 1997). Actin patches are predominantly located at sites of polarized 

growth and are essential for clathrin-mediated endocytosis in yeast 

(Galletta et al, 2010). 
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2) Actin cables are long filamentous structures running along the length of 

the cell with their ends clustered with the cortical actin patches. Their 

formation is regulated by formins that function to nucleate actin filaments 

(Bnr1 and Bni1 in yeast) and are associated with the intracellular 

Figure 1.10: Organisation of an actin patch at an endocytic site. At sites of 
endocytosis, actin patch initiation begins with the arrival of clathrin and early 
adapter proteins followed by the Arp2/3 complex that form a branched network 
of actin filaments. The actin nucleation activity of the Arp2/3 complex is 
promoted by nucleation promoting factors including Las17 and Myo3/5. The 
actin filament branches are cross-linked by the action of fimbrin (crosslinking 
protein) whereby capping proteins bind to actin filaments and limit their growth. 
Filament length and actin patch dynamics are controlled by the combined 
activities of cofilin and coronin. Lastly, BAR- and F-BAR- domain-amphiphysin 
proteins then regulate membrane invagination and scission allowing intracellular 
internalization of the endocytic vacuole with its cargo.   
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transport of vesicles and organelles (cargo) including peroxisomes, golgi, 

secretory vesicles at the sites of polarized growth (Figure 1.11).  
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Figure 1.11: The structure of actin cables. Polarisomes are located at sites of 
polarised cell growth including cell tips. Formins located within the polarisome 
complex and its activator Rho-GTPases, Bud6 and Pob1, function to promote 
nucleation of new actin filaments. New actin filaments are pushed inwards by the 
activity of adjoining formins which nucleates other actin filaments. This forms a 
cable-like system of short-parallel actin filaments with the formins located at the 
barbed end facing the site of polarized growth. The actin filaments are cross-
linked together to form thicker actin cables which are further stabilized by 
tropomyosin. These actin cables act as polarized tracks for type V myosins to 
traverse along to deliver various forms of cargo to sites of polarized growth within 
cells.  
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3) The final form of actin is the actin contractile ring located at the interface 

of the mother and daughter cell during budding. The ring is composed of 

a linear F-actin filament which is formed by formin, myosin II and is 

similar to mammalian actomyosin rings. The actin contractile ring serves 

to generate the force required to drive cellular division and also to 

facilitate cell wall assembly at the mother and daughter cell interface. 

 

1.4.1 Cortical actin patches and endocytosis. 

The formation and dynamics of cortical actin patches have been shown 

to be essential in the process of endocytosis which is responsible for the uptake 

of extracellular cell receptors and fluids (Moseley and Goode, 2006). The 

process of endocytosis can be subdivided into three distinct stages involving 

the sequential recruitment and activity of different cytoskeletal components 

(Merrifield, 2004; Kaksonen et al, 2005; Sirotkin et al, 2010) (Figure 1.12). The 

initial stage of endocytosis involves the recruitment of early patch components 

such as clathrin, and adaptor proteins such as the F-Bar domain containing 

protein Syp1, and Yap1810 to initiate patch formation and membrane curvature 

(Weinberg and Drubin, 2012). Next to follow are the adaptor proteins including 

Sla1, End3, Sla2, Pan1 and Ent1 that aid in linking the endocytic vesicle to 

clathrin and the actin cytoskeleton. Recruitment of NPFs including the yeast 

homologue WASp associated protein Las17 also occurs at this stage while the 

F-Bar proteins Syp1 and Sla1 function to inhibit the actin nucleation activity of 

the Arp2/3 complex and Las17 respectively to suppress their untimely activation 

during the early stages of endocytosis (Feliciano and Di Pietro, 2012).  
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The second stage of endocytosis is further patch development through 

the actin polymerization activity of the Arp2/3 complex and its NPFs which 

coincide with slow, random movements of actin patches along the membrane 

cortex. The activation of the Arp2/3 complex during this stage is promoted with 

the departure of Syp1 and Sla1. The F-Bar protein Bzz1 is also recruited and 

binds to Las17 thus stimulating actin polymerization (Soulard et al, 2002; 

Soulard et al, 2005). The Arp2/3 complex has been shown to have an elevated 

basal activity that is further enhanced by its NPFs (Wen and Rubenstein, 2005) 

with Las17 having the strongest NPF activity followed by Myo3/5 and with both 

Pan1 and Abp1 having minimal NPF activity. Abp1 has been shown to regulate 

the elongation of newly synthesized actin filaments and facilitates the departure 

of Sla1 from actin patches (Michelot et al, 2013). In addition, Abp1 may facilitate 

movement of actin patches by competitively antagonizing the activity of the 

more dominant NPFs (Kaksonen et al, 2005). The last stage of endocytosis is 

characterized by the rapid internal movement of endocytic vesicles away from 

the cell cortex along the polarized actin cables by passive transport and this 

process is aided by the Sac6 actin bundling protein. This stage also coincides 

with the shedding of most of the early patch components and is accompanied 

by membrane scission by the amphyphysin proteins Rvs161 and Rvs167 

(Kaksonen et al, 2005; Kukulski et al, 2012). The internalization of actin patches 

is followed by the rapid disassembly of the actin patchs by cofilin, Aip1 and 

Crn1 (Coronin) (Chen and Pollard, 2013) thus completing the endocytosis 

process with fusion to the endosome. 
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1.4.1.1 The role of Abp1 and Crn1 in actin patch formation. 

1.4.1.2 Abp1: 

Abp1 is one of the NPFs involved in the regulation of the Arp2/3 complex. The 

NPF activity of Abp1 is dependent upon the presence of two A motifs which 

have high affinity to the Arp2/3 complex. In addition, Abp1 contains an actin 

depolymerization factor-binding domain that allows the binding of Abp1 to F-

actin (Goode et al, 2001). Relative to Las17 as well as Myo3/5, Abp1 has 

weaker NPF ability in promoting Arp2/3 complex activity (Goode et al, 2001). 

During actin patch formation, the arrival of Abp1 occurs just before the 

progression from slow to rapid actin patch movement. However, unlike Las17, 

Myo3/5 and Pan1, Abp1 remains associated with the actin patch throughout the 

transport and internalization of the actin patch away from the cell cortex 

(Kaksonen et al, 2003). In addition, Abp1 activity is also required to displace 

Sla1 via recruitment of the Ark1 and Prk1 kinases whose phosphorylation of 

Pan1 disrupts the Sla1-Pan1-End3 complex (Moseley and Goode, 2006). The 

removal of Sla1 and other early patch components by Abp1 is also suggested 

to facilitate the disassembly of endocytic components at the final stages of 

endocytosis (Kaksonen et al, 2005) (Figure 1.12). Furthermore, Abp1 has also 

been shown to cooperate with Aip1 as well as capping proteins to regulate actin 

filament elongation as well as organization of actin polarity during Arp2/3 

complex-mediated actin nucleation (Michelot et al, 2013).  

 

1.4.1.3 Crn1: 

The binding of Crn1 to cortical actin patches is mediated by a β-propeller 

domain and coiled-coiled domain. Crn1 serves as a negative regulator of the 

Arp2/3 complex through its association with the Arc35 subunit of the Arp2/3 
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complex (Goode et al 1999). Crn1 inhibits Arp2/3 complex activity when the 

complex is not bound to pre-existing actin filaments. Conversely, Crn1 permits 

actin nucleation activity of the Arp2/3 complex when it is bound to preformed 

actin filaments thus allowing the continued formation of branched actin 

networks (Goode et al, 1999; Humphries et al, 2002; Moseley and Goode, 

2006).  Similar to Abp1, Crn1 is suggested to arrive at later stages of actin 

patch formation possibly during the onset of rapid patch movement away from 

the cell cortex (Moseley and Goode, 2006) (Figure 1.12). Furthermore, deletion 

of CRN1 leads to reduced actin patch movement while overexpression of CRN1 

was found to impair the formation of actin and microtubule networks (Goode et 

al, 1999; Galetta et al, 2008). 
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Figure 1.12: Actin patch initiation, development and the process of 
endocytosis. Step 1 Early patch components including clathrins, and two NPFs, 
Las17 and Pan1 are recruited to the cell cortex by endocytic receptors. Step 2 
Patch development proceeds with the activation and recruitment of the Arp2/3 
complex by Las17 and Pan1 followed by actin nucleation and slow patch movement. 
Two other NPFs, Abp1 and Myo3/Myo5 are also recruited. Abp1 functions to recruit 
the kinases Ark1 and Prk1 which phosphorylate Pan1 which causes inhibition of 
Pan1-activation of Arp2/3 complex and disassembly of the Pan1 complex (Pan1, 
End3 and Sla1). Step 3 Activities of Pan1, Rvs161, Rvs167 and myosins Myo3/ 
Myo5 facilitates vesicle scission and internalization. The Arp2/3 complex, Abp1, 
Sac6 and possibly other patch components remain associated with the vesicle while 
others such as Las17, Pan1, Sla1, Sla2 are left at the cortex. Crn1, a negative 
regulator of the Arp2/3 complex possibly arrives at this stage. Step 4 The 
internalized vesicle moves rapidly in an anterograde manner (from bud to mother) 
along actin cable via passive diffusion. Step 5 The final stage is the fusion of the 
endocytic vesicle with the endosome followed by the disassembly of the actin patch 
components. Crn1 inhibits the actin nucleation activity of the Arp2/3 complex when 
the Arp2/3 complex is not bound to preformed actin filaments. 
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1.4.2 Actin cytoskeleton and prion formation. 

The yeast actin cytoskeleton has been implicated in the formation of 

amyloidogenic protein aggregates including prions (Table 1.3). In Sup35 

overexpression studies, the actin cytoskeleton was proposed to be involved in 

the early conversion events from [psi-] to [PSI+] (the initial formation of the 

peripheral ring followed by its eventual collapse into a ring surrounding the 

vacuole) due to the physical interaction of Sup35 with actin cortical patch 

components (Manogaran et al, 2011; Arslan et al, 2015). Knockout mutants 

involved in actin filament assembly and actin-dependent endocytosis including 

Sla1, Sla2, End3, Las17 and Vps5 cause a reduction in visible Sup35 

aggregates as well as a decreased de novo [PSI+] frequency when Sup35 is 

overexpressed (Ganusova et al, 2006; Manogaran et al, 2011). Genes 

encoding products involved in the actin cytoskeleton can be categorised into 

two classes. Class II genes decreased peripheral and internal ring formation 

and reduced prion induction while class I genes only affected prion induction 

ability and not ring formation. Additionally, the addition of latrunculin A that 

disrupts the actin cytoskeleton via sequestration of actin monomers was found 

to destabilize weak [PSI+] variants and their propagation (Bailleul-Winslett et al, 

2000). The expression levels of the Las17 binding protein, Lsb2, during and 

after thermal challenge has been linked to prion induction, which is also 

dependent upon its association with the actin cytoskeleton (Chernova et al, 

2011). Elevated levels of Lsb2 induced upon heat shock was found to trigger 

higher levels of [PSI+] conversion events independently of the presence of other 

prions such as [PIN+]. Conversely, Lsb2 abrogation leads to the destabilization 

of [PSI+] aggregates during heat shock.  
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The formation and maturation of both actin filaments and amyloid fibres 

share similarities in that both processes initiate with a nucleation step, followed 

by polymer extension and the eventual fragmentation of the polymer into 

smaller units to trigger further filament formation. Thus it may be envisaged that 

events leading towards the formation of mature prions from misfolded proteins 

are facilitated by the actin cytoskeleton machinery. These may act to target and 

transport prion proteins into protein sequestration deposits for storage such as 

the IPOD, leading to its detoxification and subsequent degradation (Ganusova 

et al, 2006). In line with this, autophagy markers such as Atg8 and Atg14 have 

been reported to colocalize with the IPOD thus leading to eventual removal of 

the prion aggregates via autophagy (Treusch and Lindquist, 2012). However, 

endocytosis has been reported to be essential only in the initial events of prion 

formation as no difference was observed in peripheral ring formation between 

wild-type and mutants that disrupt endocytosis including knockout mutants of 

end3 and erg2 during the formation of the [Het-s] prion (Mathur et al, 2010). 
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Yeast protein (s) Function: Prion 

formation: 
Act1p Filament component/cell polarity/ endocytosis/ 

cytokineses/ protein translation regulation 
(Bailleul-
Winslett et 
al, 2000) 

Arp2p, Arp3p, 
Arc40p, 
Arc35p, 
Arc19p, 
Arc18p, 
Arc15p 

Nucleation of actin filaments/ filament binding/ cell 
polarity/ endocytosis 

 

Las17p Nucleation of actin filaments/ binds actin monomers/ 
filament binding/ cell polarity/ endocytosis/ cytokinesis 

(Manogaran 
et al, 2011) 

Myo3p, 
Myo5p 

Nucleation of actin filaments/ filament binding/ 
cytokinesis/ cell polarity/ endocytosis 

 

Pan1p Nucleation of actin filaments/ filament binding/ cell 
polarity/ endocytosis 

 

Abp1p Nucleation of actin filaments/ filament binding/ cell 
polarity/ endocytosis 

 

Bni1p, Bnr1p Nucleation of actin filaments/ filament binding/ 
cytokinesis/ cell polarity/ endocytosis 

 

Myo1p Nucleation of actin filaments/ filament binding/ cell 
polarity/ cytokinesis 

 

Cap1p, Cap2p Filament binding/ filament end capping/ cell polarity/ 
endocytosis 

 

Pfy1p Nucleation of actin filaments/ binds actin monomers/ cell 
polarity 

 

Sac6p Bundling of actin filaments/vesicular trafficking from 
endosome to Golgi 

 

Sla2p (End4p) Endocytosis/cell polarity/localized in actin patches (Ganusova et 
al, 2006) 
 Sla1p Assembly and regulation of cortical actin 

patches/endocytosis 

End3p Endocytosis/actin cytoskeletal organization/cell wall 
morphogenesis/ complex formation with Sla1p and Pan1p 

Lsb1p 
Lsb2p 

Inhibitors of actin polymerization through association 
with Las17p. Lsb2 is induced upon thermal challenge. 

(Chernova et 
al, 2011) 

Table 1.3: Proteins involved in yeast actin cytoskeleton formation and dynamics as 
well as actin-related proteins that are associated with prion formation. 
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1.5. Objectives of PhD: 

The causal basis underlying spontaneous prion formation still remains a 

poorly understood process. The 2nd and 3rd chapter of this thesis aim to 

investigate the molecular mechanisms of autophagy in de novo prion formation 

using the [PSI+] prion in yeast as a model system. We also examine whether 

promotion of autophagic flux through pharmacological means may exert a 

protective effect against prion formation as well as the accumulation of prion 

aggregates.  

The effects of carrying prions within cells on yeast chronological ageing 

has also not been fully characterized which forms the second part of our study. 

The 4th chapter of the thesis aims to investigate the links between autophagy 

and prion formation in the context of chronological ageing of the cell. Does 

autophagy elicit a protective role against de novo prion formation during 

chronological ageing and whether carrying different prions affect yeast 

chronological ageing are questions we aim to address in this chapter? 

The 5th chapter of this thesis focuses upon the role of the cortical actin 

cytoskeleton, more specifically components of the Arp2/Arp3 complex that 

functions in actin branching and actin patch formation towards the de novo 

formation of prions under basal as well as oxidative stress conditions. This is 

based on previous mass-spectrometry data from the lab which identified several 

components of the actin cytoskeleton that were associated with Sup35 in an 

antioxidant mutant. 
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1.6 Alternative thesis. 

 This thesis is presented according to the rules and the regulations of 

thesis policy of the University of Manchester. The four results chapters describe 

independent studies which are each appropriate for publication. Although each 

of the chapters represents independent pieces of work, they are linked by 

common themes and the use of similar methodologies and constitute a 

coherent body of work. 

Chapter 2: Autophagy protects against de novo formation of the [PSI+] prion in 

yeast. 

Authors:  Shaun H. Speldewinde, Victoria A. Doronina, and Chris M. Grant 

Journal: Molecular Biology of the Cell 

 

Chapter 3: Spermidine cures yeast of prions. 

Authors:  Shaun H. Speldewinde, and Chris M. Grant 

Journal: Microbial Cell 

 

Chapter 4: The yeast [PSI+] prion improves chronological ageing in autophagy 

competent cells. 

Authors:  Shaun H. Speldewinde, and Chris M. Grant 

Journal: To be submitted to Microbial Cell 

 

Chapter 5: The cortical actin cytoskeleton is required for increased yeast [PSI+] 

prion formation during oxidative stress conditions.  

Authors:  Shaun H. Speldewinde, Victoria A. Doronina, Mick Tuite and Chris M. 

Grant 

Journal: To be submitted to PLOS Genetics 
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Chapter 2: Autophagy protects against de novo formation of the [PSI+] 

prion in yeast. 
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ABSTRACT  

Prions are self-propagating, infectious proteins that underlie several 

neurodegenerative diseases. The molecular basis underlying their sporadic 

formation is poorly understood. We show that autophagy protects against de 

novo formation of [PSI+], which is the prion form of the yeast Sup35 translation 

termination factor. Autophagy is a cellular degradation system, and preventing 

autophagy by mutating its core components elevates the frequency of 

spontaneous [PSI+] formation. Conversely, increasing autophagic flux by 

treating cells with the polyamine spermidine suppresses prion formation in 

mutants that normally show a high frequency of de novo prion formation. 

Autophagy also protects against the de novo formation of another prion, namely 

the Rnq1/[PIN+] prion, which is not related in sequence to the Sup35/[PSI+] 

prion. We show that growth under anaerobic conditions in the absence of 

molecular oxygen abrogates Sup35 protein damage and suppresses the high 

frequency of [PSI+] formation in an autophagy mutant. Autophagy therefore 

normally functions to remove oxidatively damaged Sup35, which accumulates 

in cells grown under aerobic conditions, but in the absence of autophagy, 

damaged/misfolded Sup35 undergoes structural transitions favoring its 

conversion to the propagatable [PSI+] form.  
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2.1 INTRODUCTION  

Prions are infectious agents arising from misfolded proteins. They cause 

transmissible spongiform encephalopathies (TSEs) typified by Creutzfeldt-

Jakob disease in humans and bovine spongiform encephalopathy in cattle. 

Conversion of the normal prion protein (PrPC) into its infectious PrPSc 

confirmation underlies the pathogenesis of TSEs (Collinge and Clarke, 2007). 

This protein-only mechanism of infectivity can also explain the unusual genetic 

behavior of several prions found in the yeast Saccharomyces cerevisiae 

(Wickner, 1994; Alberti et al, 2009). [PIN+] and [PSI+] are the best-studied 

yeast prions and are formed from the Rnq1 and Sup35 proteins, respectively 

(Wickner, 1994; Derkatch et al, 1997). [PSI+] is the altered conformation of the 

Sup35 protein, which normally functions as a translation termination factor 

during protein synthesis. The de novo formation of [PSI+] is enhanced by the 

presence of the [PIN+] prion (Derkatch et al, 1996; Derkatch et al, 2001; 

Osherovich and Weissman, 2001), which is the altered form of the Rnq1 

protein, whose native protein function is unknown (Treusch and Lindquist, 

2012). 

Yeast Sup35 normally functions in translation termination in its soluble 

form but is sequestered away from this function in its amyloid or aggregated 

form (Wickner, 1994). Recently, aggregated Sup35 has been shown to retain its 

translation termination function, and alterations in amyloid heterogeneity have 

been shown to underlie changes in Sup35 protein–only phenotypes (Pezza et 

al, 2014).The amyloid state is a highly structured, insoluble fibrillar deposit, 

consisting of many repeats of the same protein. This type of aggregation is 
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central to the pathology of many neurodegenerative diseases, including 

Alzheimer’s, Parkinson’s, Huntington’s, and prion diseases. Although the exact 

point at which these disease-related proteins are toxic is debatable, it is well 

accepted that the process of amyloid formation is generally detrimental to 

human health. Fungal and mammalian prions form de novo, but the mechanism 

is poorly understood in molecular terms. An initial alternative conformational 

state might be instigated by spontaneous misfolding event(s) that might be 

triggered by mutation, mistranslation, environmental stresses, and/or disruption 

of the chaperone network (DeMarco and Daggett, 2005). Hence any defense 

systems that can eliminate these initially misfolded species might prevent 

conversion to the amyloid or disease-causing form of the protein.  

Studies in yeast cells have identified intricate protein quality control 

systems in which insoluble proteins are partitioned into defined sites in the cell; 

amyloid and amorphous aggregates are believed to be processed separately 

(Sontag et al, 2014). The ubiquitin proteasome system (UPS) is the main 

proteolytic system that subsequently degrades misfolded and damaged proteins 

or proteins that are no longer required in cells. Proteins destined for 

degradation by the proteasome are tagged with ubiquitin, and previous studies 

showed that alterations in the ubiquitin system affect prion formation (Allen et 

al, 2007). In addition, a number of genes that affect the UPS have been 

identified in an unbiased genome-wide screen for factors that modify the 

frequency of [PSI+] induction (Tyedmers et al, 2008). This suggests that the 

UPS normally functions to prevent conversion of misfolded Sup35 into its 

transmissible amyloid form. However, ubiquitinated Sup35 has not been directly 

detected in yeast, and it is unclear whether the proteasome plays a direct role in 
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suppressing [PSI+] prion formation (Allen et al, 2007).   

Autophagy is the cellular proteolytic system that degrades organelles 

and clears protein aggregates via vacuolar/lysosomal degradation (Parzych and 

Klionsky, 2014). During autophagy, an elongated isolation membrane 

sequesters cell material for degradation, forming a double-membrane-bound 

vesicle called the autophagosome. Fusion of the autophagosome with 

vacuoles/lysosomes introduces acidic hydrolases, which degrade the contained 

proteins and organelles. The progress of the autophagy pathway is regulated by 

the products of autophagy-related genes (ATG genes). Approximately 35 ATG 

genes have been identified in yeast, and several mammalian homologues have 

been functionally characterized. A number of possible links between autophagy 

and protein aggregation diseases have been described. For example, a link 

between autophagy and prion disease was first suggested by the observance of 

autophagic vacuoles in neurons from a scrapie hamster model (Boellaard et al, 

1991). Suppression of basal autophagy in mice causes neurodegenerative 

diseases, suggesting that autophagy plays a role in the clearance of misfolded 

proteins (Hara et al, 2006; Komatsu et al, 2006), and amyloidogenic aggregates 

such as those formed by α-synuclein and huntingtin have been identified as 

substrates of autophagy (Webb et al, 2003; Ravikumar et al, 2004; Iwata et al, 

2005). In addition, a correlation has been observed between pharmacological 

interventions that induce autophagy and enhanced cellular degradation of 

prions in prion-infected neuronal cell models (Heiseke et al, 2009). All of this 

suggests that autophagy plays a protective role against prion toxicity. However, 

the molecular details of how autophagy might promote prion 

clearance/degradation are unclear, and it is unknown whether a defective 
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autophagy pathway might promote increased prion formation/ accumulation.  

