
Extracellular environment modulates the formation and 
propagation of particular amyloid structures

Laura Westergard and Heather L. True*

Department of Cell Biology and Physiology, Washington University School of Medicine, St. Louis, 
MO, USA.

Summary

Amyloidogenic proteins, including prions, assemble into multiple forms of structurally distinct 

fibres. The [PSI+] prion, endogenous to the yeast Saccharomyces cerevisiae, is a dominantly 

inherited, epigenetic modifier of phenotypes. [PSI+] formation relies on the coexistence of another 

prion, [RNQ+]. Here, in order to better define the role of amyloid diversity on cellular phenotypes, 

we investigated how physiological and environmental changes impact the generation and 

propagation of diverse protein conformations from a single polypeptide. Utilizing the yeast model 

system, we defined extracellular factors that influence the formation of a spectrum of alternative 

self-propagating amyloid structures of the Sup35 protein, called [PSI+] variants. Strikingly, 

exposure to specific stressful environments dramatically altered the variants of [PSI+] that formed 

de novo. Additionally, we found that stress also influenced the association between the [PSI+] and 

[RNQ+] prions in a way that it superceded their typical relationship. Furthermore, changing the 

growth environment modified both the biochemical properties and [PSI+]-inducing capabilities of 

the [RNQ+] template. These data suggest that the cellular environment contributes to both the 

generation and the selective propagation of specific amyloid structures, providing insight into a 

key feature that impacts phenotypic diversity in yeast and the cross-species transmission barriers 

characteristic of prion diseases.

Introduction

A variety of progressive disorders including Alzheimer's disease (AD), Parkinson's disease 

(PD), frontotemporal dementia (FTD), amyotrophic lateral sclerosis (ALS) and prion 

diseases are characterized by the misfolding and accumulation of protein aggregates 

(Moreno-Gonzalez and Soto, 2011). In some manner, these protein aggregates have 

neurotoxic effects on the central nervous system of afflicted individuals. The proteins 

responsible for the degenerative nature of these diseases comprise a heterogeneous group in 
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terms of primary structure, but they share the ability to form self-propagating, β sheet-rich 

structures that assemble into amyloid. Both genetic and environmental factors have been 

shown to contribute to amyloid formation; however, the number of sporadic cases greatly 

outweigh those associated with an identified underlying genetic cause, strongly implicating 

extracellular factors in disease pathogenesis (Holtzman et al., 2011; Klug et al., 2013; 

Prusiner, 2013). Recently, it has been proposed that several neurodegenerative disorders 

propagate in a prion-like fashion, in which the modified ‘prion’ form spreads along an axon 

and potentially throughout the brain (Miller, 2009; Eisenberg and Jucker, 2012).

Prion proteins have the ability to adopt more than one conformation. One conformer is a 

soluble, folded protein, and another is an insoluble, self-templating amyloid, but both 

originate from an identical polypeptide sequence (Prusiner, 1982; Stahl et al., 1993). 

Structurally distinct amyloid conformers of the mammalian prion protein (PrP), or prion 

‘strains’, are characterized phenotypically by differences in disease progression, including 

dramatic differences in incubation time, and neuropathology (Dickinson et al., 1972; Safar 

et al., 1998). In fact, PrP has the ability to adopt more than 30 self-propagating structural 

variants (prion strains) (Safar, 2012). In a similar fashion, amyloidogenic proteins associated 

with other neurodegenerative diseases likely exist in a range of self-templating structural 

states, which may be responsible for the diversity in phenotypes; however, it is unknown 

how cellular environment contributes to this conformational diversity.

It has been a major challenge in the field to distinguish different amyloid conformers in 

complex biological systems and determine how they contribute to cellular phenotype, so 

researchers have utilized model systems as tools to investigate age-related protein 

aggregation. Similar to the phenomena that have been observed with variants of mammalian 

amyloidogenic proteins, yeast prion proteins have the ability to acquire multiple self-

propagating structures (Derkatch et al., 1996; Schlumpberger et al., 2001; Bradley et al., 

2002; Bradley and Liebman, 2003). Perhaps the best-characterized example of amyloid 

conformational variation is associated with the [PSI+] prion of Saccharomyces cerevisiae. 

[PSI+] is a self-replicating, aggregated form of the translation termination factor Sup35 

(Chernoff et al., 1993; Patino et al., 1996; Paushkin et al., 1996). When Sup35 is in the 

soluble, non-prion form, called [psi−], translation termination is efficient (Frolova et al., 

1994; Stansfield et al., 1995). Variability in the efficiency with which Sup35 joins 

aggregates in [PSI+] cells modulates the frequency of readthrough of stop codons in 

messenger RNA (Cox, 1965; Cox et al., 1988; Patino et al., 1996). [PSI+] variants can be 

distinguished phenotypically in yeast using sensitive reporters that monitor nonsense 

suppression, which is a read-out for the amount of ‘functional’ Sup35 in cells (Liebman and 

Derkatch, 1999; Zhou et al., 1999; Uptain et al., 2001). ‘Strong’ prion variants have a 

greater ability to recruit soluble, monomeric Sup35 protein into the aggregated prion state, 

and thereby generate a correspondingly strong nonsense suppression phenotype (Derkatch et 

al., 1996; Uptain et al., 2001; Tanaka et al., 2006). ‘Weak’ variants of [PSI+] maintain a 

higher steady-state level of soluble, functional Sup35, thereby exhibiting less nonsense 

suppression. Stronger variants also have higher mitotic stability than weaker variants, 

leading to less frequent spontaneous prion loss (Derkatch et al., 1996; 1997). Biochemically, 

[PSI+] variants differ both in the amount of soluble Sup35 (Kochneva-Pervukhova et al., 
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2001; Uptain et al., 2001) and in the relative size of the aggregate species (Kryndushkin et 

al., 2003). Similar to mammalian prions strains that are maintained upon serial passage 

between animals, once a [PSI+] variant is established in a cell, it typically propagates 

efficiently and is faithfully transmitted to progeny (Derkatch et al., 1996; Kochneva-

Pervukhova et al., 2001).