 In the present study, we analyze the role of autophagy in protecting 

against de novo [PSI+] prion formation in yeast. We show that the frequency of 

[PSI+] and [PIN+] prion formation is elevated in mutants deficient in autophagy. 

Conversely, induction of autophagy acts to protect against de novo prion 

formation. We show that oxidatively damaged Sup35 accumulates in autophagy 

mutants and suggest that autophagy normally functions to remove such 

oxidatively damaged Sup35, preventing spontaneous prion formation. In 

agreement with this idea, we show that growth under anaerobic conditions 

suppresses the de novo formation of [PSI+] in an autophagy mutant.  

2.2 RESULTS  

2.2.1 [PSI+] prions are formed in autophagy mutants.  

A representative range of autophagy mutants was constructed to 

determine whether Sup35 aggregation is elevated in the absence of autophagy. 

Deletion mutants were made in a [PIN+][psi−] version of yeast strain 74D-694, 

which is commonly used for prion studies (Chernoff et al., 1995). Mutants were 

constructed in a [PIN+][psi−] strain background with defects in the core 

autophagy machinery, including the Atg1 kinase complex (atg1), the PI3K 

complex (atg14), the Atg9 cycling complex (atg9), the Atg8 ubiquitin-like 

conjugation system (atg8, atg4), and the Atg12 ubiquitin-like conjugation 

system (atg12, atg7). Mutants were also constructed lacking a vacuolar lipase 

(atg15), a receptor protein for the cytoplasm-to-vacuole targeting (Cvt) pathway 

(atg19), an adapter protein required for cargo loading in pexophagy (atg11), 

and a mitochondrial cargo receptor required in mitophagy (atg32).  
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Sup35 aggregate formation was visualized using a Sup35NM–green 

fluorescent protein (GFP) fusion protein whose expression is under the control 

of the copper-regulatable CUP1 promoter (Patino et al, 1995). After short-term 

induction of this protein, diffuse cytoplasmic fluorescence is observed in [psi−] 

cells, whereas coalescence of newly made Sup35NM-GFP with preexisting 

Sup35 aggregates in [PSI+] cells allows the detection of [PSI+] foci. [PIN+][psi−] 

strains were grown for 16 h and Sup35NM-GFP induced with copper for 1 h to 

visualize Sup35 aggregation. As expected, diffuse cytoplasmic fluorescence 

was observed in the control [psi−] strain (Figure 2.1A). Similar diffuse 

cytoplasmic Sup35 fluorescence was detected in the atg11 and atg32 mutants. 

In contrast, many large Sup35 puncta were detected in all of the remaining atg 

mutants (Figure 2.1A). Quantification of aggregate formation revealed that ∼2–

5% of mutant cells examined contained visible fluorescent foci after 16 h of 

growth (Figure 2.1B).  

One well-defined genetic criterion for a yeast prion is its reversible 

curability (Wickner, 1994). This is commonly tested using guanidine 

hydrochloride (GdnHCl), which blocks the propagation of yeast prions by 

inhibiting the key ATPase activity of Hsp104, a molecular chaperone that is 

absolutely required for yeast prion propagation (Ferreira et al, 2001; Jung and 

Masison, 2001). Curing autophagy mutants with GdnHCl resulted in diffuse 

cytoplasmic Sup35-GFP fluorescence, with no detectable foci, indicating that 

these puncta may represent [PSI+] prion formation rather than amorphous 

Sup35 protein aggregates (Figure 2.1C). 
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Figure 2.1: [PSI+] prions are formed in autophagy mutants.  (A) Representative 
fluorescence micrographs for the wild-type and indicated autophagy mutant strains 
containing plasmids expressing Sup35NM-GFP. Sup35NM-GFP expression was 
induced for 1 h using copper before visualizing aggregate formation after 16 h of 
growth. (B) The aggregation frequency was calculated in the indicated autophagy 
mutants as a percentage of the number of cells containing fluorescent foci out of ∼300 
cells counted. (C) Representative fluorescence micrographs for strains cured with 
GdnHCl.  
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2.2.2 Increased frequency of de novo [PSI+] and [PIN+] prion formation in 

autophagy mutants. 

Strain 74D-694 contains the ade1-14 mutant allele, which confers 

adenine auxotrophy due to the presence of a premature UGA stop codon in the 

ADE1 gene. Thus [psi−] ade1-14 cells are unable to grow in the absence of 

exogenous adenine and accumulate an intermediate in the adenine biosynthetic 

pathway that causes the colonies to be red. Suppression of the ade1-14 

mutation in [PSI+] cells allows growth in the absence of adenine, giving rise to 

white or pink colonies. Spontaneous white/pink Ade+ colonies were isolated 

from atg1, atg8, and atg19 mutants (Figure 2.2A). The Ade+ phenotype was 

eliminated by growth in the presence of GdnHCl, giving rise to red Ade− 

colonies, confirming the de novo formation of [PSI+] in these cells (Figure 2.2A). 

Semidenaturing detergent agarose gel electrophoresis (SDD-AGE) was used to 

provide further evidence that autophagy mutants form [PSI+] prions. [PSI+] 

prions form SDS-resistant, high–molecular weight aggregates that can be 

detected using SDD-AGE (Kryndushkin et al, 2003). Such Sup35 aggregates 

were detected in a control [PSI+] strain (Figure 2.2B). Growth of this strain in 

the presence of GdnHCl shifted Sup35 back to its monomeric size due to the 

requirement for Hsp104 to propagate [PSI+] prion formation. Similar SDS-

resistant, high–molecular weight aggregates were detected in the [PSI+] 

versions of the atg1, atg4, atg8, and atg15 mutants, which were also curable by 

growth in the presence of GdnHCl (Figure 2.2B).  
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Figure 2.2: The [PSI+] prion is formed in autophagy mutants. (A) [PSI+] prion 
formation was visualized in the wild-type (74D-694) and atg1, atg8, and atg19 mutant 
strains by pink/white colony formation and growth on minimal medium in the absence 
of adenine. Curing with GdnHCl gives rise to red Ade− colonies, confirming the de 
novo formation of [PSI+] in these cells. (B) Cell extracts were prepared from 
exponentially growing cells and analyzed by SDD-AGE. SDS-resistant Sup35 
aggregates were detected in atg1, atg4, atg8, and atg15 mutant strains. Aggregate and 
monomer (M) forms are indicated.  

To quantify [PSI+] formation, we used a plasmid with a ura3-14 allele 

containing the ade1-14 nonsense mutation engineered into the wild-type URA3 

gene (Manogaran et al, 2006). The ura3-14 allele allows [PSI+] prion formation 

to be scored by growth on media lacking uracil, indicative of decreased 

translational termination efficiency in [PSI+] cells. We used this assay rather 

than scoring [PSI+] formation by suppression of the ade1-14 nonsense mutation 

and growth on media lacking adenine to avoid any possible complications 

arising from adenine metabolism in autophagy mutants. Formation of the red 

pigment in adenine mutants arises due to its accumulation in vacuoles 

A. 

B. 
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(Chaudhuri et al, 1997), and we reasoned that autophagy mutants might affect 

vacuolar function. [PSI+] formation was differentiated from nuclear gene 

mutations that give rise to uracil prototrophy by their irreversible elimination in 

GdnHCl. Using this assay, we estimated the frequency of de novo [PSI+] prion 

formation in a control [PIN+][psi−] strain to be ∼1 × 10−5 (Figure 2.3A), 

comparable to previously reported frequencies (Lund and Cox, 1981; Lancaster 

et al, 2010). Loss of ATG1, ATG8, or ATG19 caused a modest increase in the 

frequency of de novo [PSI+] formation of approximately twofold to threefold. 

Given that increased cellular concentration of Sup35 can promote [PSI+] prion 

formation, we examined Sup35 protein levels in autophagy mutants (Figure 

2.3B). This analysis confirmed that similar levels of Sup35 are present in a wild-

type and atg1, atg8, and atg19 mutant strains, ruling out any effects on Sup35 

protein concentration.  

Given the increased frequency of [PSI+] prion formation in autophagy 

mutants, we examined the de novo formation of another yeast prion, namely the 

Rnq1/[PIN+] prion, which is not related in sequence to the Sup35/[PSI+] prion. 

The de novo formation of [PIN+] prions was detected in ∼6% of control [pin−] 

cells (Figure 2.3C), comparable to previous measurements (Sideri et al, 2011). 

The frequency of [PIN+] prion formation was elevated by approximately twofold 

to threefold in atg1, atg8, and atg19 mutants (Figure 2.3C). Taken together, 

these data indicate that an increased frequency of de novo prion formation 

occurs in mutants defective in the core autophagy machinery, suggesting that 

active autophagy is required to suppress prion formation during normal growth 

conditions.  
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Figure 2.3: Increased frequency of de novo [PSI+] and [PIN+] prion formation in 
autophagy mutants. (A) [PSI+] prion formation was quantified in the wild-type and 
atg1, atg8, and atg19 mutant strains using an engineered ura3-14 allele, which 
contains the ade1-14 nonsense mutation inserted into the wild-type URA3 gene 
(Manogaran et al., 2006). [PSI+] prion formation was scored by growth on medium 
lacking uracil, indicative of decreased translational termination efficiency. [PSI+] 
formation was differentiated from nuclear gene mutations that give rise to uracil 
prototrophy by their irreversible elimination in GdnHCl. Data shown are the means of at 
least three independent biological repeat experiments expressed as the number of 
colonies per 105 viable cells. Error bars denote the standard deviation. Statistical 
analysis was performed by one-way ANOVA with pair-wise comparisons using Tukey 
HSD (honest significant difference) test comparing the [PSI+] prion formation in the 
atg1, atg8, and atg19 mutant strains to the [PSI+] prion formation in the wild-type strain 
(*p<0.01, #p<0.05). (B) Western blot analysis showing Sup35 protein levels in wild-type 
and atg1, atg8, and atg19 mutant strains. Blots were probed with α-Pgk1 as a loading 
control. (C) [PIN+] prion formation was quantified in wild-type and atg1, atg8, and atg19 
mutant strains and is expressed as the number of [PIN+] colonies formed per 96 
colonies examined. Data shown are the means of at least three independent biological 
experiments; error bars denote the standard deviation. Statistical analysis was 
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performed by one-way ANOVA with pair-wise comparisons using Tukey HSD test 
comparing the [PIN+] prion formation in the atg1, atg8, and atg19 mutant strains to the 
[PIN+] prion formation in the wild-type strain (*p<0.01). 

 

2.2.3 The frequency of induced [PSI+] formation is increased in an 

autophagy mutant. 

 [PSI+] prion formation can be induced by the overexpression of Sup35 

in [PIN+] strains since the excess Sup35 increases the possibility for prion seed 

formation (Wickner, 1994). Strains were initially grown overnight, before the 

Sup35NM-GFP was induced with copper to promote [PSI+] prion formation. We 

found that overexpression of Sup35NM-GFP in a [PIN+][psi−] control strain 

resulted in detectable protein aggregates after 18 h of expression induced by 

copper addition, and aggregates were detected in ∼4.7% of cells by 24 h 

(Figure 2.4A), similar to previous reports (Mathur et al, 2010). Overexpression 

of Sup35NM-GFP in [PIN+][psi−] cells facilitates the detection of ring- and 

ribbon-like aggregates that are believed to be characteristic of de novo prion 

formation. These structures can be found in the cell periphery or surrounding 

the vacuole and mature into an infectious prion state, detected as large, dot-like 

aggregates (Ganusova et al, 2006). Ring and ribbon-like aggregates 

characteristic of the de novo formation of [PSI+] could be detected in 0.6% of 

control cells by 18 h (Figure 2.4A). When the same experiment was repeated in 

an atg1 mutant, increased aggregation was detected after overnight growth and 

induction of Sup35NM-GFP for 1 h, as expected from Figure 2.1. Sup35 

aggregation continued to increase in the atg1 mutant, with 13.6% of cells 

examined containing visible aggregates after 24 h of Sup35NM-GFP expression 

(Figure 2.4A). Ring- and ribbon-like aggregates characteristic of the de novo 
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formation of [PSI+] could also be detected within 12 h. Thus autophagy mutants 

appear to show an increased frequency of both spontaneous and induced 

[PSI+] prion formation.  

Sup35 Western blot analysis was used to rule out any differences in 

Sup35NM-GFP induction in the atg1 mutant compared with the wild-type strain 

(Figure 2.4B). This analysis showed that a similar profile of increased 

Sup35NM-GFP was detected in both the wild-type and atg1 mutant strains. 

Strains were cured with GdnHCl before Sup35NM-GFP overexpression to 

determine the requirement for Hsp104 for induced puncta formation. No puncta 

were detected in the cured wild-type strain after 2 or 24 h induction of 

Sup35NM-GFP (Figure 2.4C). Similarly, no puncta were detected in the atg1 

mutant after 2 h of induction of Sup35NM-GFP, but 3.6% of atg1 mutant cells 

contained puncta after 24 h of induction (Figure 2.4C). These data confirm that 

the induced aggregate formation in the wild-type and the atg1 mutant is largely 

[PIN+] dependent.  

The induction of [PSI+] prion formation was quantified using the ade1-14 

mutant allele, which confers adenine auxotrophy and is differentiated from 

nuclear SUPX gene mutations by its irreversible elimination in guanidine 

hydrochloride (Tuite et al, 1981). The frequency of [PSI+] formation was ∼10-

fold higher in a wild-type strain containing the plasmid expressing Sup35NM-

GFP before copper induction compared with a nontransformed strain (compare 

Figures 2.4D and 2.3A). This presumably reflects increased basal levels of 

Sup35 expression from the Sup35NM-GFP plasmid. Before copper induction, 

the frequency of [PSI+] formation was approximately threefold higher in the atg1 
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mutant than with the wild-type strain (Figure 2.4D). This is very similar to the 

difference observed between wild-type and atg1 mutant strains using the ura3-

14 assay (Figure 2.3A). [PSI+] formation was strongly induced in response to 

copper addition. This induction was stronger in the atg1 mutant than with the 

wild-type strain, confirming that autophagy suppresses induced [PSI+] prion 

formation (Figure 2.4D).  

Overexpression of Sup35 in a [PSI+] background can be toxic due to 

increased Sup35 aggregation titrating Sup35 away from its normal function in 

translation termination (Derkatch et al, 1996; Allen et al, 2007; Vishveshwara et 

al, 2009). We examined whether autophagy is required to protect against this 

toxicity. Sup35 was overexpressed under the control of the GAL1 promoter in 

[PIN+][PSI+] versions of the wild-type and atg1, atg8, and atg19 mutant strains. 

Sup35 overexpression was more toxic in the autophagy mutants than with the 

wild-type strain (Figure 2.4E). This toxicity depended on the [PSI+] status of the 

cells, since it was largely abrogated in [PIN+][psi−] mutants.  
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Figure 2.4: Induction of [PSI+] prion formation in autophagy mutants. (A) 
Fluorescence micrographs for [PIN+] [psi−] versions of the wild-type and atg1 mutant 
strains containing the CUP1-SUP35NM-GFP plasmid induced with copper for the 
indicated times. Top rows, representative images in which puncta formation was first 
detected in the wild-type (18 h) and atg1 (1 h) strains. Bottom rows, representative 
images in which ring- and ribbon-like aggregates, indicative of de novo prion formation, 
were detected in the wild-type (18 h) and atg1 (12 h) strains. The percentage of cells 
containing visible puncta or ring- and ribbon-like aggregates is shown for each strain 
from an average of 300 cells counted. (B) Western blot analysis of the wild-type and 
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atg1 mutant strains after induction of the Sup35NM-GFP for 1, 8, 18, or 24 h. Blots 
were probed with αSup35 or α-Pgk1 as a loading control. (C) Fluorescence 
micrographs for cured versions of the wild-type and atg1 mutant strains after induction 
of Sup35NM-GFP for 2 or 24 h. Representative images in which puncta were only 
detected in atg1 mutant cells (3.6%) after 24-h induction. (D) [PSI+] prion formation 
was quantified in the wild-type and atg1 mutant strains containing the CUP1-
SUP35NM-GFP plasmid after 0, 1, and 24 h of copper induction. [PSI+] formation was 
quantified using the ade1-14 mutant allele by growth on medium lacking adenine and 
differentiated from nuclear SUPX gene mutations by their irreversible elimination in 
GdnHCl. Data shown are the means of at least three independent biological repeat 
experiments expressed as the number of colonies per 104 viable cells. Error bars 
denote the standard deviation. Statistical analysis was performed by one-way ANOVA 
with pair-wise comparisons using Tukey HSD test comparing the [PSI+] prion formation 
between the wild-type strain and the atg1 mutant at 0, 1, and 24 h of induction (n.s.not 
statistically significant, *p<0.01, **p<0.001). (E) Sup35 toxicity was examined in [psi−] 
or [PSI+] versions of the indicated strains containing SUP35 under the control of a GAL 
inducible promoter. Strains were initially grown overnight in raffinose-containing 
medium before dilution (A600 = 1, 0.1, 0.01, 0.001) and spotting onto agar plates 

containing galactose or glucose. Overexpression of Sup35 inhibits growth in the [PSI+] 
versions of autophagy mutants compared with [psi−] versions.  

 

2.2.4 Inducing autophagy protects against de novo [PSI+] prion formation. 

Because loss of autophagy results in an increased frequency of prion 

formation, we examined whether inducing autophagy could protect against de 

novo [PSI+] prion formation. This is difficult to examine in a wild-type strain, 

given the rare occurrence of spontaneous [PSI+] prion formation. We therefore 

used mutants that are known to have an increased frequency of de novo [PSI+] 

prion formation. This included a mutant lacking the Tsa1 and Tsa2 

peroxiredoxins (Sideri et al, 2010). Peroxiredoxins are important cellular 

antioxidants, and oxidative damage to Sup35 is believed to trigger the formation 

of [PSI+] prions in this mutant (Sideri et al, 2011). A number of factors that 

modify the frequency of [PSI+] induction were identified in an unbiased 

genome-wide screen (Tyedmers et al, 2008). We used one such mutant 

identified in this screen that is deleted for PPQ1 (SAL6), encoding a protein 
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phosphatase of unknown function. Ppq1 (Sal6) was originally identified as a 

mutant that increases the efficiency of translational suppressors, including 

nonsense suppressors (Vincent et al, 1994). Rather than affecting prion 

formation, this mutant presumably allows the detection of [PSI+] strains that are 

normally too weak to detect. Using the ura3-14 allele plasmid assay, we found 

the frequency of de novo [PSI+] prion formation to be elevated by approximately 

four-fold in a [PIN+][psi−] tsa1 tsa2 mutant and by 20-fold in a [PIN+][psi−] ppq1 

mutant (Figure 2.5A). Autophagy can be stimulated by a number of 

pharmacological agents including the naturally occurring polyamine spermidine 

(Eisenberg et al, 2009; Morselli et al, 2011). Growth of the tsa1 tsa2 and ppq1 

mutants in the presence of 4 mM spermidine significantly reduced the elevated 

frequency of de novo [PSI+] prion formation normally observed in these mutants 

but not in an atg1 mutant (Figure 2.5A). 

A GFP-Atg8 construct was used as a control to confirm that spermidine 

induces autophagy in these mutants (Noda et al, 1995). This assay follows the 

autophagy-dependent proteolytic liberation of GFP from GFP-Atg8, which is 

indicative of autophagic flux. Free GFP was detected in the wild-type and tsa1 

tsa2 and ppq1 mutant strains after spermidine treatment but not in the atg1 

mutant, which is defective in autophagy (Figure 2.5B). Of interest, low levels of 

free GFP were detected in the tsa1 tsa2 and ppq1 mutants in the absence of 

spermidine, suggesting that these mutants already have elevated basal levels 

of autophagy. Because de novo [PIN+] formation occurs at a relatively high 

rate, we examined whether inducing autophagy with spermidine also protects 

against [PIN+] formation. This analysis showed that spermidine reduces de 
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novo [PIN+] formation from ∼6% to <1% (Figure 2.5C). Spermidine treatment 

did not affect the elevated frequency of de novo [PIN+] formation observed in 

an atg1 mutant.  

                                

Figure 2.5: Inducing autophagy with spermidine protects against de novo [PSI+] 
and [PIN+] prion formation. (A) [PSI+] prion formation was quantified in wild-type, 
atg1, tsa1 tsa2 and ppq1 mutant strains using an engineered ura3-14 allele as 
described for Figure 2.3A. Autophagy was induced by growing cells in the presence of 
4 mM spermidine (+ Spd). Data shown are the means of at least three independent 
biological repeat experiments. Error bars denote the standard deviation. Statistical 
analysis was performed by one-way ANOVA with pair-wise comparisons using Tukey 
HSD test comparing the [PSI+] prion formation in the absence versus the presence of 
spermidine treatment in wild-type, atg1, tsa1 tsa2 and ppq1 mutant strains (n.s.not 
statistically significant, *p<0.01, #p<0.05). (B) Autophagic flux was monitored in cells 
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expressing GFP-Atg8. Growth in the presence of spermidine induced autophagy in 
wild-type and tsa1 tsa2 and ppq1 mutant strains as detected by the appearance of free 
GFP indicative of autophagic flux. No free GFP was detected in an atg1 mutant. (C) 
[PIN+] prion formation was quantified in wild-type (Eisenberg et al, 2009) and atg1 
mutant cells as described for Figure 2.3C. Autophagy was induced by growing cells in 
the presence of 4 mM spermidine (+ Spd). Data shown are the means of at least three 
independent biological repeat experiments. Error bars denote the standard deviation. 
Statistical analysis was performed by one-way ANOVA with pair-wise comparisons 
using Tukey HSD test comparing the [PIN+] prion formation in the absence versus the 
presence of spermidine treatment in wild-type strain and atg1 mutant (n.s.not statistically 
significant, *p<0.01). 

 

2.2.5 Sup35 protein oxidation is increased in autophagy mutants.  

To begin to address the mechanism by which prions form spontaneously 

in autophagy mutants, we examined whether the localization of [PSI+] foci is 

altered in an autophagy mutant. Induced [PSI+] prion formation is believed to 

proceed via targeted localization of misfolded Sup35 to the IPOD, which is 

formed adjacent to the vacuole (Tyedmers et al, 2010a; Sontag et al, 2014). 

The vacuolar dye FM4-64 was used to visualize vacuolar membranes in wild-

type and atg1 mutant strains (Figure 2.6A). This analysis revealed that similar 

vacuolar Sup35-GFP foci were detected in the wild-type and atg1 mutant 

strains after copper induction of the Sup35NM-GFP (Figure 2.6A). We used 

CFP-ATG8 and CFP-ATG14 as markers of the preautophagosomal structure 

(PAS) in wild-type and atg1 mutant strains (Figure 2.6B). Similar to previous 

reports (Tyedmers et al, 2010a), we observed that Sup35-GFP foci formed 

adjacent to these PAS markers. Similar Sup35-GFP foci were formed in the 

atg1 mutant despite the absence of PAS formation. Thus, although an atg1 

mutant is deficient in macroautophagy and the recruitment of additional Atg 

proteins to the PAS (Parzych and Klionsky, 2014), Sup35 is still targeted to the 

vacuolar membrane.  
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Figure 2.6: Sup35 aggregate formation occurs at similar intracellular sites in 
wild-type and atg1 mutant strains. (A) The vacuolar dye FM4-64 was used to 
visualize vacuolar membranes in wild-type and atg1 mutant strains. Similar vacuolar 
Sup35-GFP foci were detected in the wild-type and atg1 mutant strains after copper 
induction of the CUP1-SUP35NM-GFP plasmid for 1 h. (B) CFP-ATG8 and CFP- 
ATG14 were used as markers of PAS in wild-type and atg1 mutant strains. Strains 
were grown for 48 h in the presence of 4 mM spermidine to induce autophagy and 
Sup35NM-GFP induced with copper for 1 h. Sup35 aggregates form adjacent to PAS 
markers in the wild-type strain.  

 

 

A. 

B. 
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Given that vacuolar targeting of Sup35 appears to be unaffected in an 

atg1 mutant, we next examined whether oxidatively damaged Sup35 

accumulates in an autophagy mutant, which might trigger [PSI+] prion 

formation. This is because oxidative damage to Sup35 is believed to be one 

possible cause of the initial misfolding event that triggers the formation of the 

[PSI+] prion in yeast (Sideri et al, 2011). We previously showed that loss of 

antioxidants results in elevated levels of Sup35 methionine oxidation and [PSI+] 

prion formation, suggesting that endogenous levels of reactive oxygen species 

(ROS) are sufficient to promote prion formation (Sideri et al, 2011). We 

reasoned that if autophagy acts to suppress prion formation by removing 

oxidatively damaged Sup35, we might detect oxidized Sup35 in an autophagy 

mutant. Sup35 oxidation was measured by immunoblot analysis using an 

antibody that recognizes methionine sulfoxide (MetO). No MetO was detected 

in a wild-type strain grown under nonstress conditions, but MetO was detected 

after exposure to 1 mM hydrogen peroxide for 1 h (Figure 2.7A). Formation of 

MetO was also detected in the tsa1 tsa2 mutant, as previously reported (Sideri 

et al, 2011). In addition, MetO formation was detected in an atg1 mutant in the 

absence of oxidative stress, suggesting that autophagy normally functions to 

remove oxidatively damaged Sup35 that forms during normal growth conditions 

and endogenous ROS exposure.  
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Figure 2.7: Oxidation of Sup35 in an atg1 mutant causes [PSI+] prion formation. 
(A) Sup35 was affinity purified using TAP chromatography from wild-type and atg1 and 
tsa1 tsa2 mutant strains. Western blots were probed with anti-PAP (peroxidase anti-
peroxidase) to confirm that similar amounts of Sup35 were purified from each strain. 
Sup35 oxidation was detected using antibodies that recognize MetO. Strains were 
treated with 1 mM hydrogen peroxide where indicated. (B) Sup35 methionine oxidation 
was detected in wild-type and atg1 mutant strains grown under aerobic versus 
anaerobic conditions. Western blots were probed with anti-Sup35 to confirm that 
similar amounts of Sup35 were purified from each strain. (C) [PSI+] prion formation 
was quantified in wild-type and atg1 mutant strains after growth under aerobic or 
anaerobic conditions. Data shown are the means of at least three independent 
biological repeat experiments. Error bars denote the standard deviation. Statistical 
analysis was performed by one-way ANOVA with pair-wise comparisons using Tukey 
HSD test comparing the [PSI+] prion formation under aerobic versus anaerobic 
conditions in wild-type strain and atg1 mutant (n.s.not statistically significant, *p<0.01). 

 

B. 

A. 

C. 

wt atg1 

-MetO 

 -Sup35 

Aerobic Anaerobic 

wt atg1 

-MetO 

-Sup35 

   -         +         -        +          -         +    H₂O₂ 

wt                atg1          tsa1 tsa2  

* 

0"

0.5"

1"

1.5"

2"

2.5"

3"

WT# atg1#

Aerobic"

Anaerobic"

[P
SI
⁺]
$fo

rm
a*

on
/1
0⁵
$c
el
ls
$

n.s. 

 wt 



	   95	  

Given that oxidatively damaged Sup35 accumulates in an atg1 mutant, 

we examined whether oxidative damage underlies the increased frequency of 

[PSI+] prion formation in an autophagy mutant. The [PIN+][psi−] versions of the 

wild-type and atg1 mutant strains were grown under aerobic or anaerobic 

conditions in the absence of molecular oxygen. Examination of Sup35 

methionine oxidation revealed that no MetO was detected in the atg1 mutant 

after growth under anaerobic conditions (Figure 2.7B). Under aerobic 

conditions, the frequency of [PSI+] prion formation was elevated by 

approximately threefold, whereas no increased [PSI+] prion formation was 

detected in the atg1 mutant grown under anaerobic conditions (Figure 2.7C). 

These data indicate that oxidative growth conditions are required for the 

increased frequency of prion formation in an autophagy mutant.  

2.3 DISCUSSION  

Prions form spontaneously without any underlying genetic change. The 

emergence of disease correlates with the appearance of PrP
Sc

, a novel 

conformational form of the cellular PrPC protein. This prion form replicates 

through a cycle of seeded polymerization and fragmentation, and it is assumed 

that genetic or environmental factors can trigger the conformational change in 

the absence of any preexisting PrPSc “seeds” (Collinge and Clarke, 2007). 

However, the exact mechanisms underlying the switch from a normally soluble 

protein to the amyloid form are poorly understood. Prions cause many 

neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and 

Creutzfeldt-Jakob diseases and amyotrophic lateral sclerosis. Most cases of 

these human diseases are sporadic (Prusiner 2013). It is therefore important to 

establish the conditions that trigger the switch to the prion or disease-causing 
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form. Our data indicate that autophagy is required to suppress de novo 

formation of the yeast [PSI+] and [PIN+] prions.  

Mutants lacking several different core and associated autophagy 

components were found to elevate prion formation. In contrast, mutants lacking 

ATG11 or ATG32, which are deficient in pexophagy and mitophagy, 

respectively, were unaffected in aggregate formation. Mutants lacking ATG19 

also displayed increased spontaneous aggregate formation. This was 

somewhat unexpected because Atg19 is believed to function as an essential 

component of the cytoplasm-to-vacuole targeting pathway (Cvt) rather than in 

nonselective autophagy (Xie and Klionsky, 2007). However, there is some 

evidence for a role for Atg19 in the degradation of an ER-associated 

degradation substrate (Mazon et al, 2007). Atg19 is required for the efficient 

degradation of Pma1 in a process that also requires the UPS. It is unclear 

whether Sup35 may act as a substrate of the Cvt pathway or whether Sup35 

aggregation and [PSI+] prion formation are indirect effects of loss of Atg19. This 

does not appear to arise specifically due to loss of the Cvt pathway, since 

Sup35 aggregation and [PSI+] prion formation are unaffected in a mutant 

lacking Atg11, which functions as an adapter protein required for cargo loading 

in pexophagy and the Cvt pathway.  

The frequency of de novo [PSI+] formation is relatively low in a wild-type 

strain (∼1 × 10−5) and is elevated by approximately twofold to threefold in 

mutants lacking ATG1, ATG8, or ATG19. In contrast, Sup35NM-GFP aggregate 

formation was detected in ∼4–5% of cells examined for the same autophagy 

mutants. This suggests that not all cells with fluorescent aggregates correspond 
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to true [PSI+] formation. It has long been known that not all SUP35-GFP 

aggregates will give rise to prions. For example, previous studies suggested 

that about half of cells with fluorescent dots will die. Some of the rest contain 

nonproductive (e.g., nonamyloid) aggregates (Arslan et al, 2015). Thus, 

whereas overexpressing SUP35-GFP provides a way to look for the general 

propensity to promote aggregate formation, it does not distinguish among 

aggregates that will be dissolved/cleared by autophagy, the ones that will kill 

the cell, and the ones that will give rise to [PSI+]. Our quantitative assay 

specifically quantifies “classical” PIN-dependent [PSI+] formation, that is, prions 

that are capable of propagation and strong enough to give rise to viable 

colonies. [PSI+] formation is strongly induced in response to copper addition, as 

expected. This induction is stronger in the atg1 mutant than in the wild-type 

strain, confirming that autophagy suppresses induced [PSI+] prion formation. 

Furthermore, taking the wild-type strain as an example, these experiments 

confirm that the frequency of true [PSI+] formation (1.2 × 10−4) is much lower 

than the number of cells containing visible Sup35-GFP aggregates (4.7 × 

10−2).  

Sup35 containing oxidized methionine (MetO) was detected in the atg1 

mutant, which appears to underlie the increased frequency of [PSI+] prion 

formation in this mutant. Increasing evidence suggests a causal link between 

protein oxidation and de novo prion formation (Grant, 2015). For example, 

oxidized methionine residues detected in misfolded PrPSc have been proposed 

to facilitate the structural conversion underlying the sporadic formation of PrPSc 

(DeMarco and Daggett, 2005; Wolschner et al, 2009; Elmallah et al, 2013). 
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Similarly, we showed that methionine oxidation of Sup35 in a range of yeast 

antioxidant mutants underlies the switch from a soluble form of the protein to 

the [PSI+] prion (Sideri et al, 2011; Doronina et al, 2015). Abrogating 

methionine oxidation in antioxidant mutants prevents [PSI+] formation, 

suggesting that protein oxidation may be a common mechanism underlying the 

aggregation of both mammalian and yeast amyloidogenic proteins (Sideri et al, 

2011; Doronina et al, 2015). Similar increases in the levels of Met-SO formation 

were detected in tsa1 tsa2 and atg1 mutant strains and in a wild-type strain 

exposed to hydrogen peroxide. Note that the immunoblots used to detect Met-

SO levels do not provide a quantitative measure of methionine oxidation, but 

the detection of oxidized methionine has been shown to correlate with elevated 

frequencies of [PSI+] formation (Doronina et al, 2015). We do not know why 

MetO formation appears to decrease in atg1 mutant cells after oxidative stress 

conditions. It is possible that the excess accumulation of oxidized proteins that 

might arise from the combination of oxidative stress and the loss of atg1 is toxic 

to cells, or, alternatively, other protein degradation or aggregate-clearing 

systems may become active under these conditions. We suggest that 

autophagy normally functions to remove oxidized Sup35 from cells, but in the 

absence of autophagy, misfolded Sup35 undergoes structural transitions 

favoring its conversion to the propagatable [PSI+] form. In agreement with this 

idea, growth under anaerobic conditions abrogated both methionine oxidation 

and the increased frequency of [PSI+] formation in an atg1 mutant.  

Met-SO was detected in Sup35 in an atg1 mutant grown under normal 

conditions in the absence of any added oxidant. This suggests that endogenous 



	   99	  

ROS levels are sufficient to damage Sup35 but that autophagy normally 

functions to remove damaged Sup35, preventing [PSI+] formation. The 

frequency of prion formation was lower in the atg1 mutant than in antioxidant 

mutants under the same growth conditions. This presumably reflects the higher 

levels of endogenous ROS that are formed in the absence of antioxidants. A 

significant proportion of newly synthesized proteins are known to be misfolded, 

and this is exacerbated by conditions that promote further unfolding, such as 

oxidative stress (Hohn et al, 2014). Oxidized proteins are often nonfunctional 

and must be removed by degradation to prevent aggregate formation. The UPS 

and autophagy are the major routes of clearance for toxic proteins. The UPS is 

believed to mainly degrade short-lived proteins, whereas autophagy degrades 

high–molecular weight protein aggregates commonly seen in 

neurodegenerative disorders. Not surprisingly, therefore, dysregulation of 

autophagy has been implicated in the pathogenesis of neurodegenerative 

disorders, since aggregate-prone are eliminated more efficiently via the 

autophagy pathway than the UPS (Banerjee et al, 2010; Lynch-Day et al, 2012). 

Sup35 has been shown to be a proteasomal substrate, and proteasomal activity 

has been demonstrated to influence [PSI+] propagation (Kabani et al, 2014). 

The proteasome was found to degrade highly ordered prion protein assemblies 

in a manner that does not require ubiquitination. It therefore seems likely that 

the UPS and autophagy provide overlapping defense systems to protect against 

prion formation and propagation.  

It is difficult to model sporadic prion formation without overexpressing the 

corresponding protein. We used mutants that display an elevated frequency of 

[PSI+] prion formation without any underlying effect on Sup35 protein levels to 
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test whether increasing autophagic flux could protect against prion formation. 

The elevated frequency of [PSI+] prion formation was abrogated in a tsa1 tsa2 

mutant after induction of autophagy using spermidine. This does not simply 

reflect the role of autophagy in the turnover of oxidized proteins, since [PSI+] 

prion formation was also reduced in a ppq1 mutant that is not involved in the 

oxidative stress response. The nature of the misfolded intermediate in a ppq1 

mutant is unknown but is presumably normally removed via autophagy to 

prevent prion formation. Enhancing autophagy has also been shown to reduce 

toxicity in Huntington’s disease models (Sarkar et al, 2007), suggesting that 

pharmacological agents that increase autophagic flux may represent a 

promising therapeutic route toward protecting against amyloid formation and 

toxicity  

The role of autophagy in preventing prion formation and toxicity appears 

evolutionarily conserved. Previous studies established the importance of 

autophagy for delivery of PrPSc to lysosomes for degradation in chronically 

infected cells (Heiseke et al, 2010; Goold et al, 2013). Similarly, inhibitors of 

autophagy result in increased levels of PrPSc, and stimulating autophagy 

decreases PrPSc levels (Aguib et al, 2009; Heiseke et al, 2009; Goold et al, 

2013; Homma et al, 2014; Joshi-Barr et al, 2014). Autophagy also appears to 

be stimulated in response to the de novo accumulation of prion aggregates, 

which may act to clear PrPSc. For example, PrPC accumulates as ubiquitinated 

intracellular protein inclusions, which causes induction of endoplasmic reticulum 

chaperones, the unfolded protein response, and autophagy in a mouse model 

of prion disease (Joshi-Barr et al, 2014). It is interesting, therefore, that the 
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basal levels of autophagy were also somewhat elevated in the ppq1 and tsa1 

tsa2 mutants, which show an elevated frequency of [PSI+] prion formation. 

Yeast therefore provides a powerful genetic system to further establish and 

identify the protective systems that protect against the spontaneous formation 

of prions.  

2.4 MATERIALS AND METHODS  

2.4.1 Yeast strains and plasmids.  

The wild-type yeast strain 74D-694 (MATa ade1-14 ura3-52 leu2-3, 112 

trp1-289 his3-200) was used for all experiments. Strains deleted for autophagy 

genes were constructed in 74D-694 using standard yeast methodology. Sup35 

was tagged at its C-terminus with a tandem affinity purification (TAP) tag and 

was described previously (Sideri et al, 2011). Sup35 was overexpressed using 

an inducible GAL1-SUP35 plasmid (Josse et al, 2012). Plasmids expressing 

CFP-ATG8 and CFP-ATG14 were described previously (Tyedmers et al, 

2010a).  

2.4.2 Growth and stress conditions.  

Strains were grown at 30°C with shaking at 180 rpm in rich YEPD 

medium (2% [weight/volume] glucose, 2% [weight/volume] bactopeptone, 1% 

[weight/volume] yeast extract) or minimal SD (0.67% [weight/volume] yeast 

nitrogen base without amino acids, 2% [weight/volume] glucose) supplemented 

with appropriate amino acids and bases. SGal media contained 2% 

(weight/volume) galactose, and SRaf media contained 2% (weight/volume) 

raffinose in place of glucose. Media were solidified by the addition of 2% 

(weight/volume) agar. Strains were cured by five rounds of growth on YEPD 

agar plates containing 4 mM GdnHCl. Anaerobic growth conditions were 
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established by degassing media with nitrogen gas as previously described 

(Beckhouse et al, 2008).  

2.4.3 Analyses of prion formation.  

A plasmid containing an engineered ura3-14 allele, which contains the 

ade1-14 nonsense mutation in the wild-type URA3 gene (Manogaran et al, 

2006), was used to score the frequency of de novo [PSI+] prion formation as 

previously described. Alternatively, [PSI+] prion formation was scored by growth 

in absence of adenine. De novo [PIN+] formation was performed as previously 

described (Sideri et al, 2011). [PSI+] and [PIN+] formation was calculated 

based on the mean of at least three independent biological repeat experiments. 

De novo [PSI+] prion formation was visualized as described previously using 

CUP1-SUP35NM-GFP (Sideri et al, 2011). The number of cells containing 

Sup35 puncta was quantified from ∼300 cells counted.  

2.4.4 Protein analysis.  

The analysis of Sup35 amyloid polymers by SDD-AGE was performed as 

described previously (Alberti et al, 2010). Sup35-TAP affinity purification and 

detection of methionine oxidation were performed as described previously 

(Sideri et al, 2011).  

2.4.5 Autophagy analysis and induction.  

Autophagy was induced by growth in the presence of 4 mM spermidine 

(Eisenberg et al, 2009). The induction of autophagy was confirmed by 

examining the release of free GFP due to the proteolytic cleavage of GFP-Atg8 

using a plasmid described previously (Noda et al, 1995). 
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2.4.6 Statistical analysis 

Data are presented as mean values ± standard deviation (SD). Statistical 

analysis for multiple groups was performed using one-way ANOVA with pair-

wise comparisons of sample means via the Tukey HSD test. Results were 

considered statistically significant with a p-value less than 0.05. 
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Chapter 3: Spermidine cures yeast of prions. 
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3.1 Micro-review: 

	  
Prions are self-perpetuating amyloid protein aggregates which underlie 

various neurodegenerative diseases in mammals. The molecular basis 

underlying their conversion from a normally soluble protein into the prion form 

remains largely unknown. Studies aimed at uncovering these mechanism(s) are 

therefore essential if we are to develop effective therapeutic strategies to 

counteract these disease-causing entities. Autophagy is a cellular degradation 

system which has predominantly been considered as a non-selective bulk 

degradation process which recycles macromolecules in response to starvation 

conditions. We now know that autophagy also serves as a protein quality 

control mechanism which selectively degrades protein aggregates and 

damaged organelles. These are commonly accumulated in various 

neurodegenerative disorders including prion diseases. In our recent study 

[Speldewinde et al.,(2015)], we used the well-established yeast [PSI+]/Sup35 

and [PIN+]/Rnq1 prion models to show that autophagy prevents sporadic prion 

formation. Importantly, we found that spermidine, a polyamine that has been 

used to increase autophagic flux, acts as a protective agent which prevents 

spontaneous prion formation. 

The molecular basis by which prions arise spontaneously is poorly 

understood. Our data indicate that oxidative protein damage to Sup35, which is 

a known trigger for de novo prion formation, is normally suppressed by 

autophagy. Oxidatively damaged Sup35 was found to accumulate in mutants 

lacking core components of the autophagy pathway, and this was found to 

correlate with an increased frequency of de novo [PSI+] prion formation. We 

showed that growth under anaerobic conditions in the absence of molecular 
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oxygen prevented the accumulation of oxidized Sup35 and abrogated the high 

frequency of [PSI+] formation in an autophagy mutant. This suggests that 

autophagy normally functions to clear oxidatively damaged proteins prior to 

their conversion to the prion form. A protective role for autophagy in 

preventing de novo prion formation was further confirmed by showing that 

increasing autophagic flux by treatment with spermidine abrogates the 

formation of prions in mutants which normally show high rates of de novo prion 

formation. This important new finding strongly implicates autophagy as a 

defense system which protects against oxidative damage of the non-prion form 

of a protein. This is an important trigger for the formation of the heritable prion 

conformation, an event that has also been implicated in the formation of 

mammalian prions. 

Our study highlights the potential use for autophagy-inducing agents 

such as spermidine in the prevention of the very early stages of spontaneous 

prion formation i.e. effectively acting as a prion prevention agent (Figure 3.1). 

By improving the clearance of damaged/misfolded proteins, there is less 

possibility for these abnormal proteins to accumulate and to act as nucleation 

sites catalyzing the aggregation of other damaged proteins. Polyamines such 

as spermidine are polycations which play multiple roles in cell growth, 

proliferation and longevity. Their beneficial effects in prolonging lifespan are 

thought to be mediated by increasing autophagic flux. Spermidine inhibits 

histone acetylases and the resulting alterations in the acetylproteome increases 

the transcription of different autophagy-related genes (Figure 3.1). More work 

will be required to determine whether the abrogation of prion formation by 

spermidine solely depends on increasing autophagic flux, or whether 

spermidine additionally promotes other stress protective pathways. For 
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example, spermidine supplementation has been linked with increased stress 

tolerance including heat and oxidative stress, which is not only mediated by 

increasing autophagic flux. Whether spermidine modulates the expression of 

other stress responsive genes, such as heat shock and antioxidant genes which 

are known to influence protein misfolding and prion formation, has not been 

fully established. Hence, spermidine may ameliorate prion formation via multiple 

mechanisms including the induction of autophagy and other stress-related 

pathways. 
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Figure 3.1: Model illustrating the cytoprotective action of spermidine in 
preventing spontaneous prion formation. Spermidine inhibits the activity of histone 
acetyl transferases (HATs) that function to insert acetyl (Ac) groups on histone H3. 
This causes global gene silencing, but certain genes including autophagy-related 
genes (Atgs) remain acetylated thus inducing autophagic activity. Reactive oxygen 
species (ROS), whether endogenous or exogenous, may damage soluble proteins 
leading to their misfolding/aggregation. These abnormal proteins can be encapsulated 
by the pre-autophagosomal structure (PAS), which then fully matures into an 
autophagosome. The autophagosome with its cargo fuses with the vacuole where 
resident hydrolases can degrade the cargo and the resultant products can be 
channelled for biosynthesis or for energy generation. Inducing autophagy by 
spermidine treatment prevents prion formation by removing misfolded/oxidized proteins 
prior to their conversion to the prion form. 
 

 

Recent data from our lab, which was not included in the original 

publication, demonstrates that spermidine treatment can also promote the 

clearance of Sup35 aggregates from cells in an autophagy-dependent manner 
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(Figure 3.2). We used a Sup35NM-GFP fusion construct to visualize Sup35 

aggregate formation in [PSI+]-versions of wild-type and atg1 mutant strains. 

Following short-term induction of the Sup35NM-GFP fusion construct, 

fluorescent foci can be detected due to the coalescence of newly made 

Sup35NM-GFP with pre-existing Sup35 aggregates. Fluorescent Sup35 

aggregates are normally visible in approximately 70% of [PSI+] cells examined 

(Figure 3.2). We found that spermidine treatment reduced this number such that 

visible Sup35 aggregates are only detected in approximately 25% of cells. This 

did not occur in an atg1 mutant confirming the requirement for an active 

autophagy pathway to clear aggregates in response to spermidine treatment 

(Figure 3.2). This experiment suggests that increasing autophagic flux via 

spermidine treatment, not only promotes the removal of smaller 

misfolded/oxidized Sup35 proteins, but can also promote the removal of larger 

molecular weight Sup35 aggregates which are already formed within cells. It 

should be emphasized that visible Sup35-GFP aggregates do not necessarily 

correspond to the number of true heritable [PSI+] aggregates in cells and more 

work will be required to examine whether spermidine treatment can really cure 

cells of the [PSI+] prion. This may be unlikely though, since the presence of only 

a few low molecular weight Sup35 propagons will be inherited by daughter cells 

resulting in [PSI+] prion transmission. However spermidine may well be 

beneficial in the treatment of other non-heritable and amorphous protein 

aggregate diseases. 
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Figure 3.2: Spermidine treatment decreases the number of cells with visible 

Sup35 fluorescent aggregates. (A) Representative fluorescence micrographs are 

shown for [PIN+][PSI+] versions of the wild-type yeast strain 74D-694 (MATa ade1-14 

ura3-52 leu2-3,112 trp1-289 his3-200) and an isogenic atg1 mutant containing the 

CUP1-SUP35NM-GFP plasmid. Strains were grown in minimal media in the presence 

or absence of 4 mM spermidine for 48 hours to induce autophagy. Sup35NM-GFP was 

induced with copper for one hour. Following copper induction, fluorescent foci can be 

detected due to the coalescence of newly made Sup35NM-GFP with pre-existing 

Sup35 aggregates. (B) The percentage of cells containing visible puncta is shown for 

each strain from an average of 300 cells counted. Data shown are the means of three 

independent biological repeat experiments ± standard deviation. The number of visible 

aggregates in the wild-type strain treated with spermidine is significantly different to the 

number of aggregates detected in the same strain in the absence of spermidine (*p = 

<0.001). 

 

Polyamines, such as spermidine, are present in millimolar quantities 

within all eukaryotic cells. They play essential roles in a multitude of cellular 

processes related to cell growth, proliferation and metabolism. Spermidine is a 

naturally occurring polyamine and rich dietary sources include soy products, 

legumes, corn, and whole grain cereals. The cellular levels of polyamines, such 

as spermidine, decline with age and have been linked to lifespan and age-
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related disorders. Supplementation of spermidine into dietary regimes may 

therefore have added benefits for cellular health and healthy ageing. Relative to 

other established pharmacological inducers of autophagy, such as rapamycin 

and resveratrol, spermidine can be readily obtained from dietary sources and 

does not exhibit deleterious side effects. This places spermidine as a promising 

therapeutic agent for the prevention and amelioration of protein homeostasis 

and related aggregation diseases. 
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Chapter 4: The yeast [PSI+] prion improves chronological ageing in 

autophagy competent cells. 

 

 

Shaun H. Speldewinde and Chris M. Grant* 

 

 

University of Manchester, Faculty of Life Sciences, The Michael Smith Building, Oxford 

Road, Manchester, M13 9PT, UK.  

 

 

*Address correspondence to: Chris M. Grant, The University of Manchester, Faculty of 

Life Sciences, The Michael Smith Building, Oxford Road, Manchester, M13 9PT, UK. 

Phone: (0161) 306 4192; Email: chris.grant@manchester.ac.uk 

 

 

 

With supervision from Prof Chris M. Grant, the author has designed the 

experiments, generated all the figures presented in this chapter, and wrote the 

manuscript.  

 

 

 

  



	   113	  

Abstract: 

Ageing is the time-dependent decline of a variety of intracellular 

mechanisms, and is associated with an increased sensitivity to environmental 

stresses and cellular senescence. Yeast has emerged as a powerful model 

organism to study ageing via the replicative lifespan model and the 

chronological ageing model. Prions are infectious, self-templating abnormal 

proteins responsible for several neurodegenerative diseases in mammals and 

several prion-forming proteins have been found in yeast. One such protein is 

the yeast [PSI+], the prion form of the Sup35 translation termination factor.  Our 

study focused on the effect of different prion status on chronological ageing in 

wild-type cells and in an autophagy-defective atg1 mutant. We found an age-

dependent increase in the de novo formation of [PSI+] during chronological 

ageing, which is exacerbated in the atg1 mutant. Relative to cells without  

[PSI+], wild-type cells carrying [PSI+] in normal media had improved 

chronological lifespan through an enhancement in autophagic flux. Cells with 

[PSI+] also had a modest increase in protein aggregation that may also serve to 

facilitate autophagy. Thus the [PSI+] prion may exert potentially beneficial 

effects on chronological lifespan via the promotion of autophagic activity. 
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4.1 INTRODUCTION 

Biological ageing involves a progressive decline in the ability of an 

organism to survive stress and disease. It is a complex process which is 

influenced by both genetic and environmental factors (Kenyon, 2010). Common 

features of ageing include decreased resistance to stress, increased rates of 

apoptosis, a decline in autophagy and an elevated accumulation of protein 

aggregates (Levine and Kroemer, 2008; Lopez-Otin et al, 2013). In humans, 

ageing correlates with an increased frequency of age-related diseases including 

heart disease, metabolic syndromes and neurodegenerative diseases such as 

Alzheimer’s, Parkinson’s and dementia (Cherra and Chu, 2008; Rubinsztein et 

al, 2011) 

Prions are aberrant infectious proteins which can self-replicate (Prusiner, 

1998). They are causally responsible for transmissible spongiform 

encephalopathies that cause several incurable neurodegenerative diseases in 

mammals (Aguzzi and O'Connor, 2010). The underlying cause of TSEs is the 

structural conversion of a soluble prion protein (PrPC) into a prion form (PrPSc) 

that is amylodogenic. The amyloid form of the prion protein can subsequently 

convert other soluble molecules into the prion form thus resulting in the 

accumulation of the aberrant protein specifically in neuronal cells (Collinge and 

Clarke, 2007; Prusiner, 2013). Human prion diseases are predominantly 

sporadic constituting approximately 70% of all cases with higher frequencies 

occurring during advanced age (Appleby and Lyketsos, 2011). There are 

several prion-forming proteins in yeast with the best-characterized being [PSI+] 

and [PIN+], which are formed from the Sup35 and Rnq1 proteins, respectively 

(Wickner, 1994; Derkatch et al, 1997). [PSI+] is the altered conformation of the 

Sup35 protein, which normally functions as a translation termination factor 
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during protein synthesis. The de novo formation of [PSI+] is enhanced by the 

presence of the [PIN+] prion, which is the altered form of the Rnq1 protein 

whose native protein function is unknown (Treusch and Lindquist, 2012).  

We have previously shown that autophagy protects against Sup35 

aggregation and de novo [PSI+] prion formation (Speldewinde et al, 2015). 

Autophagy is an intracellular quality control pathway that degrades damaged 

organelles and protein aggregates via vacuolar/lysosomal degradation (Parzych 

and Klionsky, 2014). It proceeds in a highly sequential manner leading to the 

formation of a double-membrane-bound vesicle called the ‘autophagosome’. 

Fusion of the autophagosome with vacuoles/lysosomes introduces acidic 

hydrolases that degrade the contained proteins and organelles. Autophagy has 

been implicated in the ageing process and for example, autophagy is essential 

for calorie-restriction dependent chronological lifespan in yeast (Alvers et al, 

2009a). Additionally, pharmacological interventions which induce autophagy 

result in lifespan extension during yeast chronological ageing (Alvers et al, 

2009b; Eisenberg et al, 2009). Autophagy appears to play a protective role in 

the ageing process since dysregulated autophagy is implicated in the 

accumulation of abnormal proteins associated with several age-related 

diseases including Alzheimer’s, Parkinson’s and Huntington’s diseases (Hara et 

al, 2006; Komatsu et al, 2006; Rubinsztein et al, 2011). 

Yeast cells have been increasingly used as a model of ageing and have 

significantly contributed to our understanding of numerous conserved ageing 

genes and signalling pathways (Ocampo and Barrientos, 2011). Yeast cells can 

survive for prolonged periods of time in culture and have been used as a model 

of the chronological life span (CLS) of mammals, particularly for tissues 

composed of non-dividing populations (Kaeberlein, 2010; Longo et al, 2012). 
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Studies using this model have identified many key conserved ageing factors 

that modulate ageing. Additionally, ageing is followed by replicative lifespan, 

which is defined as the number of budding daughter cells that originates from a 

particular mother yeast cell before it reaches senescence (Mortimer and 

Johnston, 1959; Wasko and Kaeberlein, 2014). Given that amyloidoses are 

typically diseases of old-age, yeast prions might be expected to form at a higher 

frequency in ageing yeast cells. However, one study using the yeast replicative 

ageing model found that ageing does not increase the frequency of prion 

formation (Shewmaker and Wickner, 2006). In this current study we have 

examined [PSI+] prion formation using the yeast CLS model and found that the 

frequency of prion formation is increased during ageing. Furthermore, this 

frequency is elevated in an autophagy mutant suggesting that autophagy 

normally acts to suppress age-dependent prion formation. We show that the 

prion-status of cells influences CLS in an autophagy-dependent manner 

suggesting that prions can be beneficial in aged populations of yeast cells. 
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4.2 RESULTS 

4.2.1 The frequency of de novo [PSI+] formation increases during 

chronological ageing.  

In the yeast CLS model, populations of stationary phase cells are 

maintained in liquid culture and various physiological parameters, such as 

viability, replication ability and metabolism, measured over time. We examined 

CLS to determine whether there is an increased frequency of [PSI+] appearance 

during ageing. Cultures were grown to stationary phase in liquid SCD (synthetic 

complete dextrose) media and prion formation measured over time. [PSI+] prion 

formation was quantified using the ade1-14 mutant allele which confers adenine 

auxotrophy and prions differentiated from nuclear SUPX gene mutations by 

their irreversible elimination in guanidine hydrochloride (GdnHCl). The 

frequency of de novo [PSI+] prion formation in a control [PIN+][psi-] strain was 

estimated to be approximately 1.1 x 10-5
 (Figure 4.1) comparable to previously 

reported frequencies (Lund and Cox, 1981; Lancaster et al, 2010; Speldewinde 

et al, 2015). This frequency increased during CLS and a 39-fold increase was 

observed by day 12. Atg1 is the only identified serine/threonine kinase in the 

autophagy pathway and is responsible for the initiation of autophagy (Matsuura 

et al, 1997; Parzych and Klionsky, 2014). The frequency of [PSI+] prion 

formation was further elevated during CLS suggesting that autophagy normally 

acts to suppress [PSI+] prion formation during ageing (Figure 4.1).  
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Figure 4.1: Increasing de novo [PSI+] frequency during chronological lifespan. 
Wild-type and atg1 stains in the [PIN+][psi-] background were grown to stationary phase 
in liquid complete media up to day 12 as indicated above to assess for de novo [PSI+] 
frequency. [PSI+] formation was quantified using the ade1-14 mutant allele by growth 
on media lacking adenine and differentiated from nuclear SUPX gene mutations by 
their irreversible elimination in GdnHCl. Data shown are the means of at least three 
independent biological repeat experiments expressed as the number of colonies per 
105 viable cells. Error bars denote standard deviation. The asterisk(s) directly above 
the columns denote statistical analysis as performed by one-way ANOVA with pair-
wise comparisons using Tukey HSD (honest significant difference) test comparing the 
[PSI+] prion formation at day 3 to the [PSI+] prion formation at days 10 and 12 in wild-
type and atg1 strains (*p<0.01, **p<0.001). The bars with asterisk(s) above the 
columns denote the statistical analysis as performed by one-way ANOVA with pair-
wise comparisons using Tukey HSD test comparing the [PSI+] prion formation between 
wild-type and atg1 strains at each time point [days 3, 5, 8, 10, and 12] (*p< 0.01,      
**p< 0.001, ***p< 0.0001). 
 

4.2.2 The [PSI+] prion increases longevity in a yeast CLS model.  

We next examined viability to determine whether the [PSI+] prion status 

of cells influences longevity. [PIN+][PSI+] and [PIN+][psi-] cells had a similar 

maximal lifespan with most cells dead by day 30 (Figure 4.2A). However, 

viability in the [PIN+][PSI+] strain remained higher than the [PIN+][psi-] strain 

over this time-course suggesting that [PSI+] improves viability during ageing. 

Treating cells with GdnHCl blocks the propagation of yeast prions by inhibiting 

the key ATPase activity of Hsp104, a molecular chaperone that is absolutely 
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required for yeast prion propagation (Ferreira et al, 2001; Jung and Masison, 

2001). GdnHCl cures yeast cells of [PSI+] and all known prions (Tuite et al, 

1981; Liebman and Chernoff, 2012). Curing the [PIN+][PSI+] strain with GdnHCl 

decreased viability during CLS and maximal lifespan was reduced to 10 days 

suggesting that prions are beneficial during CLS (Figure 4.2A). Autophagy is 

known to be required for chronological longevity and for example loss of ATG1 

reduces CLS (Alvers et al, 2009a). Similarly, we found that loss of ATG1 

reduced CLS in the 74D-694 yeast strain used for our studies (Figure 4.2B). 

Interestingly, longevity was comparable in the [PIN+][PSI+], [PIN+][psi-] and 

cured strains indicating that autophagy is required for prion dependent effects 

on longevity.  

 

 

Figure 4.2: Cells carrying the [PSI+] prion have improved chronological lifespan. 
Chronological lifespan analysis for (A) the wild-type strain and (B) atg1 mutant strain in 
the [PSI+], [PIN+][psi-] and cured background respectively. Cells were cultured in SCD 
media for 3 days to reach stationary phase and then aliquots taken every 2-3 days for 
flow cytometry analysis based on propidium iodide uptake by non-viable cells as 
assayed through flow cytometry. Data shown are the means of at least three 
independent biological repeat experiments expressed as the percentage of viable cells 
out of 10000 cells analysed. Error bars denote standard deviation. 
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4.2.3 [PSI+] cells have an increased rate of autophagy and decreased 

concentrations of amorphous protein aggregates.  

Given that the [PSI+]-prion status of cells affect CLS in an autophagy-

dependent manner, we examined whether autophagy is altered in [PSI+] cells. 

We utilized a GFP-Atg8 fusion construct to follow the autophagy-dependent 

proteolytic liberation of GFP from GFP-Atg8, which is indicative of autophagic 

flux (Noda et al, 1995). More free GFP was detected in the [PIN+][PSI+] strain 

compared with the [PIN+][psi-] strain as well as the cured strain (Figure 4.3A). 

As expected, an absence of autophagic activity was observed for the atg1 

knockout mutants. This suggests that cells carrying the [PSI+] prion may play a 

role in promoting autophagic activity that may have beneficial effects in 

improving the CLS of autophagy competent cells. 

 We next examined whether the increased autophagic activity in the 

[PIN+][PSI+] strain affects amorphous protein aggregation. This seemed likely 

given the previous studies which have suggested that autophagy plays a role in 

the clearance of misfolded and aggregated proteins (Hara et al, 2006; Komatsu 

et al, 2006). For this analysis, we used a biochemical approach where we 

separated insoluble proteins from soluble proteins by differential centrifugation, 

and removed any contaminating membrane proteins using detergent washes 

(Tomoyasu et al, 2001; Jang et al, 2004; Rand and Grant, 2006; Koplin et al, 

2010). Interestingly, protein aggregation was decreased in the [PIN+][PSI+] 

strain compared with the [PIN+][psi-] strain (Figure 4.3B). This reduction in 

protein aggregation required autophagy since the levels of protein aggregation 

were comparable in the atg1-mutant versions of the [PIN+][PSI+] and [PIN+][psi-] 

strains. 
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Figure 4.3: Increased autophagic flux and reduced protein aggregates in wild-
type [PSI+] cells. (A) Autophagic flux was monitored in cells expressing GFP-Atg8. 
Immunoblots of the GFP showing increased autophagy activity for wild-type [PSI+] 
strains as detected by the appearance of free GFP indicative of autophagic flux at days 
1, 3, and 5 of chronological growth.  No free GFP was detected in the atg1 mutants. 
Blots were probed with α-GFP or α-Pgk1 as a loading control. Quantification   is   
shown for the three independent biological repeats comparing the ratio of free GFP 
with GFP-Atg8. Error bars denote standard deviation. Statistical analysis as performed 
by two-way ANOVA with multiple comparisons using Tukey HSD test comparing the 
ratio of free GPF with GFP-ATG8 at days 1, 3, and 5 in the wild-type [PIN+][psi-] and 
wild-type cured backgrounds to the ratio of free GPF with GFP-ATG8 at days 1, 3, and 
5 in the wild-type [PSI+] background (***p<0.0001). (B) Insoluble protein aggregates 
were isolated from the wild-type strain and the atg1 mutant in the [PSI+], [PIN+][psi-] 
and cured backgrounds after day 5 of chronological growth. The protein aggregates 
were analyzed using SDS-PAGE and silver staining. 
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4.3 Discussion 

Ageing is associated with declining quality control mechanisms including 

autophagy and an increased susceptibility to environmental challenges. 

Autophagy is a generic degradation pathway for the clearance of damaged and 

aggregated proteins during basal growth conditions (Parzych and Klionsky, 

2014) and is widely implicated in the ageing process (Rubinsztein et al, 2011). 

A role for autophagy in protecting against prion formation and prion-induced 

toxicity has previously been established in mouse models of prion formation. 

Autophagy was shown to be essential in enhancing the clearance of PrPSc and 

protecting cells against its accumulation (Aguib et al, 2009; Heiseke et al, 2010; 

Goold et al, 2013). Similarly, our data using the yeast CLS model suggests an 

age-dependent increase in the frequency of de novo [PSI+] prion formation, that 

is further exacerbated when autophagy is absent, supporting a role for 

autophagy in the clearance of aggregated prion proteins.  

We found that the presence of the [PSI+] prion may confer a beneficial 

advantage during yeast chronological lifespan, possibly through an enhanced 

autophagic flux. There is evidence to suggest that increased de novo formation 

and accumulation of protein aggregates may exert a stimulatory effect on the 

autophagy pathway, which may further extend to prions as well. For instance, 

there is a correlation between the accumulation of PrPSc and the enhanced 

activity of quality control pathways including endoplasmic reticulum chaperones, 

the unfolded protein response and autophagy (Joshi-Barr et al, 2014). 

Furthermore, ablation of autophagy was found to cause neurodegenerative 

diseases in mice supporting a protective role for autophagy against abnormal 

protein accumulation (Hara et al, 2006; Komatsu et al, 2006). A modest level of 

protein aggregation in the [PSI+] wild-type may similarly stimulate protective 
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mechanisms such as increased chaperone activity and autophagy leading to 

improved ageing.  

The [PSI+] prion causes a loss of function phenotype where translation 

termination activity is reduced due to aggregation of the normally soluble Sup35 

(Wickner, 1994). A loss of translational fidelity may indeed translate into the 

production of novel peptides with new possible functions. The theory of prions 

being an epigenetic mechanism in uncovering hidden genetic variability has 

also been previously proposed (True et al, 2004; Tyedmers et al, 2008). 

Expanding the protein repertoire of cells and their regulation may facilitate 

additional pro-survival pathways or improve stress response in cells. In this 

case, the epigenetic diversity uncovered by the [PSI+] prion may directly or 

indirectly contribute to lifespan extension during chronological ageing. Prions 

are known to be toxic particularly under conditions where the soluble protein 

form is over-expressed (Chernoff et al, 1992; Derkatch et al, 1997). Conversely, 

prions have also been found in wild yeast isolates albeit rarely and could 

represent a transient switching mechanism to ensure higher survival during 

environmental insults while switching back into the soluble form when the non-

stress conditions are restored (Halfmann et al, 2012; Newby and Lindquist, 

2013). Furthermore, it is likely that cells that are [PIN+][psi-] initially, become 

increasingly [PSI+] during chronological ageing but still demonstrate extended 

lifespan. Conversely, curing cells of prions may have a negative impact on 

lifespan at least in the case of chronological ageing in agreement with the idea 

that prion formation may represent a protective mechanism against the toxic 

accumulation of aberrant protein monomers/oligomers that sequester/alter 

proteins essential for cell survival as has been suggested previously (Ganusova 

et al, 2006). Thus, having a [PSI+] prion under non-induced and at tolerable 
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levels that does not impair cell viability may actually provide an added 

advantage to an autophagy competent cell. 

It is unclear what triggers the increased frequency of [PSI+] prion 

formation during ageing. One possibility is oxidative stress, since ROS-induced 

protein aggregation and mitochondrial dysfunction is a common feature in age-

related diseases (Shacka et al, 2008; Lee et al, 2012). In addition, ROS and 

oxidative stress are known to induce autophagy (Scherz-Shouval et al, 2007; 

Chen et al, 2009; Filomeni et al, 2010). Thus, a defective autophagy pathway 

may result in the ineffective clearance of damaged or leaky mitochondria that 

may contribute to increased ROS production during chronological ageing. 

Further research will be required to elucidate the exact signaling pathways and 

the range of quality control mechanisms that may be modulated through the 

direct and indirect action of the [PSI+] prion during yeast ageing. Indeed, in 

mammalian models, the soluble prion protein may exert certain protective 

functions in nerve cells, but this is dysregulated when it is converted into the 

prion form (Lee et al, 2007). For instance, neuronal cells derived from a 

PrPC knockout mouse were found to have reduced viability and were more 

sensitive towards oxidative stress-induced damage and toxicity (Brown et al, 

1997; Kuwahara et al, 1999). Although yeast fungal prions have been widely 

studied for more than 20 years, the full extent of the properties and effects of 

their presence still remain enigmatic with more to be discovered.  
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4.4 MATERIALS AND METHODS 

4.4.1 Yeast Strains.  

[PIN+] [PSI+], [PIN+] [psi−] and [pin-] [psi−] derivatives of the wild-type 

yeast strain 74D-694 (MATa ade1-14 ura3-52 leu2-3, 112 trp1-289 his3-200) 

were used for all experiments (Sideri et al, 2010). The strain deleted for ATG1 

(atg1::HIS3) has been described previously (Speldewinde et al, 2015).  

 

4.4.2 Growth Conditions.  

Yeast strains were grown at 30 ̊C, 180 rpm in minimal SCD medium (2% 

w/v glucose, 0.17% yeast nitrogen base without amino acids, supplemented 

with Kaiser amino acid mixes, Formedium, Hunstanton, England). Chronological 

life span experiments were performed in liquid SCD media supplemented with a 

four-fold excess of uracil, leucine, tryptophan, adenine and histidine to avoid 

any possible artefacts arising from the auxotrophic deficiencies of the strains. 

Strains were cured by five rounds of growth on YEPD agar plates containing 4 

mM GdnHCl. 

 

4.4.3 De novo [PSI+] Formation. 

  [PSI+] prion formation was scored by growth in the absence of adenine 

as described previously (Speldewinde et al, 2015).  [PSI+] formation was 

calculated based on the mean of at least three independent biological repeat 

experiments. 

 

4.4.4 Yeast Chronological Lifespan Determination. 

 CLS experiments were performed according to Ocampo and Barrientos 

(2011). Briefly, cells were cultured in liquid SCD media for 3 days to reach 
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stationary phase and then aliquots taken every 2-3 days for flow cytometry 

analysis. 50µl of 4 mM of propidium iodide (P.I.) were added to 950µl of culture 

and cell viability was measured based on propidium iodide uptake by non-viable 

cells as assayed through flow cytometry. Flow cytometry readings were 

performed using a Becton Dickinson (BD) LSRFortessa™ cell analyser, BD 

FACSDiva 8.0.1 software after staining with propidium iodide.    

 

4.4.5 Protein Analysis.  

Protein extracts were electrophoresed under reducing conditions on 

SDS-PAGE minigels and electroblotted onto PVDF membrane (Amersham 

Pharmacia Biotech). Bound antibody was visualised using WesternSure® 

Chemiluminescent Reagents (LI-COR) and a C-DiGit® Blot Scanner (LI-COR). 

Insoluble protein aggregates were isolated as previously described (Rand and 

Grant, 2006; Jacobson et al, 2012; Weids and Grant, 2014). Insoluble fractions 

were resuspended in reduced protein loading buffer, separated by reducing 

SDS/PAGE (12% gels) and visualized by silver staining with the Bio-Rad silver 

stain plus kit. The induction of autophagy was confirmed by examining the 

release of free GFP due to the proteolytic cleavage of GFP-Atg8 (Noda et al, 

1995).  

 

4.4.6 Statistical analysis.  

Data are presented as mean values ± standard deviation (SD). Statistical 

analysis for multiple groups was performed using one-way ANOVA with pair-

wise comparisons of sample means via the Tukey HSD test or two-way ANOVA 

with multiple comparisons of sample means via the Tukey HSD test. Results 

were considered statistically significant with a p-value less than 0.05. 
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ABSTRACT 

Prions can arise spontaneously but little is known regarding the 

mechanisms underlying their sporadic formation. The frequency of yeast [PSI+] 

prion formation can be increased by overexpression of Sup35 or by exposure to 

oxidative stress conditions. We have used tandem affinity purification (TAP) and 

mass spectrometry to identify the proteins which associate with Sup35 in a tsa1 

tsa2 antioxidant mutant to address the mechanism by which Sup35 forms the 

[PSI+] prion during oxidative stress conditions. This analysis identified several 

components of the cortical actin cytoskeleton including the Abp1 actin 

nucleation promoting factor and we show that loss of ABP1 abrogates oxidant 

induced [PSI+] prion formation. In contrast, loss of ABP1 only modestly 

disrupted overexpression-induced Sup35 aggregation and [PSI+] prion 

formation. Furthermore, treating yeast cells with latrunculin A to disrupt the 

formation of actin cables and patches abrogated oxidant-induced, but not 

overexpression-induced [PSI+] prion formation suggesting a mechanistic 

difference in prion formation. The amyloidogenic [RNQ+] prion form of Rnq1 

localizes to the IPOD and is thought to influence the aggregation of other 

proteins. We show that oxidant-induced Sup35 aggregates are formed at a 

reduced frequency and do not colocalize with Rnq1 in an abp1 mutant which 

may account for the reduced frequency of [PSI+] prion formation in this mutant.  
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5.1 INTRODUCTION 

 Prions are infectious agents composed of misfolded proteins. They are 

associated with a group of neurodegenerative diseases in animals and humans 

that have common pathological hallmarks, typified by human Creutzfeldt-Jakob 

Disease (CJD). The presence of misfolded prion protein (PrPSc) underlies the 

development of prion diseases in a mechanism which involves conversion of 

the normal prion protein (PrPC) into its infectious PrPSc conformation (Collinge 

and Clarke, 2007; Requena and Wille, 2014). Aggregated, protease-resistant 

PrPSc seeds are believed to act as templates which promote the conversion of 

normal PrPC to the pathological PrPSc state, which is rich in β-sheets and 

resistant to degradation. PrPC can adopt an alternative conformational state by 

spontaneous misfolding event(s) that might be triggered by mutation, 

mistranslation, environmental stresses and/or by disruption of the chaperone 

network (DeMarco and Daggett, 2005).  

 This ‘protein-only’ mechanism of infectivity can also explain the unusual 

genetic behaviour of several prions found in the yeast Saccharomyces 

cerevisiae (Wickner, 1994). At present, several proteins are known to form 

prions in yeast with many other proteins classified as potential prion candidates 

(Alberti et al, 2009). [PIN+] and [PSI+] are the best studied yeast prions, which 

are formed from the Rnq1 and Sup35 proteins, respectively (Wickner, 1994; 

Derkatch et al, 1997). [PSI+] is the altered conformation of the Sup35 protein, 

which normally functions as a translation termination factor during protein 

synthesis. The de novo formation of [PSI+] is enhanced by the presence of the 

[PIN+] prion, which is the altered form of the Rnq1 protein whose native protein 

function is unknown (Treusch and Lindquist, 2012). 
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 How prions form spontaneously without underlying infection or genetic 

change is poorly understood at the molecular level, yet if we are to develop 

effective preventative measures for human and animal amyloidoses, this 

mechanism must be established. Of particular importance is identifying what 

can trigger this event. One strong possibility is that oxidative damage to the 

non-prion form of a protein may be an important trigger influencing the 

formation of its heritable prion conformation (Grant, 2015). For example, 

methionine oxidation of mammalian PrPC has been proposed to underlie the 

misfolding events which promote the conversion to PrPSc (Canello et al, 2008; 

Wolschner et al, 2009; Canello et al, 2010). Methionine oxidation has also been 

shown to destabilize native PrPC facilitating misfolding and transition to the 

PrPSc conformation (Younan et al, 2012). Methionine oxidation is also a 

common factor in many protein misfolding diseases (Dong et al, 2003; Yamin et 

al, 2003; Oien et al, 2009) and an age-dependent increase in methionine 

oxidation is detected in various model systems (Stadtman et al, 2005). Several 

different environmental stress conditions, including oxidative stress, have been 

shown to increase the frequency of yeast [PSI+] prion formation (Tyedmers et 

al, 2008). The de novo formation of the [PSI+] prion is also significantly 

increased in yeast mutants lacking key antioxidants suggesting that 

endogenous reactive oxygen species (ROS) can trigger the de novo formation 

of the [PSI+] prion (Sideri et al, 2010; Sideri et al, 2011; Doronina et al, 2015). 

Preventing methionine oxidation by overexpressing methionine sulfoxide 

reductase abrogates the shift to the prion form indicating that the direct 

oxidation of Sup35 may trigger structural transitions favouring its conversion to 

the transmissible amyloid-like form (Sideri et al, 2011; Doronina et al, 2015). 
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Hence, protein oxidation appears to be a common mechanism underlying the 

aggregation of both mammalian and yeast amyloidogenic proteins. 

 The frequency of de novo appearance of the [PSI+] prion can be 

increased by overexpression of Sup35 in [PIN+][psi-] cells since the excess 

Sup35 increases the probability of forming prion seeds (Wickner, 1994). This is 

enhanced by components of the actin cytoskeleton which physically associate 

with Sup35 including various proteins of the cortical actin cytoskeleton (Sla1, 

Sla2, End3, Arp2, Arp3) that are involved in endocytosis (Ganusova et al, 

2006). Loss of some of these proteins decreases the aggregation of 

overexpressed Sup35 and de novo [PSI+] formation. This is particularly 

interesting given the increasing evidence suggesting that cytoskeletal structures 

provide a scaffold for the generation of protein aggregates. Insoluble 

aggregates of amyloid-forming proteins such as prions are targeted to the IPOD 

as part of the cells protein quality control, which is required for prion 

fragmentation and seeding (Kaganovich et al, 2008; Sontag et al, 2014). The 

IPOD is located at a perivacuolar site adjacent to the “preautophagosomal 

structure (PAS)” where cells initiate autophagy (Parzych and Klionsky, 2014). 

Prion conversion has been proposed to occur at the cell periphery in 

association with the actin cytoskeleton, prior to deposition at the IPOD (Mathur 

et al, 2010). The actin cytoskeleton has also been implicated in the asymmetric 

inheritance of oxidatively damaged proteins (Aguilaniu et al, 2003). Actin 

organization therefore appears to play an important role in the aggregation of 

damaged proteins, which in some cases results in prion formation.  

 Oxidative stress provides a powerful tool to examine the de novo 

formation of prions which does not require overexpression or mutation of the 

normally soluble version of the prion protein. In this current study, we have used 
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a mutant lacking the Tsa1 and Tsa2 antioxidants to isolate the proteins which 

aggregate with Sup35. We used the tsa1 tsa2 antioxidant mutant in order to 

enrich for factors which associate with oxidized Sup35 and therefore might be 

important for the conversion of Sup35 to the [PSI+] prion. Our data suggest a 

key role for the cortical actin cytoskeleton since we have identified a number of 

components of the Arp2/3 actin-nucleation complex which specifically associate 

with Sup35 in the antioxidant mutant. We show that loss of several of these 

factors abrogate the increased frequency of [PSI+] prion formation which is 

normally observed in response to oxidative stress conditions. However, these 

mutants do not affect the increased frequency of [PSI+] prion formation 

observed in response to Sup35 overexpression. We show that Sup35 

aggregation occurs in actin-nucleation complex mutants in response to 

oxidative stress conditions, but the aggregates do not appear to form normally 

at the IPOD. Our data suggest that the cortical actin cytoskeleton is important 

for the formation of a propagating [PSI+] conformer following oxidant-induced 

misfolding and aggregation of Sup35.  
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5.2 RESULTS 

5.2.1 Identification of Sup35-interacting proteins in a tsa1 tsa2 mutant.  

 To address the mechanism by which Sup35 forms the [PSI+] prion during 

oxidative stress conditions, we used tandem affinity purification (TAP) and mass 

spectrometry to identify proteins which associate with Sup35 in a tsa1 tsa2 

mutant. For this analysis, we used wild-type and tsa1 tsa2 mutant strains 

containing genomically-tagged Sup35. We have previously confirmed that TAP-

tagging Sup35 does not affect reversible [PSI+] prion formation (Sideri et al, 

2011). Freshly inoculated [PIN+][psi-] strains were grown for 20 hours 

(approximately ten generations) and Sup35 affinity-purified from both strains 

using TAP chromatography. The associated proteins were identified from three 

repeat experiments and were considered significant if they were identified in at 

least two independent experiments. This resulted in the identification of 63 and 

47 proteins which co-purify with Sup35 in the wild-type and tsa1 tsa2 mutant 

strains, respectively (Supplementary Table 1).  

 We searched for functional categories that were enriched in the Sup35 

co-purifying proteins using MIPS category classifications (Figure 5.1A). The 

overlap between these two datasets is 18 proteins and as might be expected 

this included functions related to protein fate (>3-fold enrichment; Fischer's 

exact test, P<10−7) such as chaperones and stress-related proteins (Sti1, Sse1, 

Cdc48, Ssa2, Hsc82, Ssb2, Ssa1, Hsp60) which have well characterized roles 

in prion formation and propagation in yeast (Liebman and Chernoff, 2012). 

Similar proteins were identified as part the unfolded protein response (21-fold; 

P = 1.5×10−8) and stress response categories (4-fold; P = 2×10−5).  

Overrepresented functions in the wild-type strain included protein synthesis (2-

fold; P = 2×10−5) and protein folding and stabilization (9-fold; P = 2×10−10). The 
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protein synthesis category included a number of ribosomal proteins and 

translation factors which might be expected to associate with the Sup35 

translation termination factor. Interestingly, proteins associated with the actin 

cytoskeleton were overrepresented in the tsa1 tsa2 mutant (8-fold; P = 4×10−6), 

but not in the wild-type strain, and this is what we explore further in this study.  

 Our data suggest an important role for the cortical actin cytoskeleton 

based on the cytoskeleton-related proteins which co-purify with Sup35 in the 

tsa1 tsa2 mutant strain (Act1, Sac6, Crn1, Abp1, Arc40, Arp2, Arp3 and Arc35). 

These data strongly implicate the Arp2/3 complex, which is a seven-protein 

complex containing two actin-related proteins (Arp2 and Arp3) and five non-

actin related proteins including Arc35 and Arc40 (Galletta et al, 2010). Abp1 is 

an actin-binding protein of the cortical actin cytoskeleton which is important for 

activation of the Arp2/3 complex (Goode et al, 2001). Crn1 and Act1 were 

identified with purified Sup35 in both the wild-type and tsa1 tsa2 mutant strains. 

Crn1 is an actin binding protein which regulates the actin filament nucleation 

and branching activity of the Arp2/3 complex through its interaction with the 

Arc35 subunit (Humphries et al, 2002). Act1 encodes the single essential gene 

for actin in yeast. We validated our Sup35-interacting proteins for a number of 

proteins. Sup35-TAP was immunoprecipitated from the wild-type and tsa1 tsa2 

mutant and possible interactions examined using Western blot analysis (Figure 

5.1B). This analysis confirmed that Abp1, Arp3 and Sap190 co-purify with 

Sup35 in the tsa1 tsa2 mutant strain and Act1 co-purifies with Sup35 in both the 

wild-type and tsa1 tsa2 mutant strains.  
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Figure 5.1: Identification of Sup35-interacting proteins in wild-type and tsa1 tsa2 
mutant strains. (A) Functional categorisation of Sup35-associated proteins. Results 
are ordered on MIPS category classification numbers and overarching categories are 
in capitals. Where an overarching category was enriched, sub-categories within the 
overarching category were omitted from the graph. Confidence of each classification 
category is shown as Bonferroni corrected p-values. (B) Sup35-TAP was 
immunoprecipitated from the wild-type and tsa1 tsa2 mutant strains and possible 
interactions examined using Western blot analysis. Sup35-TAP co-immunoprecipitates 
Abp1, Arp3 and Sap190 in a tsa1 tsa2 mutant. Sup35-TAP co-immunoprecipitates Act1 
in both wild-type and tsa1 tsa2 mutant strains. Total denotes whole cell extracts and IP 
denotes immunoprecipitates.  
  

5.2.2 Mutations disrupting the cortical actin cytoskeleton abrogate 

oxidative stress induced [PSI+] prion formation.  

Mutant strains were constructed in a [PIN+][psi-] yeast strain (74D-694) 

which is commonly used to study yeast prion biology. We were unable to make 

arp2 or arp3 deletion mutants in this strain background in agreement with 

previous observations suggesting that Arp2 and Arp3 are essential for normal 

growth and viability in some strain backgrounds (Winter et al, 1999; Winzeler 

and al., 1999; Ganusova et al, 2006).  We therefore focused on Abp1 and Crn1 

which were identified in our Sup35 immunopurification experiments. The 

induction of [PSI+] prion formation was quantified using the ade1-14 mutant 
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allele which confers adenine auxotrophy and prions differentiated from nuclear 

gene mutations by their irreversible elimination in guanidine hydrochloride 

(GdnHCl). The control [PIN+][psi-] strain was grown in the presence of 100 µM 

hydrogen peroxide for 20 hours prior to scoring [PSI+] prion formation. This 

oxidative stress treatment increased the frequency of [PSI+] prion formation by 

approximately ten-fold (Figure 5.2A), similar to our previous observations 

(Doronina et al, 2015). The basal frequency of spontaneous [PSI+] prion 

formation was reduced by approximately 150-fold in the abp1 mutant and 30-

fold in the crn1 mutant. Furthermore, loss of ABP1 or CRN1 abrogated the 

peroxide-induced increase in [PSI+] prion formation (Figure 5.2A). The 

nucleation of actin patches by the Arp2/3 complex is enhanced by the activity of 

nucleation promoting factors such as Abp1 (Galletta et al, 2010; Mooren et al, 

2012; Mishra et al, 2014; Goode et al, 2015). We therefore tested whether loss 

of another nucleation promoting factor, Pan1, similarly reduced the frequency of 

[PSI+] prion formation. The frequency of spontaneous [PSI+] prion formation 

was significantly reduced in the pan1 mutant and no induction was observed in 

response to hydrogen peroxide stress (Figure 5.2A). 

 Since mutations which disrupt the cortical actin cytoskeleton reduce 

oxidative stress induced [PSI+] formation, we examined whether the formation 

of another prion which is not related in sequence to the Sup35/[PSI+] prion is 

similarly affected. Rnq1 can switch to the [PIN+] prion, which is formed at 

relatively high frequencies compared with the de novo formation of [PSI+] 

(Derkatch et al, 2002). The de novo formation of [PIN+] prions was detected in 

approximately 6% of control [pin-] cells, compared with 1.7% of abp1 mutant 

cells (Figure 5.2B). Hydrogen peroxide treatment increased the frequency of 



	   138	  

[PIN+] prion formation in both strains but the frequency of [PIN+] formation was 

significantly lower in the abp1 mutant, compared with the wild-type strain. 

 

 

Figure 5.2: Reduced frequency of [PSI+] formation in cortical actin cytoskeleton 
mutants. (A) The frequency of de novo [PSI+] prion formation was quantified in the 
wild-type, abp1, crn1, and pan1 mutant strains grown in the presence or absence of 
100 µM hydrogen peroxide for 20 hours. [PSI+] formation was quantified using the 
ade1-14 mutant allele by growth on media lacking adenine and differentiated from 
nuclear SUPX gene mutations by their irreversible elimination in GdnHCl. Data shown 
are the means of at least three independent biological repeat experiments expressed 
as the number of colonies per 105 viable cells. Error bars denote standard deviation.    
Statistical analysis was performed by one-way ANOVA with pair-wise comparisons 
using Tukey HSD (honest significant difference) test comparing the [PSI+] prion 
formation in the wild-type strain to the [PSI+] prion formation in the abp1, crn1, and 
pan1 mutant strains in the absence or presence of hydrogen peroxide treatment 
(*p<0.01, #p<0.05). (B) De novo [PIN+] prion formation was quantified in the wild-type 
and abp1 mutant strain grown in the presence or absence of 100 µM hydrogen 
peroxide for 20 hours. Data shown are the means of three independent biological 
repeats expressed as the percentage of viable cells forming [PIN+] colonies. Error bars 
denote standard deviation. Statistical analysis was performed by one-way ANOVA with 
pair-wise comparisons using Tukey HSD test comparing the [PIN+] prion formation in 
the absence versus the presence of hydrogen peroxide treatment between wild-type 
strain and abp1 mutant (*p<0.01, #p<0.05). 
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prion seed formation (Wickner, 1994). We therefore tested whether loss of 

ABP1, CRN1 or PAN1 similarly affected the frequency of induced [PSI+] prion 

formation. Sup35NM-GFP was induced for 24 hours and visible fluorescent 

aggregates were observed in 6.1% of wild-type cells examined (Figure 5.3A). 

This included large fluorescent foci which arise due to decorating existing 

aggregates (3.7%), as well as rod- and ribbon-like aggregates (2.4%) 

characteristic of the de novo formation of [PSI+] (Zhou et al, 2001; Ganusova et 

al, 2006; Mathur et al, 2010). Loss of CRN1 or PAN1 resulted in modest 

decreases in Sup35 aggregation including the formation of fewer visible puncta 

and rod and ribbon-like aggregates (Figure 5.3A). A stronger effect was seen 

with the abp1 mutant, with no rod or ribbon-like aggregates detected, although 

1% of abp1 mutant cells still contained visible Sup35NM-GFP puncta (Figure 

5.3A). Western blot analysis was used to rule out any differences in Sup35NM-

GFP induction in the mutant strains compared with the wild-type strain (Figure 

5.3B). This analysis showed a similar increase in Sup35NM-GFP expression in 

the abp1, crn1 and pan1 mutants compared with the wild-type strain. 

Rhodamine-phalloidin staining was used to visualize the cortical actin 

cytoskeleton in the wild-type and mutant strains. Multiple bright rhodamine-

phalloidin–stained puncta were detected in the wild-type strain (Supplementary 

Figure 5.1), typical of the cortical actin patches normally observed in wild-type 

yeast cells (Karpova et al, 1998; Yang and Pon, 2002). In comparison, fewer, 

fainter cortical actin patches were detected in the abp1, crn1 and pan1 mutant 

strains. In some cells, the formation of Sup35NM-GFP aggregates was 

coincident with actin patches but this was difficult to differentiate since 

rhodamine-phalloidin–stained puncta covered a large proportion of the cellular 

cortex (Supplementary Figure 5.1). This is similar to previous studies which 
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have shown that few Sup35-GFP puncta (Ganusova et al, 2006) or no Sup35-

GFP puncta (Zhou et al, 2001) colocalize with actin patches. Similarly some 

examples of colocalized Sup35NM-GFP/rhodamine-phalloidin–stained puncta 

were observed in the abp1, crn1 and pan1 mutants. Although it is difficult to 

determine whether Sup35 aggregates are associated with the cortical actin 

cytoskeleton, our mutants which disrupt cortical actin patch formation appear to 

modestly affect induced Sup35 aggregate formation. 

The presence of fluorescent Sup35-GFP aggregates is not necessarily 

indicative of [PSI+] prion formation since some cells with fluorescent dots will 

die, and some contain non-productive or non-amyloid aggregates (Arslan et al, 

2015). We therefore quantified [PSI+] prion formation using the ade1-14 mutant 

allele as described above. [PSI+] formation was strongly induced by 

approximately 65-fold in the wild-type [PIN+][psi-] strain in response to Sup35 

overexpression (Figure 5.3C). A similar induction of [PSI+] prion formation was 

observed in the crn1 and pan1 mutants. This induction was reduced in the abp1 

mutant compared with the wild-type strain, although a 21-fold increase in the 

frequency of [PSI+] prion formation was still observed in response to Sup35 

induction (Figure 5.3C). Taken together, these data indicate that in contrast to 

oxidative stress-induced prion formation, mutations which disrupt cortical actin 

patch formation only modestly affect the induction of [PSI+] prion formation in 

response to Sup35 overexpression. 
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Figure 5.3: Induction of [PSI+] prion formation by overexpression of Sup35. (A) 
Fluorescence micrographs are shown for [PIN+][psi-] versions of the wild-type, abp1, 
crn1 and pan1 mutant strains containing the CUP1-SUP35NM-GFP plasmid induced 
with copper for 24 hours. Representative images are shown for ring/ribbon-like and foci 
aggregate formation. The numbers indicate the percentage of cells containing each 
type of aggregate from an average of 300 cells counted. The scale bar is 3µm. (B) 
Western blot analysis of the wild-type and abp1 mutant strain following induction of 
Sup35NM-GFP. Blots were probed with αSup35 or α-Pgk1 as a loading control. (C) 
[PSI+] prion formation was quantified in the wild-type and abp1 mutant strain containing 
the CUP1-SUP35NM-GFP plasmid following 24 h of copper induction. Data shown are 
the means of at least three independent biological repeat experiments expressed as 
the number of colonies per 104 viable cells. Error bars denote the standard deviation.         
Statistical analysis was performed by two-way ANOVA with multiple comparisons using 
Tukey HSD test comparing the [PSI+] prion formation between 1h and 24 h of induction 
in the wild-type, abp1, crn1 and pan1 mutant strains (*p<0.01). 
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actin cytoskeleton by treatment with LTA causes the loss of [PSI+] from yeast 

cells (Bailleul-Winslett et al, 2000). This effect was observed at relatively high 

concentrations of LTA (40-200 µM) and so we wanted to test whether a lower 

concentration of LTA which does not affect [PSI+] propagation, might disrupt 

oxidative-stress induced prion formation. We first tested the effect of growing a 

[PSI+] strain in the presence of 10 µM LTA for 20 hours. This concentration of 

LTA resulted in modest curing (~7%) of [PSI+] and so we reasoned that we 

could use this concentration of LTA to test whether it affects the induction of 

[PSI+]. Rhodamine-phalloidin staining was used to visualize the cortical actin 

cytoskeleton and to confirm that 10 µM LTA treatment disrupted the formation 

of actin patches (Figure 5.4A). 

The wild-type [PIN+][psi-]-strain was grown in the presence of 10 µM LTA 

and prion formation induced by treatment with 100 µM hydrogen peroxide for 20 

hours. We first examined Sup35 aggregation by expressing Sup35NM-GFP for 

the final two hours of the oxidant treatment. Approximately 8% of wild-type cells 

contained visible Sup35 aggregates following exposure to hydrogen peroxide. 

This frequency was somewhat reduced in cells treated with 10 µM of LTA, 

where 3.9% of cells examined contained visible Sup35 aggregates (Figure 

5.4B). [PSI+] prion formation was quantified under the same conditions, using 

the ade1-14 mutant allele. LTA treatment decreased the basal frequency of 

[PSI+] prion formation by 3-fold and also abrogated the oxidant-induction of 

[PSI+] prion formation (Figure 5.4C). For comparison, we examined whether 10 

µM LTA treatment affected overexpression-induced [PSI+] prion formation. 

[PSI+] formation was strongly induced in response to Sup35 overexpression and 

only a modest decrease in induction frequency was observed in the presence of 
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LTA (Figure 5.4D). Western blot analysis was used to confirm that LTA does not 

affect Sup35 overexpression (Figure 5.4E). Thus, LTA disrupts oxidant induced 

[PSI+] prion formation but only modestly affects overexpression-induced [PSI+] 

prion formation.  

 

 

Figure 5.4: Latrunculin A treatment reduces oxidant-induced [PSI+] formation.  
(A) Representative fluorescence micrographs are shown for a [PIN+][psi-] strain treated 
with 10 µM LTA for 20 hours. Cells were fixed, and stained with rhodamine phalloidin to 
visualize the cortical actin cytoskeleton. (B) Fluorescence micrographs are shown for a 
[PIN+][psi-] strain treated with 100 µM hydrogen peroxide for 20 hours in the presence 
or absence of 10 µM LTA. The aggregate frequency is expressed as the percentage of 
cells containing visible Sup35 foci from approximately 1000 cells counted. Data shown 
are the means of at least three independent biological repeats. Error bars denote 
standard deviation. Statistical analysis was performed by one-way ANOVA comparing 
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the Sup35 foci frequency with or without LTA treatment in the wild-type strain 
(*p<0.01). (C) [PSI+] prion formation was quantified in a [PIN+][psi-] strain treated with 
100µM hydrogen peroxide for 20 hours in the presence or absence of 10 µM LTA. Data 
shown are the means of three independent biological repeats expressed as the 
number of [PSI+] colonies per 105 viable cells. Error bars denote the standard 
deviation. Statistical analysis was performed by one-way ANOVA with pair-wise 
comparisons using Tukey HSD test comparing the [PSI+] prion formation in the 
absence versus the presence of hydrogen peroxide treatment in wild-type strain 
without LTA treatment and wild-type strain with LTA treatment (n.s.not statistically 
significant, *p<0.01, #p<0.05). (D) [PSI+] prion formation was quantified in a [PIN+][psi-] 
strain containing the CUP1-SUP35NM-GFP plasmid following 1 and 24 h of copper 
induction in the presence or absence of 10 µM LTA. Data shown are the means of 
three independent biological repeats expressed as the number of [PSI+] colonies per 
104 viable cells. Error bars represent the standard deviation. Statistical analysis was 
performed by one-way ANOVA with pair-wise comparisons using Tukey HSD test 
comparing the [PSI+] prion formation in the absence versus the presence of LTA 
treatment in wild-type strain at 24 h of induction (*p<0.01). (E) Western blot analysis of 
cells grown under the same conditions as for panel D.  Blots were probed with α-Sup35 
and α-Pgk1 as a loading control.  

 
 
5.2.5 Analysis of Sup35 oxidation and protein aggregation in abp1 mutant 

cells.  

We have previously shown that Sup35 oxidative protein damage is an 

important trigger for the formation of the heritable [PSI+] prion in yeast (Sideri et 

al, 2011; Doronina et al, 2015). Cortical actin patch mutants may potentially 

decrease oxidative stress-induced [PSI+] prion formation in a number of 

different ways including preventing Sup35 oxidative damage, altering the 

formation of Sup35 protein aggregates or by disrupting the formation of 

heritable [PSI+] propagons. We therefore examined Sup35 oxidative damage in 

response to oxidative stress conditions, to determine whether disrupting the 

cortical actin cytoskeleton influences protein oxidative damage.  Protein 

carbonylation is a commonly used measure of protein oxidative damage 

(Nystrom, 2005). Carbonyl groups on proteins can be detected by Western blot 

analysis using an antibody against the carbonyl-specific probe DNPH (2,4-

dinitrophenyl-hydrazine). Using this assay we found that oxidative stress 

increased Sup35-carbonylation in response to oxidative stress as might be 
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expected (Figure 5.5A) for the wild-type strain as well as abp1, crn1, and pan1 

cortical actin mutants.  

To address whether disrupting cortical actin patch formation influences 

Sup35 aggregate formation, a Sup35NM-GFP fusion construct was used to 

visualize aggregate formation. The wild-type and abp1 mutant strains were 

treated with 100 µM hydrogen peroxide for 20 hours and Sup35NM-GFP 

expression induced for the final two hours by copper addition. Following 

hydrogen peroxide treatment, approximately 6% of wild-type cells contained 

visible Sup35 aggregates (Figure 5.5B). This was reduced in abp1 mutant cells 

where 0.5% of cells examined contained visible Sup35 aggregates. Although 

the frequency of aggregate formation is reduced in the abp1 mutant strain 

(frequency = 5 x 10-1), it is still much higher than the frequency of [PSI+] prion 

formation observed in the abp1 mutant in response to the same oxidative stress 

conditions (frequency = 1.28 x 10-6).  

To further examine whether loss of ABP1 affects Sup35 aggregation, the 

subcellular distribution of Sup35 was examined biochemically during oxidative 

stress conditions. Sup35-GFP puncta are not necessarily indicative of 

amyloidogenic-aggregation since GFP-puncta may arise due to amorphous 

aggregation or the formation of other granules such as stress granules. We 

therefore used a protocol which separates soluble fractions from SDS-insoluble 

high-molecular weight forms (Ness et al, 2002). Sup35 was predominantly 

detected in the soluble fraction in wild-type cells as expected. In response to 

oxidative stress conditions, a small fraction of Sup35 was present in an SDS-

insoluble high-molecular weight form (Figure 5.5C). Surprisingly, a higher 

proportion of Sup35 was already present in this SDS-insoluble high-molecular 
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weight form in the abp1 mutant in the absence of stress, and there was no 

further increase in response to hydrogen peroxide treatment (Figure 5.5C).  

For comparison to Sup35 aggregation, we examined the aggregation of 

a non-amyloidogenic protein in the abp1 mutant. We used a thermolabile allele 

of UBC9 fused to GFP (GFP–Ubc9ts) which was expressed under the control of 

the GAL1 galactose-regulated promoter (Escusa-Toret et al, 2013). At 

permissive temperatures, GFP–Ubc9ts is native and diffuse, whereas, shifting 

cells to 37  °C causes GFP–Ubc9ts to misfold and to form puncta visible by 

fluorescence microscopy. These protein quality control structures are referred to 

as Q-bodies and do not contain amyloid aggregates (Escusa-Toret et al, 2013). 

Cells were grown in raffinose media prior to inducing GFP–Ubc9ts expression 

for three hours following galactose addition. We found that approximately 90% 

of wild-type cells formed Q-bodies following a temperature shift to 37  °C for 30 

minutes (Figure 5.5D). A similar number of cells containing Q-bodies were also 

detected in the abp1 mutant suggesting that loss of ABP1 does not affect non-

amyloidogenic protein aggregation.  
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Figure 5.5: Loss of Abp1 does not affect Sup35 oxidation but reduces the 
frequency of Sup35 aggregate formation. (A) Mutants disrupting the cortical actin 
cytoskeleton do not affect Sup35 oxidative damage. The wild-type, abp1, crn1 and 
pan1 mutant strains were treated with 100 µM hydrogen peroxide for 20 hours and 
protein carbonylation used as a measure of protein oxidative damage. Protein extracts 
were treated with the carbonyl-specific probe, DNPH, and analyzed by Western blot 
analysis using an antibody against DNPH. Sup35 was used as a loading control 
detected using antibodies targeted against Sup35 (αSup35). (B) Loss of ABP1 reduces 
the frequency of Sup35 aggregate formation. Fluorescence micrographs are shown for 
the wild-type and abp1 mutant strain treated with 100 µM hydrogen peroxide for 20 
hours. Sup35-NMGFP was induced with copper to visualize aggregate formation. The 
aggregate frequency is expressed as the percentage of cells containing visible Sup35 
foci from approximately 1000 cells counted. Data shown are the means of at least 
three independent biological repeats. Error bars denote standard deviation. Statistical 
analysis was performed by one-way ANOVA comparing the Sup35 foci frequency 
between wild-type strain and abp1 mutant (*p<0.01). (C) Subcellular distribution of 
Sup35 in wild-type and abp1 mutant cells grown in the presence or absence of 100 µM 
hydrogen peroxide for 20 hours. Total, total crude extract; Soluble, soluble fraction; 
Pellet, SDS-resistant high molecular weight fraction.  (D) Representative fluorescent 
micrographs are shown for the wild-type and abp1 mutant cells expressing GFP–
Ubc9ts. Strains were grown in SRaf media before switching to SGal media to induce 
GFP–Ubc9ts expression for 3 hours. This was followed by a 37°C heat shock for 30 
minutes to trigger the misfolding and aggregation of Ubc9. Quantification of the 
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frequency of GFP–Ubc9 foci is expressed as a percentage of cells containing 
fluorescence foci out of approximately 300 cells counted. Data shown are the means at 
least three independent biological repeats. Error bars denote standard deviation. 
Statistical analysis was performed by one-way ANOVA comparing the GFP–Ubc9 
frequency between wild-type strain and abp1 mutant (n.s.not statistically significant). 
 
 
5.2.6 Loss of ABP1 reduces the colocalization of Sup35 with Rnq1 puncta.  

The amyloidogenic [RNQ+] prion form of Rnq1 localizes to the IPOD and 

is thought to influence the aggregation of other proteins (Kaganovich et al, 

2008; Tyedmers et al, 2010b). This is further supported by the observation that 

during overexpression induced [PSI+] prion formation, approximately 60% of 

Sup35-RFP puncta colocalize with Rnq1-GFP puncta (Arslan et al, 2015). 

Newly formed Sup35-RFP puncta were found to perfectly colocalize with Rnq1-

GFP puncta, whereas, mature Rnq1-GFP and Sup35-RFP puncta were found 

that did not colocalize. We therefore visualized the relationship of Sup35 and 

Rnq1 during oxidant induced [PSI+] prion formation. [PIN+][psi-]-versions of the 

wild-type and abp1 mutant strains were grown in the absence or presence of 

100 µM hydrogen peroxide for 20 hours to induce prion formation. Sup35NM-

RFP and Rnq1-GFP were expressed under the control of the GAL1 promoter 

and were induced for three hours to visualize Sup35 and Rnq1 aggregate 

formation. Similar to overexpression-induced [PSI+] prion formation, 81% of 

Sup35 puncta colocalized with Rnq1 puncta following oxidant treatment of the 

wild-type strain (Figure 5.6). This was comparable to the 71% of Sup35 puncta 

which colocalized with Rnq1 puncta during control conditions in the absence of 

stress. In contrast, 14% (stressed) and 10% (unstressed) of Sup35 puncta 

colocalized with Rnq1 puncta in the abp1 mutant strain. Oxidant induced Sup35 

aggregates are therefore formed at a somewhat reduced frequency and do not 
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colocalize with the IPOD in an abp1 mutant which may account for the reduced 

frequency of [PSI+] prion formation in this mutant.  

                                 

Figure 5.6: Loss of ABP1 reduces the colocalization of Sup35 with Rnq1 
aggregates. The wild-type and abp1 mutant strains containing GAL1-SUP35NM-RFP 
and GAL1-RNQ1-GFP plasmids were grown for 20 hours in SRaff media in the 
absence or presence of 100 µM hydrogen peroxide before switching to SGal media for 
three hours to induce the expression of Sup35NM-RFP and Rnq1-GFP respectively. 
White arrows show examples where Sup35NM-RFP and Rnq1-GFP colocalize, 
whereas, grey arrows show examples where Sup35NM-RFP does not localize with 
Rnq1-GFP. The frequency of colocalization of Sup35NM-RFP and Rnq1-GFP is shown 
as a percentage of cells examined from at least 17 Sup35NM-RFP aggregates 
counted. Data shown are the means at least three independent biological repeats. 
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Error bars denote standard deviation. Statistical analysis was performed by one-way 
ANOVA with pair-wise comparisons using Tukey HSD test comparing the frequency of 
colocalization of Sup35NM-RFP and Rnq1-GFP between the wild-type strain and the 
abp1 mutant in the absence or presence hydrogen peroxide treatment (*p<0.01). 
 
 
5.3 DISCUSSION 

Our data suggest an important role for the Arp2/3 complex in prion 

formation since loss of ABP1, CRN1 or PAN1 all abrogate oxidant-induced 

[PSI+] prion formation. The Arp2/3 complex is a seven-protein complex 

containing two actin-related proteins (Arp2 and Arp3) and five non-actin related 

proteins (Galletta et al, 2010). It is required for the motility and integrity of actin 

cortical patches, and for actin-dependent processes such as endocytosis and 

organelle inheritance. For example, conditional Arp2/3 mutants are deficient in 

actin patch formation suggesting that Arp2/3 is required for the assembly and 

organization of cortical actin filaments (Winter et al, 1997). Nucleation 

promoting factors such as Abp1 and Pan1 associate with the Arp2/3 complex 

and stimulate actin nucleation (Mishra et al, 2014; Goode et al, 2015). Crn1 

regulates actin filament nucleation and the branching activity of the Arp2/3 

complex through its interaction with the Arc35 subunit (Humphries et al, 2002). 

Disrupting the actin cytoskeleton by deletion of ABP1, or treating cells with LTA, 

decreased the frequency of Sup35 aggregate formation and [PSI+] prion 

formation suggesting that the cortical actin cytoskeleton is required for the 

conversion of soluble Sup35 into its heritable prion form.  

Previous studies have implicated the Arp2/3 complex in prion formation 

and shown that Sup35 physically interacts with various proteins of the cortical 

actin cytoskeleton (Ganusova et al, 2006). This includes Arp2 and Arp3 which 

were shown to interact with the N-terminal prion forming domain of Sup35 using 

a two-hybrid assay. We found that Arp2 and Arp3 preferentially associate with 
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Sup35 under oxidative stress conditions. This difference might arise since we 

have used native Sup35 expressed under the control of its own promoter, rather 

than a fragment of Sup35 fused to the DNA domain of Gal4 in a two-hybrid 

assay. Additionally, Gal4-activation domain fusion proteins are unlikely to 

assemble into normal actin complex structures in the nuclear two-hybrid assay 

(Ganusova et al, 2006). An interaction between actin and overexpressed Sup35 

was also shown using immunoprecipitation experiments (Ganusova et al, 2006) 

similar to our finding that Sup35 interacts with actin in wild-type and tsa1 tsa2 

mutant cells. This is in agreement with the idea that actin organization at the 

cell periphery is important for the initial formation of the [PSI+] ring, which is 

thought to be an initial stage in prion formation (Mathur et al, 2010). 

We found that loss of ABP1, CRN1 or PAN1, or disrupting the cortical 

actin cytoskeleton by LTA treatment, prevented oxidative stress-induced [PSI+] 

prion formation but only modestly disrupted Sup35-overexpression-induced 

aggregation and [PSI+] prion formation. This suggests that the mechanism 

underlying the conversion of the soluble protein to its amyloid form is different 

for overexpression-induced versus oxidative stress promoted formation. The 

strongest effect on induced [PSI+] prion formation was seen with an abp1 

mutant, which abrogated Sup35 ring formation, although the frequency of [PSI+] 

prion formation was still strongly induced in this mutant. In comparison, loss of 

PAN1 or CRN1 did not affect the frequency of Sup35 overexpression-induced 

[PSI+] prion formation and only modestly decreased Sup35 aggregate 

formation. Other studies have linked cortical actin patch formation with 

overexpression-induced [PSI+] prion formation. For example, loss of LAS17 or 

SAC6 inhibited both induced [PSI+] prion and ring formation (Manogaran et al, 

2011). Las17 is a nucleation promoting factor similar to Pan1 and Abp1, 
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although Las17 is a stronger nucleation promoting factor compared with Pan1 

and Abp1 (Sun et al, 2006). Lsb2 is a stress-induced Las17-interacting protein 

which promotes induced [PSI+] prion formation via the association of Las17 with 

cortical actin patches (Chernova et al, 2011). Sac6, an actin-bundling protein is 

the major F-actin crosslinking protein in budding yeast (Adams et al, 1995). 

Additionally, loss of other genes affecting actin patch formation including SLA1, 

SLA2 and END3 has been shown to decrease the frequency of Sup35 

overexpression-induced [PSI+] formation (Ganusova et al, 2006; Mathur et al, 

2010). Taken together, these data strongly implicate actin cytoskeletal networks 

in [PSI+] prion formation, although there appear to be mechanistic differences 

between overexpression and oxidative stress-induced prion formation.  

Accumulating evidence suggests that eukaryotic cells defend themselves 

against protein aggregation by sequestering misfolded proteins into defined 

quality control compartments. Studies in yeast cells have revealed intricate 

protein quality control systems where insoluble proteins are partitioned into 

defined sites in the cell; amyloid and amorphous aggregates are believed to be 

processed via distinct cytosolic protein inclusion bodies (Kaganovich et al, 2008; 

Sontag et al, 2014). Upon proteasome inhibition, JUNQ (JUxta Nuclear Quality 

control compartment) serves as a sequestration site for ubiquitinated proteins, 

whereas, the IPOD sequesters terminally misfolded and amyloidogenic proteins. 

Additionally, when proteasomes are active, misfolded proteins aggregate into Q-

bodies (Spokoini et al, 2012; Escusa-Toret et al, 2013; Roth and Balch, 2013). 

Asymmetric inheritance means that aggregated proteins are retained in the 

mother cell which protects daughter cells from the inheritance of aberrant protein 

aggregates (Liu et al, 2010; Zhou et al, 2011). Despite these PQC (Protein 

Quality Control) systems excessive widespread protein aggregation is toxic to 
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cells, especially during aggregation-promoting-stress conditions or when the 

proteostasis network is compromised (Koplin et al, 2010; Weids and Grant, 

2014). Additionally, the build-up and aggregation of misfolded proteins is thought 

to impair ubiquitin-proteasome degradation in eukaryotic cells and may play a 

critical role in ageing and neurodegenerative diseases (Bence et al, 2001; 

Verhoef et al, 2002; Haynes et al, 2004; Andersson et al, 2013).  

Extensive research has made use of Sup35NM-GFP fusion proteins that 

can be switched to a heritable prion form by wild-type [PSI+] prions. As with 

wild-type Sup35, the Sup35NM-GFP fusion protein retains the unstructured PrD 

that has a high propensity to misfold (Scheibel and Lindquist, 2001). 

Overexpression of Sup35NM-GFP results in the detection of fluorescent puncta 

as well as ribbon and ring-like aggregates (Zhou et al, 2001; Ganusova et al, 

2006). The ribbon and ring-like aggregates are characteristic of the de novo 

formation of [PSI+]. Careful analysis of the temporal formation of aggregate 

structures has revealed the initial formation of cytoplasmic dots (Arslan et al, 

2015). One of the dots located near the vacuole gives rise to lines which extend 

towards the cell periphery followed by peripheral and internal ring-like forms. 

Overexpressed Sup35NM-GFP is initially soluble, but the PrD has a high 

propensity to misfold and the misfolded protein is thought to be targeted to the 

IPOD (Tyedmers et al, 2010b). Other prion proteins including Ure2 and Rnq1 

localize to the IPOD which facilitates nucleation and [PSI+] induction 

(Kaganovich et al, 2008; Tyedmers et al, 2010b). All Rnq1 dots have been 

shown to overlap with newly induced Sup35 dots (Arslan et al, 2015). Similarly 

we found that all oxidant-induced Sup35 dots colocalized with Rnq1 dots in a 

wild-type strain. However, in contrast, relatively few oxidant-induced Sup35 dots 

were seen to colocalize with Rnq1 dots. This may explain the reduced 
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frequency of [PSI+] prion formation since Sup35 may form aggregates in 

response to oxidative stress conditions, but these aggregates do not efficiently 

localize to the IPOD in an abp1 mutant and hence do not form heritable 

propagons. 

 

5.4 MATERIALS AND METHODS 

5.4.1 Yeast strains and plasmids.  

The wild-type yeast strain 74D-694 (MATa ade1-14 ura3-52 leu2-3,112 

trp1-289 his3-200) was used for all experiments. Strains deleted for TSA1 

(tsa1::LEU2) and TSA2 (tsa2::KanMX) and containing Sup35 tagged at its C-

terminus with a tandem affinity purification (TAP) tag have been described 

previously (Sideri et al, 2011). Strains deleted for ABP1, CRN1 and PAN1 were 

constructed in 74D-694 using standard yeast methodology.  

The yeast plasmid CUP1-SUP35NM-GFP [URA3] expressing the 

Sup35NM domain conjugated to GFP under the control of the CUP1 promoter 

has been described previously (Patino et al, 1995) as has the yeast plasmid 

p2018 containing GAL1-SUP35NM-RFP [LEU2] (Arslan et al, 2015). Rnq1 was 

visualized using a yeast plasmid containing GAL1-RNQ1-EGFP [URA3] which 

expresses Rnq1-GFP under the control of the GAL1 promoter (Meriin et al, 

2002). A thermo-labile allele of UBC9 fused to GFP (GFP–Ubc9ts) was 

expressed under the control of the GAL1 galactose-regulated promoter 

(Escusa-Toret et al, 2013). 

 

5.4.2 Growth and stress conditions.  

Strains were grown at 30°C with shaking at 180 rpm in rich YEPD 

medium (2% [weight/volume] glucose, 2% [weight/volume] bactopeptone, 1% 
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[weight/volume] yeast extract) or minimal SD (0.67% [weight/volume] yeast 

nitrogen base without amino acids, 2% [weight/volume] glucose) supplemented 

with appropriate amino acids and bases. SRaf media contained 2% 

(weight/volume) raffinose and SGal media contained 2% (weight/volume) 

galactose. Media were solidified by the addition of 2% (weight/volume) agar. 

Strains were cured by five rounds of growth on YEPD agar plates containing 4 

mM guanidine hydrochloride (GdnHCl). Where indicated, strains were grown in 

the presence of 100µM hydrogen peroxide for 20 hours prior to analysing 

[PSI+] prion formation. Cells were treated with 10µM latrunculin to disrupt the 

actin cytoskeleton. 

 

5.4.3 Analyses of prion formation.  

The frequency of spontaneous [PSI+] prion formation was scored by 

growth in the absence of adenine. Diluted cell cultures were plated onto SD 

plates lacking adenine (SD-Ade) and incubated for 7-10 days. Colonies which 

grew on SD-Ade plates were counted and then picked onto new SD-Ade plates 

before replica-printing onto SD-Ade and SD-Ade containing 4mM GdnHCl. 

Colonies that grew on SD-Ade, but not on SD-Ade with GdnHCl were scored as 

[PSI+]. [PSI+] colonies were also scored by visual differentiation of red/white 

colony formation on YEPD plates and by the conversion of pink/white [PSI+] 

colonies to red [psi-] colonies on YEPD plates containing GdnHCl. For oxidant 

induced prion assays, cultures were grown in the presence of 100µM hydrogen 

peroxide for 20 hours prior to scoring [PSI+] formation. For Sup35 

overexpression-induced prion assays, cultures were grown in the presence of 

50µM copper sulphate for 20 hours to induce CUP1-SUP35NM-GFP expression 

prior to scoring [PSI+] formation (Speldewinde et al, 2015). De novo [PIN+] 
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formation was performed as previously described (Sideri et al, 2011). [PSI+] and 

[PIN+] formation was calculated based on the means of at least three 

independent biological repeat experiments.  

 

5.4.4 Microscopy analysis.  

Rhodamine phalloidin staining of actin was performed as described 

previously (Amberg, 1998). Sup35 aggregate-formation was visualized using 

CUP1-SUP35NM-GFP following 50µM copper sulphate addition to induce the 

CUP1 promoter (Sideri et al, 2011). Sup35 and Rnq1 colocalization 

experiments were conducted using plasmids containing GAL1-SUP35NM-RFP 

and GAL1-RNQ1-EGFP. Strains were grown in the presence or absence of 

100mM hydrogen peroxide for 20 hours in SRaf media before switching to SGal 

media for three hours to induce the expression of GAL1-SUP35NM-RFP and 

GAL1-RNQ1-EGFP. Visualization of the aggregation of a non-amyloidogenic 

protein Ubc9 was performed using GAL1-GFP–Ubc9ts. Strains were grown in 

SRaf media before switching to SGal media for 3 hours to induce the 

expression of GAL1-GFP–Ubc9ts. The temperature was shifted to 37  °C for the 

final 30 minutes to trigger Ubc9 misfolding.  

Cells were washed and immobilised on 10% (volume/volume) poly-L-

lysine-coated slides. All images were acquired on a Delta Vision (Applied 

Precision) restoration microscope using a 100x/NA 1.42 Plan Apo objective and 

fluorescein isothiocyanate (FITC) and Texas Red band pass filters from the 

Sedat filter set (Chroma). The images were collected using a Coolsnap HQ 

(Photometrics) camera with a Z optical spacing of 0.2µm. Raw images were 

then deconvolved using the Softworx software and maximum intensity 

projections of these deconvolved images are shown in the results. 
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5.4.5 Sup35-TAP affinity purification and mass spectrometry.  

Sup35-TAP affinity purification was performed as described previously 

(Sideri et al, 2011). Sup35-interacting proteins were identified in the wild-type 

and tsa1 tsa2 mutant strains by mass spectrometry in triplicate for each strain. 

For protein identification, protein samples were run a short distance into SDS-

PAGE gels and stained using colloidal Coomassie blue (Sigma). Total proteins 

were excised, trypsin digested, and identified using liquid chromatography-

mass spectrometry (LC-MS) performed by the Biomolecular Analysis Core 

Facility, Faculty of Life Sciences, The University of Manchester. Proteins were 

identified using the Mascot mass fingerprinting programme 

(www.matrixscience.com) to search the NCBInr and Swissprot databases. 

Final datasets for each condition were determined by selecting proteins that 

were identified in at least two of the three replicates.  

 
5.4.6 Protein analysis.  

Protein extracts were electrophoresed under reducing conditions on 

SDS-PAGE minigels and electroblotted onto PVDF membrane (Amersham 

Pharmacia Biotech). Bound antibody was visualised by chemiluminescence 

(ECL, Amersham Pharmacia Biotech). Primary antibodies used were Sup35 

(Ness et al, 2002), Tsa1 (Trotter et al, 2008), Tef1 (Sundaram and Grant, 2014), 

Abp1 (Abcam), Arp3 (Santa Cruz Biotechnology), Sap190 (affinity-purified 

polyclonal antibody raised against Sap190 peptides), Act1 (ThermoFisher 

Scientific) and Pgk1 (ThermoFisher Scientific). 

The analysis of Sup35 aggregates by subcellular fractionation was 

performed essentially as described previously (Ness et al, 2002). Briefly, 

exponential phase cells (A600 ∼0.5) were collected by centrifugation, washed 
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once with distilled water, and resuspended in buffer ST [10mM sodium 

phosphate buffer, pH7.5, 250mM NaCl, 2% (weight/volume) SDS, 1% 

(weight/volume) Triton X-100, 2mM PMSF]. Cells were broken with glass beads 

using a Minibead beater (Biospec Scientific, Bartlesville) for 30 s at 4°C and 

centrifuged at 3000g for 3 minutes at 4°C. The supernatant (total) was 

centrifuged at 13000g for 45 minutes at 4°C to separate the soluble 

(supernatant) and insoluble (pellet) fractions. The soluble and insoluble 

fractions were resuspended in an equal volume of ST buffer prior to western 

blot analysis.  

Protein carbonylation was measured by reacting carbonyl groups with 

2,4-dinitrophenyl-hydrazine (DNPH) based on previously described methods 

(Shacter et al, 1994; Trotter et al, 2006). Briefly, exponential phase cells (A600 

∼0.5) were broken with glass beads in 10% (weight/volume) trichloroacetic acid 

(TCA) using a Minibead beater. The supernatant was centrifuged at 13000g for 

15 mins at 4°C and the protein pellet washed with acetone to remove residual 

TCA. The pellet was dried and resuspended in 70 µl of 6% (weight/volume) 

SDS. 70 µl of 10mM 2,4-dinitrophenyl hydrazine (DNPH) in 10% 

(volume/volume) trifluoroacetic acid were added and incubated at room 

temperature for 20 minutes. 45 µl of 2M Tris/30% (volume/volume) glycerol 

were added to the suspension and mixed to neutralize the DNPH reaction. 

SDS-PAGE sample buffer was added prior to western blot analysis using rabbit 

anti::DNPH (Dako) antibodies to detect carbonylation. 

 

5.4.7 Statistical analysis.  

Data are presented as mean values ± standard deviation (SD). Statistical 

analysis for multiple groups was performed using one-way ANOVA with pair-
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wise comparisons of sample means via the Tukey HSD test or two-way ANOVA 

with multiple comparisons of sample means via the Tukey HSD test. Results 

were considered statistically significant with a p-value less than 0.05. 

                     

                   

 

Supplementary Figure 5.1: Visualization of overexpression-induced Sup35 

aggregates and the cortical actin cytoskeleton. Fluorescence micrographs are 

shown for [PIN+][psi-] versions of the wild-type, abp1, crn1 and pan1 mutant strains 

containing the CUP1-SUP35NM-GFP plasmid induced with copper for 24 hours. 

Rhodamine-phalloidin (RhoP) staining was used to visualize the cortical actin 

cytoskeleton. 

  

WT 
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Supplementary Table 5.1: Proteins co-purifying with Sup35 in wild-type and tsa1 tsa2 
mutant strain. 
 
Strain Protein 
Wild-type (63) Vma2, Tdh1, Ura7, Adh1, Gfa1, Faa4, Ssc1, Ura1, Atp1, Rpl3, 

Nop58, Prp43, Cct8, Rpl6B, Nan1, Ddr48, Mss116, Rps20, Gcd6, 
Faa1, Eno2, Tdh2, Cdc19, Puf6, Tub2, Nop56, Rps6B, Mcm6, 
Utp4, Sam1, Rvb2, Rpl13B, Gcn1, Utp8, Rrp5, Pfk1, Ilv2, Rpl4A, 
Sec23, Rpl21A, Pet9, Kar2, Vma1, Fpr3, Eft1, Sst1, Act1, Sse1, 
Ccd48, Sec26, Kap123, Ssa2, Hsc82, Tef2, Pdi1, Rpn2, Acc1, 
Pma1, Crn1, Ssb2, Ssa1, Hsp60, YHR020W 

tsa1 tsa2 (47) Cop1, Abp1, Arc40, Ufd4, Ura2, Sec21, Vps13, Sap190, Sec27, 
Ufo1, Asc1, Yef3, Spt5, Fas1, Fas2, Lpd1, Arc35, Ssa4, Prc1, 
Rpb2, Noc3, Arp2, Sac6, Hsp78, Arp3, Pim1, Hsp104, Sap185, 
Aif1, Eft1, Sti1, Act1, Sse1, Cdc48, Sec26, Kap123, Ssa2, Hsc82, 
Tef2, Pdi1, Rpn2, Acc1, Pma1, Crn1, Ssb2, Ssa1, Hsp60 

Common (18) Eft1, Sti1, Act1, Sse1, Cdc48, Sec26, Kap123, Ssa2, Hsc82, Tef2, 
Pdi1, Rpn2, Acc1, Pma1, Crn1, Ssb2, Ssa1, Hsp60 
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Chapter 6: General Discussion 

6.1 Summary. 

Prions are enigmatic proteinaceous entities capable of self-perpetuation 

and transmission from one species to another. Prions are the causal agent 

behind a group of infectious diseases collectively known as the transmissible 

spongiform encephalopathies.  These diseases include scrapie in sheep, 

Creutzfeldt-Jakob disease and Kuru in humans and bovine spongiform 

encephalopathy in cattle (Prusiner, 1998). The self-replicating feature of prions 

occurs by the repeated seeding of the misfolded PrPSc prion form onto native 

PrPC molecules and their conversion to the prion form that underlies the 

pathogenicity of these diseases (Aguzzi, 2008). As yet, no effective therapies 

have been developed against prion diseases. In addition, many other 

neurodegenerative diseases caused by abnormal protein aggregation including 

Alzheimer’s, Parkinson’s and Huntington’s have been considered to share 

prion-like properties in terms of their formation, propagation and disease 

manifestation. As such, studies that focus upon uncovering the mechanistic 

basis and factors affecting prion formation as well as their propagation/infection 

have become increasingly relevant in the discovery of new therapeutic 

intervention strategies against these debilitating protein aggregation diseases.  

 

6.2 Autophagy serves a protective role against prion formation. 

Autophagy is an intracellular quality control process functioning in the 

degradation of toxic and aberrant proteins as well as the disposal of 

dysfunctional organelles. Autophagy proceeds in a highly sequential manner 

that is regulated by autophagy related genes (ATGs), of which 41 genes have 

been identified in yeast thus far. Impaired activity of autophagy has been 
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implicated in a variety of neurodegenerative diseases caused by the abnormal 

aggregation of specific proteins including prions in prion diseases (Wirawan et 

al., 2012). However, the mechanistic basis of the role for autophagy in de novo 

prion formation is not comprehensively understood which was the primary aim 

of our study. Previous studies have linked prions and autophagy where large 

autophagic bodies were often observed in neuronal cells of prion-infected mice 

models (Boellard et al., 1991; Liberski et al, 2004). In our study, we 

demonstrated that the knockdown of core ATGs required for non-selective 

autophagy to function corresponds with an increase in the de novo frequency of 

both [PSI+] and [PIN+] prion formation. Similarly, the rise in [PSI+] formation is 

also consistent with an elevated frequency of Sup35 aggregates observed in 

these core autophagy knockout mutants. This data agrees with other studies in 

mammalian systems which have shown downregulation of autophagy activity 

via application of autophagy inhibitors such as wortmannin, or siRNA 

knockdown on Atg5, results in elevated prion formation (Heiseke et al, 2009; 

Aguib et al, 2009). Conversely, Atgs which are essential for selective autophagy 

to occur, such as Atg11 and Atg33, do not appear to influence de novo prion 

formation or Sup35 aggregation.  This is in agreement with the idea that 

autophagy normally acts to suppress the de novo formation of prions.  

Several studies using mammalian prion models have also shown that the 

supplementation of pharmacological compounds that elicit the promotion of 

autophagic flux such as lithium, rapamycin and trehalose, correlates with a 

clearing effect on prion aggregates (Heiseke et al, 2009; Aguib et al, 2009). The 

polyamine, spermidine, can be used as a pharmacological treatment to 

upregulate autophagic flux in yeast, flies, worms and mammalian cell lines 

(Eisenberg et al 2009). In our study, spermidine treatment was found to 



	   163	  

attenuate the elevated frequency of de novo prion formation observed in an 

antioxidant mutant (tsa1 tsa2), and in a protein phosphatase 1 mutant, ppq1 

that allows the detection of low levels of prion formation. Further development 

of pharmacological agents that modulate autophagic flux may therefore be a 

promising area for developing therapeutic agents to prevent prion diseases.  

Prion studies performed in our lab have also established oxidative stress 

as a causal trigger for yeast prion formation (Sideri et al, 2011; Doronina et al, 

2015). Interestingly, this current study found increased oxidation of Sup35 

methionine residues in an atg1 mutant correlates with an increased frequency 

of de novo prion formation. Indeed, growth of the atg1 mutant in the absence of 

oxygen (anaerobic conditions) reduced the frequency of prion formation to wild-

type levels. These results indicate that autophagy has a role at the initial stages 

of prion formation by facilitating the clearance of oxidatively damaged Sup35 

that have a higher propensity towards misfolding and its subsequent conversion 

into the infectious [PSI+] prion form. Furthermore, spermidine application was 

also found to reduce the frequency of aggregated Sup35 molecules in cells that 

are already [PSI+] as well as abrogating de novo [PIN+] formation. These data 

show that the autophagy machinery may also act to clear larger Sup35 

aggregated polymers as well as misfolded Rnq1 molecules within cells. Taken 

together, our data provides further evidence that the core autophagy machinery 

serves a protective role in preventing against elevated de novo prion formation 

and aggregation of prion proteins in yeast.  
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6.3 Prions have a pro-chronological effect on yeast lifespan in autophagy 

proficient cells. 

The majority of prion disease cases in humans occur in a sporadic 

manner, predominantly manifesting during later stages of life (Appleby et al, 

2007). Neuronal cells are post-mitotic in nature and rely on proteostasis 

mechanisms such as autophagy to facilitate elimination of superfluous and 

damaged material. Yeast has emerged as a powerful model to investigate the 

stochasticity of the ageing process and its contributing factors (Kaeberlein, 

2010; Longo et al, 2012). Yeast ageing is primarily studied in two ways: via 

replicative lifespan (the number of daughter cells produced by a particular 

mother cell) and chronological lifespan (the length of time required for the cells 

to remain viable).  

Yeast prions when formed and stably propagated confer either a loss or 

gain of function phenotype in their host. For example, prions such as Sup35 

and Swi2 are involved in translation regulation and chromatin remodeling 

respectively and consequently may manifest a series of differential phenotypes 

epigenetically when they are converted to their prion forms (Liebman and 

Chernoff, 2012). However, whether prions are beneficial or deleterious to their 

fungal host still remain a hotly debated topic. Additionally, the role of prions 

towards the yeast ageing process and vice versa has also not been 

comprehensively understood. Moreover, autophagy has also been identified as 

an important modulator towards the ageing process as its dysregulation is 

strongly implicated in several neurodegenerative diseases. We thus sought to 

investigate the connection between prions and autophagy in the context of 

chronological ageing in yeast.  
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Using the wild-type strain and an atg1 deletion mutant in a [PIN+][psi-] 

background we assessed the levels of de novo [PSI+] formation in relation to 

the chronological age of cells. We found a correlation between the 

chronological age of cells and the frequency of de novo [PSI+] formation i.e. as 

cells advance further in age, there is a proportional increase in de novo [PSI+] 

formation. Furthermore, the elevation of spontaneous [PSI+] formation was 

more pronounced in an atg1 mutant relative to the wild-type strain thus 

supporting a protective role for autophagy against prion formation during 

chronological ageing.  

A novel and somewhat intriguing finding in our study was the enhanced 

longevity observed in wild-type cells carrying either the [PSI+] or [PIN+] prions 

during chronological lifespan analysis while, in comparison, cells that were 

cured of prions showed a much reduced lifespan. Additionally, this longevity 

promoting phenotype was not observed in atg1 mutants during chronological 

ageing regardless of prion background. During chronological ageing, we found 

that autophagy competent cells carrying the [PSI+] prion had increased 

autophagic flux compared to the [PIN+][psi-] cells and the cured versions of the 

same cells. Supplementation of the growth media with the polyamine 

spermidine was also found to improve chronological lifespan in wild-type cells 

carrying prions but this effect was minimal in the cured version (Figure 6.1A). It 

is unclear why there was no improvement of chronological lifespan in cured 

wild-type strains with spermidine application. This could be due to unforeseen 

effects on chronological lifespan resulting from the inactivation of Hsp104 by 

GdnHCl treatment as well as the loss of prion formation that is not rescued by 

spermidine addition. Chronological lifespan studies in the absence or presence 

of spermidine in strains deleted for RNQ1 that cannot effectively form the [PSI+] 
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prion could be further employed to examine the reason for this observation. 

Moreover, spermidine addition improved the CLS of the atg1 strains, notably in 

cured atg1 cells (Figure 6.1B).  These results indicate that spermidine may 

facilitate improved CLS extension through additional mechanisms other than 

autophagy such as alteration of acetylation patterns of proteins as have been 

suggested previously (Eisenberg et al, 2009; Morselli et al, 2011; Morselli et al, 

2015) that may directly or indirectly impinge upon longevity-associated 

pathways. Furthermore, our data show the [PSI+] prion may be harmful to yeast 

viability during chronological ageing when autophagy is dysfunctional. In our 

previous study we found that basal autophagy levels were slightly elevated in 

mutants with a higher rate of de novo [PSI+] formation (Speldewinde et al, 2015) 

thus postulating a role where increased protein aggregation albeit at non-toxic 

levels may directly or indirectly promote basal autophagy thereby leading to 

improved lifespan extension. Calorie restriction has been shown to facilitate 

lifespan improvement in most model organisms tested (Longo et al, 2012), as 

such, the role of calorie restriction during chronological ageing in cells carrying 

prions compared to prion free cells should be further investigated. Our study 

provides evidence for a potentially beneficial role of prions to their host as they 

may present additional adaptive mechanisms to their host in order to increase 

chances of survival in response to environmental fluctuations.   
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Figure 6.1: Spermidine improves the chronological lifespan of wild-type cells 
carrying prions but not for cured wild-type cells and extends the lifespan of atg1 
mutants regardless of prion status. Chronological lifespan analysis in liquid SCD 
media with or without 4mM spermidine supplementation in (A) the wild-type strain and 
(B) atg1 mutant strain in the [PSI+], [PIN+][psi-] and cured background respectively. 
Cells were cultured for 3 days to reach stationary phase and then aliquots taken every 
2-3 days for flow cytometry analysis based on propidium iodide uptake by non-viable 
cells as assayed through flow cytometry as described in section 4.4.4 Yeast 
chronological lifespan determination. Data shown are the means of at least three 
independent biological repeat experiments expressed as the percentage of viable cells 
out of 10000 cells analysed. Error bars denote standard deviation. 
 
 

6.4 The cortical actin cytoskeleton is involved in prion formation.  

The actin cytoskeleton provides the structural framework for many 

essential functions of cells including cell division, intracellular transport, cell 

adhesion mechanosensation, and so on. Actin filament nucleation and 

branching occurs in a precisely regulated manner that involves the activity of 

over 100 different proteins including components of the Arp2/3 complex 
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(Moseley and Goode, 2006). The Arp2/3 complex drives actin filament 

branching and is comprised of Arp2, Arp3 and five subunits of the Arc1-40 

protein family. The actin branching activity of the Arp2/3 complex is strongly 

facilitated by the nucleating promoting factors: Las17, Myo3/5, Abp1, and Pan1. 

Actin filament branching is essential in the formation of actin cortical patches 

and, in particular, the process of endocytosis. Previous studies have 

characterized the roles of several actin-related components in the formation of 

prions (Ganusova et al, 2006; Chernova et al, 2011; Manogaran et al, 2011). 

Additionally, actin monomer sequestration by the addition of the drug, 

latrunculin A, has been reported to destabilize prion formation in weak [PSI+] 

strains (Bailleul-Winslett et al, 2000).  

In our study, we further examined the role of the Arp2/3 complex and its 

nucleating promoting factors in de novo prion formation. We demonstrated that 

relative to the wild-type strain, knockout mutants of abp1, crn1, and pan1 

elicited reduced de novo [PSI+] formation under basal conditions and, 

intriguingly, even after oxidative stress challenges which has not been shown in 

previous studies. Although these mutants abrogated oxidative-stress induced 

prion formation, they only modestly affect Sup35-overexpression–induced prion 

formation, suggesting that there may be mechanistic differences underlying the 

formation of prions during these two promoting conditions.   

Given that extensive data has now shown that protein aggregates can be 

sequestered to distinct intracellular sites as part of the cells protein quality 

control systems, we examined whether the colocalization of Sup35 with the 

insoluble protein deposit (IPOD) was affected in an abp1 mutant. The IPOD is 

an intracellular sequestration site for misfolded and oxidatively damaged 

proteins including [PIN+] aggregates (Tyedmers et al, 2010a; Tyedmers et al, 



	   169	  

2010b). [PIN+] has been demonstrated to acts as nucleation sites for other prion 

forming proteins such as Sup35 and Ure2 to template upon thus further form 

larger prion aggregates (Derkatch et al, 2001; Derkatch et al, 2004).  

Colocalization studies of Sup35-RFP and Rnq1-GFP were performed under 

basal and oxidative stress conditions, and, revealed that both proteins do not 

colocalize in approximately 75% of abp1 cells examined compared to 

approximately 20% of wild-type cells where Sup35-RFP and Rnq1-GFP do not 

colocalize. Furthermore, there was increased carbonylation of Sup35 after 

oxidant insults in the abp1 and pan1 mutants. These results indicate that the 

transport of oxidized or misfolded Sup35 to the IPOD is disrupted in the abp1 

mutant and possibly other deletion mutants of other components of the Arp2/3 

complex such as pan1 and crn1 thus attenuating its propensity towards further 

[PSI+] prion formation. Consistent with the phenotypes observed in the abp1, 

crn1, and pan1 deletion mutants respectively, treatment with latrunculin A that 

inactivated actin nucleation and filament formation was also found to abrogate 

the frequency of [PSI+] prion formation and Sup35 aggregation during oxidative 

challenges.  

 

6.5 Concluding remarks and future perspectives. 

Autophagy is a general protective cellular mechanism against damaged 

protein and dysfunctional organelles while the actin cytoskeleton provides the 

structural framework essential for an array of cellular activities, and both these 

processes are impacted by and/or impact upon cellular ageing. This is 

particularly true for post-mitotic cells such as neurons where there is a decline 

in autophagic flux, a possible impairment of actin cytoskeleton and its dynamics 

and an accumulation of superfluous materials such as protein aggregates as 
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they cannot be diluted via cell division. Autophagy has been established as a 

modulator of yeast cell ageing mainly in chronological ageing models (Longo et 

al, 2012). In aged and diseased cells, actin filamentous aggregates such as 

Hirano bodies and cofilin rods have been observed in cases of 

neurodegenerative diseases including Alzheimer’s and Huntingon’s. Work 

performed by Gourlay and Ayscough (2005; 2006) demonstrated that the 

formation of actin aggregates in a mutant with defective actin dynamics was a 

trigger to hyperactivate the Ras/cAMP/PKA signaling cascade and resulted in 

increased apoptotic cell death. Furthermore, supplementation with latrunculin A, 

that sequesters actin monomers, prevented the formation of these aggregates 

and led to diminished ROS accumulation and reduced cell death. Similarly, 

knockout of an actin bundling protein, Scp1p, that had abnormal actin 

cytoskeleton morphology also attenuated ROS levels and markedly promoted 

replicative lifespan (Gourlay et al, 2004). The actin cytoskeleton has also been 

shown to be essential for the proper asymmetric segregation of protein 

aggregates between the mother and daughter yeast cells thus ensuring the next 

generation of pristine daughter cells where damaged molecules are 

preferentially retained by the mother cell (Liu et al, 2010).  

Previous studies have reported that selective autophagy and not non-

selective autophagy is impaired by the disruption of the actin cytoskeleton 

network (Hamasaki et al, 2005; Reggiori et al, 2005). Our data indicates 

increased de novo prion formation in an atg19 deletion mutant, which is the 

receptor required for the cytoplasm-to-vacuole targeting (Cvt) selective 

autophagy pathway to occur. Interestingly, Arp2 provides the link between the 

actin cytoskeleton and the Cvt pathway by directing the movement of Atg9 to 

the pre-autophagosomal structure in the Cvt pathway (Monastyrska et al, 2008).  
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Treatment with latrunculin A was found to disrupt the movement of Atg9 

vesicles as well as result in the defective localization of Atg11. In addition, 

latrunculin A treatment was also shown to impair the Cvt pathway (He et al, 

2006). Similar observations were also found in a strain expressing a mutant 

form of actin, Act1-159, that had abnormal actin cytoskeleton morphology (He 

et al, 2006). Furthermore, pexophagy, which is the selective macroautophagy 

responsible for the degradation of peroxisomes, is also dependent on Atg11 

and the Arp2/3 complex (Monastyrska et al, 2008). Thus, the impact of an atg19 

knockout and a mutant that disrupts Arp2/3 complex activity on de novo prion 

formation can be further characterized by performing prion formation assays on 

a double deletion mutant of atg19 and component of the Arp2/3 complex such 

as abp1.  

Prions are epigenetic regulators that are able to transmit phenotypes 

between successive generations. The [PSI+] prion reduces translation 

termination efficiency at stop codons thus enabling uninterrupted translation by 

the ribosomes. This [PSI+]-dependent feature allows the repertoire of unique 

proteins generated within cells that may have non-canonical functions or impact 

upon their signaling networks. How the presence of the [PSI+] prion affects the 

diversity of proteins and longevity of cells would be an interesting avenue to 

further investigate. On the one hand, the production of non-native proteins by 

inefficient translation termination by [PSI+] conditions may result in aggregation 

and disruption of activity of these proteins within the cell. The elevation of 

protein aggregation may in turn induce general defensive mechanisms such as 

autophagy as shown in our data and possibly other elements such as heat 

shock proteins and ROS scavengers. The connection between protein 

aggregation, cellular defense systems and chronological longevity of cells 
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presents interesting paradigms that require further elucidation. On the other 

hand, inefficient translation termination may result in the production of novel 

proteins with altered function/regulation that can either be beneficial or 

deleterious to the cell. Strategies to investigate these possibilities may include 

global transcriptomic and proteomic profiling in cells carrying prions and prion 

free cells at differential stages of chronological ageing. In addition, profiling of 

the expression levels of heat shock proteins and antioxidant proteins 

(superoxide dismutases, peroxiredoxins) and intracellular ROS levels should 

also be explored. These could be characterized using techniques such as 

qPCR, ribosome profiling, ROS markers and western blotting to detect 

expression levels of these proteins during chronological ageing in cells with 

different prion backgrounds.  

Whether a protein forms a prion is dependent upon the presence of a 

prion forming domain that is usually non-essential to the overall function of the 

protein itself. The prion forming domain is capable of catalyzing aggregate 

formation even without the remainder of the protein being present (Kochneva-

Pervukhova et al, 1998). It would be interesting to investigate whether the pro-

chronological ageing phenotype observed in the presence of [PSI+] in 

autophagy competent cells is dependent upon the prion forming domain of 

Sup35 alone or it requires the presence of the full length Sup35 protein. 

Mutants of the Sup35 protein lacking the prion forming domain or the middle 

domain essential for [PSI+] propagation could be generated and assessed in 

chronological longevity experiments. If the Sup35 prion forming domain is 

required to elicit a pro-chronological lifespan phenotype, this would present an 

interesting paradigm for the biology of prion formation and yeast chronological 

ageing. Indeed, this would provide further evidence for prion formation as a 
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means to improve the adaptability of yeast cells during challenging conditions. 

Whether this effect extends to other fungal prions such as [SWI+] or [OCT+] that 

have wide-ranging modulatory effects on global gene expression also warrants 

further investigation.  

Prions are unique proteinaceous entities capable of infection and self-

replication. Autophagy, on the other hand, serves as part of the proteostasis 

network within the cell against aberrant protein accumulation that includes 

prions and prion precursors (Figure 6.2). Although prions have been regarded 

as toxic or non-beneficial to their host, the presence of the [PSI+] prion in yeast 

may manifest positive outcomes to their yeast host during chronological ageing 

(Figure 6.2).  The cortical actin cytoskeleton also serves as part of the 

framework that supports the aggregation of prion forming proteins and their 

maturation towards becoming fully-fledged prions that are self-perpetuating and 

transmissible (Figure 6.2).  It is evident that a whole network of factors that 

affect prion formation and their accumulation needs further elucidation in order 

to help decipher the ‘secret code’ behind prion formation and their unique 

behaviour. The parallels found between prions and other protein agents that 

cause neurodegenerative diseases also points towards a greater paradigm of 

protein aggregation biology that needs to be more comprehensively understood 

in order to promote the development of more effective therapeutic interventions 

to tackle the debilitating diseases caused by these enigmatic protein entities.  
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Figure 6.2: Model of the links between autophagy, ageing and the cortical actin 
cytoskeleton in relation to the [PSI+] prion in yeast. Oxidative stress conditions 
induce oxidative damage on methionine residues of Sup35 leading to a higher 
propensity of Sup35 being converted into the misfolded form. The transport of 
misfolded Sup35 to the insoluble protein deposit (IPOD) via the actin cytoskeleton is 
promoted by components of the Arp2/3 complex and Abp1 (box with red outline). The 
IPOD is a sequestration site for [PIN+] aggregates (black boxes) that serve as 
nucleation sites for misfolded Sup35 to template upon thus further promoting Sup35 
aggregation as well as [PSI+] prion formation. Conversely, the autophagy pathway 
(green box) exerts a protective role against  [PSI+] formation by facilitating the 
clearance of misfolded Sup35 as well as [PSI+] prions (green arrows) which are 
ultimately degraded in the vacuole. During chronological ageing conditions (blue box), 
the formation of the [PSI+] prion may result in enhanced autophagic flux (blue arrows) 
which in turn leads to increased lifespan extension in yeast. 
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8 Supplementary Materials. 

Table 8.1 Strains used in this study. (All strains listed are in the 74D-694 strain 
background and in the [PIN+][psi-] prion background unless stated otherwise). 
 
Strain Genotype Source 
Wild-type  MATa, ade1-14, ura3-52, leu2-3, 112, trp1-

289, his3-200 
Grant strain 
collection 

Wild-type 
[PSI+] 

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200 

Grant strain 
collection 

atg1 
 

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg1::HIS3 

This study 

atg1 [PSI+] MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg1::HIS3 

This study 

atg4 
 

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg1::HIS3 

This study 

atg7 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg7::HIS3 

This study 

atg8 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg8::HIS3 

This study 

atg8 [PSI+] MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg8::HIS3 

This study 

atg9 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg9::HIS3 

This study 

atg10 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg10::HIS3 

This study 

atg11 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg11::HIS3 

This study 

atg12 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg12::HIS3 

This study 

atg14 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg14::HIS3 

This study 

atg15 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg15::HIS3 

This study 

atg19 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg19::HIS3 

This study 

atg19 [PSI+] MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg19::HIS3 

This study 

atg32 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, atg32::HIS3 

This study 

tsa1 tsa2 
 

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, tsa1::LEU2,  tsa2::KanMX 

Grant strain 
collection 

ppq1 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, ppq::TRP1 

Grant strain 
collection 

TAP-tagged 
Sup35  

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, his3-200, SUP35-TAP (TRP1) 

Grant strain 
collection 

tsa1 tsa2 
TAP-tagged 
Sup35 

MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, tsa1::LEU2,  tsa2::KanMX, 
SUP35-TAP (TRP1) 

Grant strain 
collection 

atg1 TAP-
tagged Sup35 

MATa, ade1-14, ura3-52, leu2-3, 112,, trp1-
289, his3-200, atg1::HIS3, SUP35-TAP (TRP1) 

This study 

abp1 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, abp1::HIS3 

This study 

abp1 TAP- MATa, ade1-14, ura3-52, leu2-3, 112,, trp1- This study 
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tagged Sup35 289, his3-200, atg14::HIS3, SUP35-TAP 
(TRP1) 

crn1 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, crn1::HIS3 

This study 

pan1 MATa, ade1-14, ura3-52, leu2-3, 112, trp1-
289, his3-200, pan1::HIS3 

This study 

 
 
Table 8.2 Oligonucleotide used in this study. [The deletion mutants were generated in 
the 74D-694 strain background using a PCR-based homologous gene replacement 
strategy. Forward and reverse primers were designed with additional sequences 
homologous to the HIS3 selectable marker from the pRS413 vector as described 
previously (Sikorski and Hieter, 1989)].  
 
Gene Sequence Purpose 
ABP1 TATTTAGACGTTACTTTGATATCTCTG TCC 

ATGAGAGCACTTATTTTAGGCGTTTCGGT
GATGAC 
 

Forward tagging of 
HIS3 cassette  

ABP1 CTCTACTCTAGTTAAAAGGTTTACTAC 
TGAATATATCAGACCTAATGACGCAAA 
TGAGTTCCTGATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ABP1 ATGTATAGTACGCGTTAGGACATCTATAA
TAA 
 

Forward verification 
primer 

ATG1 CAAATCTCTTTTACAACACCAGACGAGAA
ATTAAGAAAATGGGAGACATTAACGTTTC
GGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG1 GTACTTAATAAGAAAACCATATTATGCATC
ACTTAATTTTGGTGGTTCATCTTCTTCCTG
ATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG1 ATTTCATCACCTTTAAGTTAAGTACCAAG 
 

Forward verification 
primer 

ATG4 CACTTCTTCCTTCTAGAAACTCTGCGCAG
GCCTAATTGTTGTTGTTTTGTTCAGCGTTT
CGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG4 CTTCAAGTTTGAATTGCGATGACTAGGCA
TTTTGGACTTCGACACTAGTTCCTGATGC
GGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG4 CACCTTCTCCTAGTGGTATAGAAGAGTTA
T 
 

Forward verification 
primer 

ATG7 CAACAAATATAAGATAATCAAGAATAAAAT
GTCGTCAGAAAGGGTCCGTTTCGGTGAT
GAC 
 
 

Forward tagging of 
HIS3 cassette  

ATG7 GTGGCACCACAATATGTACCAATGCTATT
ATATGCAAAATATTAAGCTTCCTGATGCG
GTATTTTCTCCT 

Reverse tagging of 
HIS3 cassette 
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ATG7 GATGTAAAATGTACTTTATGGAAGAACAA

G 
 

Forward verification 
primer 

ATG9 AATGTTATTCTAGTTATTGTTACCCAGTTT
CGGAACTTTAGGGGAGCCACACTTTAAAC
CGTTTCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG9 GGCCCAACTAAAGAAGGAACGTAAATTCA
CTATGAAAGAAATCCGTAAAGACGCCTTC
CTGATGCGGTATTTTCTCCT 

Reverse tagging of 
HIS3 cassette 

ATG9 GGTAAAATAGTAGTCACACCTCAAATCTA
AT 
 

Forward verification 
primer 

ATG10 CCCGGTCTGTATATATGTCCATCATAGGC
GACAAGGTGTTCTAGTATCTTCAGGCGTT
TCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG10 GCTTCGCTAGGTGCGACGACGACTGATT
CTATTGGGTTATCCGACACATCATCAGTT
CCTGATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG10 TATACGTTAGGCGTTTATGTTTACTCTCTA
T 

 

Forward verification 
primer 

ATG11 GCTTGCCATGGAGAGCCTTTTTATCGCTT
TTGGCTACCCGGTTTCTTGGTAGGCGTTT
CGGTGATGAC 

Forward tagging of 
HIS3 cassette  

ATG11 TCAATGAATGTTAATCTGACTTGGATAG 
GCATTTTACCTGATGAGCCACATTCCTGA
TGCGGTATTTTCTCCT 

Reverse tagging of 
HIS3 cassette 

ATG11 TAATCTCTTGTGAAACTTTGTTCTTCAT 
 

Forward verification 
primer 

ATG12 CGTACATCCCTAACTGTATATTCTACAGTA
GAGTGAACCAATGACAGTATGAGTAGCGT
TTCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG12 GGATTTTTGATCGACTGTAGGTTTTCTTCT
TAGACCATTCCAGCGCCCGGGTATTTAAC
TTCCTGATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG12 TTAGTGTCTGAGTATCGTATTGAATGTCTA 
 

Forward verification 
primer 

ATG14 GGGAAAGGACCAAATACAAAAGTGATTAG
AAGGATAACGAGTAGAGAAAAAGGGCGT
TTCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG14 GCTTATTACACTGGCTGCTATTGTTTATGA
CTGACTACATGCAACTTTATACACTTCCTG
ATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG14 TAAATAATACGTGTAATTGTTTTCCTTACG 
 

Forward verification 
primer 

ATG15 GACACTCAAATCAGTGTCAACCTTTTGGA
TAAGTCAAAGAAAGTACGCCGCTGCCGTT

Forward tagging of 
HIS3 cassette  
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TCGGTGATGAC 
 

ATG15 GCACCTGACTGACGCCTTTCACTTTAAAG
CAGTATTAATATATCTTCTCGTGTCGTTCC
TGATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG15 GTATCTCTACTATATTGTTGTTCGCTGAAG 
 

Forward verification 
primer 

ATG19 GCGGCGGCACTTGCTTCAGTAACGCCCA
AAGGAGAGTTCTGGTAAATGAACAACTCC
GTTTCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

ATG19 CTCATTGCTGTATAAAAATAGAGTTTGACC
TAGAGTTCTTCCCAAGTCAGGGCTTCCTG
ATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

ATG19 ATCTATAAATTCTTGCCAAATATTGTCTTT 
 

Forward verification 
primer 

ATG32 TGGCACTTGTTTCGTGCTTTCTCAAATATC 
TTAGATCACCGTCTGTCTAGAGCCGTTTC
GGTGATGAC 

Forward tagging of 
HIS3 cassette  

ATG32 CTATCACTTCTGTTTCTCTCACTGCGTATC 
TATATTCCCCGTTTGGTTCCTTTCCTTAAT 
TACCTTCCTGATGCGGTATTTTCTCCT 

Reverse tagging of 
HIS3 cassette 

ATG32 ATACCACTCTTATACAGTATGCACGATATT Forward verification 
primer 

CRN1 CTCGAAGAAAATAAAGTAGATTCATGTAC
ACGTATATCAAAAGAGTACAGCGTTTCGG
TGATGAC 
 

Forward tagging of 
HIS3 cassette  

CRN1 GATTCACTTTCTAAGTGCATTATTATCGCC
GCCGTCTTATGTACATTACTTCCTGATGC
GGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

CRN1 AGATTCATGTACACGTATATCAAAAGAGT
A 
 

Forward verification 
primer 

HIS3 CGACAACTGCGTACGGCCTG 
 

Reverse internal 
primer for verification 
of tagged genes 

PAN1 GCTTGATCACATGACACGTCGACGATATT
TTTTTCTTGTTAGGGGCAAAAGTTGGTATT
GCGTTTCGGTGATGAC 
 

Forward tagging of 
HIS3 cassette  

PAN1 GGATCAACGGTCAACGATTCTAGCAGTCG
ATAATTTAAATGGATTTAAAATTGGCGGTA
GTTCCTGATGCGGTATTTTCTCCT 
 

Reverse tagging of 
HIS3 cassette 

PAN1 GTTTACCAGAGATATAGAAACCTTAAACG 
 

Forward verification 
primer 

 

 



	   208	  

Table 8.3 Plasmids used in this study. [The selection marker for each plasmid is 
included in brackets (all plasmids are ampicillin resistant, AmpR)]. 
 
Lab number Description Source 
9 pRS413 (HIS3) Lab strain 
341 p6442, CUP1-SUP35NM-GFP (URA3) Patino et al 1995 
383  2 micron, GAL1-RNQ1-EFGP (URA3) Meriin et al 2002 
396 p1513, CEN2 LEU2 ura3–14 ori (LEU2) Manogaran et al 2011 
559 pESC-GFP-Ubc9ts (URA3) Escusa-Toret et al 2013 
566 pUKC1809, GAL1-SUP35 (LEU2) Josse et al 2012 
587 pRS415-GPD-CFP-ATG8 (LEU2) Tyedmers et al 2010a 
588 pRS415-GPD-CFP-ATG14 (LEU2) Tyedmers et al 2010a 
600 pRS415-GAL1-SUP35NM-RFP (LEU2) Arslan et al 2015 
616  pRS416-GFP-Atg8 (URA3) Noda et al 1995 
 
 
Table 8.4 Primary antibodies used in this study. 
 
Target Secondary Source Concentration 
Abp1 Mouse Abcam 1:10000 
Act1 Mouse Thermo Scientific 1:10000 
Arp3  Mouse Santa Cruz 

Biotechnology 
1:5000 

DNPH  Rabbit Dako 1:5000 
GFP  Rabbit Life technologies 1:10000 
Methionine 
sulphoxide  

Rabbit Novus Biologicals 1:1000 

Pgk1  Rabbit Thermo Scientific 1:10000 
Sap190  Rabbit Lab stock 1:5000 
Sup35 Rabbit Gift from Mick Tuite 1:10000 
Tef1  Rabbit Lab stock 1:5000 
Tsa1  Rabbit Lab stock 1:5000 
 
 
Table 8.5 Secondary antibodies used in this study. 
 
Description Source Concentration 
Goat Anti-Rabbit IgG Horseradish 
Peroxidase Conjugate 

Sigma 1:10000 

Goat Anti-Mouse IgG Horseradish 
Peroxidase Conjugate 

Promega 1:10000 

Donkey Anti-Goat IgG Horseradish 
Peroxidase Conjugate 

Promega 1:10000 

Goat Anti-Rabbit Li-Cor  Li-Cor 1:10000 
Goat Anti-Mouse Li-Cor Li-Cor 1:10000 
Donkey Anti-Goat Li-Cor Li-Cor 1:10000 
 

 

 