The aggregation of prion proteins likely perpetuates through a mechanism involving a direct 

interaction between a normally folded protein and an aggregation-prone template or ‘seed’, 

resulting in the conformational conversion of the soluble monomer into the modified state. 

In addition to self-seeding reactions that increase amyloid formation, heterologous protein 

interactions can facilitate de novo amyloid formation in several protein misfolding disorders, 

resulting in the acceleration of the primary disease states and an increase in comorbidity of 

the diseases (Lundmark et al., 2005; Yan et al., 2007; Morales et al., 2009; 2010). The 

synergistic effects of these pathogenic proteins suggest that common molecular mechanisms 

underlie the amyloid formation and resultant pathology that is characteristic of several age-

related protein-misfolding disorders. Interestingly, in the yeast model system, the de novo 

formation of [PSI+] appears to involve the cross-seeding of soluble Sup35 by non-Sup35 

aggregates present in [psi−] cells (Derkatch et al., 2001; 2004; Patel and Liebman, 2007; 

Sharma and Liebman, 2013a). The predominant mediator of this heterologous cross-seeding 

is the yeast prion [RNQ+], which is formed by the ordered aggregation of the Rnq1 protein 

(Stein and True, 2011). This protein has no known function in its non-prion, [rnq−] state 

(Derkatch et al., 1997; 2001; Sondheimer and Lindquist, 2000; Strawn and True, 2006). 

Variability in Rnq1 protein structure gives rise to [RNQ+] variants that vary in their ability to 

induce [PSI+] formation (Bradley et al., 2002; Bradley and Liebman, 2003; Kalastavadi and 

True, 2010; Huang et al., 2013; Sharma and Liebman, 2013b; Westergard and True, 2014). 

These [RNQ+] variants have been characterized by their distinct biochemical properties, 

including the proportion of soluble Rnq1 (Bradley et al., 2002) and sensitivity of the protein 

aggregates to increased temperatures (Bagriantsev and Liebman, 2004). These collective 

differences suggest that these [RNQ+] variants represent different Rnq1 amyloid quaternary 

structures, which are hypothesized to interact with Sup35 differently and promote [PSI+] 

formation to different extents. The biological significance of the [PSI+]/[RNQ+] interaction 

is unknown. Previous research suggests that [PSI+] might be beneficial, or at least adaptive, 

in specific environments (Eaglestone et al., 1999; True and Lindquist, 2000; True et al., 

2004; Chernoff, 2007; Newnam et al., 2011b; Holmes et al., 2013), and if so, [RNQ+] might 

serve as a regulatory effector of [PSI+] in these conditions.

Here, using the two-prion model system in yeast ([PSI+] and [RNQ+]), we investigate how 

environmental alterations, including treatment with stressors that perturb normal cell growth 

and metabolism, affect the formation and maintenance of prion variants. We demonstrate 

that the environment can have a striking impact on the prion structure that is formed. More 

surprisingly, the influence of the environment can alter typical variant formation even when 

the underlying mechanism may involve a direct physical interaction and cross-seeding on 

another amyloid. Furthermore, we demonstrate that transient environmental changes can 

have a surprising impact on the continued relationship between prion proteins, and can 

modify subsequent prion formation in long-lasting ways. Finally, these results may assist in 
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our understanding of how specific cellular stressors affect the generation and propagation of 

amyloid structures. This will also facilitate our understanding of how structural differences 

in amyloid contribute to disease.

Results

[PSI+] induction rate corresponds to the strength of [PSI+] induced in cells harbouring 
different [RNQ+] variants

Amyloid-prone proteins most commonly convert into an aggregated form sporadically, 

without any known underlying genetic cause (Prusiner, 2013). However, in both yeast and 

mammalian cells, the propensity to form amyloid can be greatly accelerated by other 

aggregates present in the cell, upon which the soluble monomer can cross-seed (Derkatch et 

al., 2001; Vishveshwara and Liebman, 2009; Morales et al., 2010; Liebman and Chernoff, 

2012). Because conformational variants of amyloid proteins impact disease progression, 

phenotype, and cross-species transmission in prion diseases, we sought to better understand 

the factors that influence the propensity to form amyloid using our model prion, [PSI+].

The [RNQ+] prion is the major facilitator of de novo [PSI+] formation (Derkatch et al., 1997; 

2001). To explore the role of the pre-existing Rnq1 aggregates on [PSI+] induction, we took 

advantage of a set of isogenic yeast strains containing different [RNQ+] variants that were 

previously characterized and shown to have distinct biochemical, genetic and phenotypic 

properties, suggesting that they represent different, self-propagating structures (Bradley et 

al., 2002; Bradley and Liebman, 2003; Bagriantsev and Liebman, 2004). The most striking 

difference between these [RNQ+] variants is the rate at which they facilitate [PSI+] 

formation under normal growth conditions.

In order to establish baseline values for subsequent experiments, we utilized strains 

containing each of these four [RNQ+] variants to examine both [PSI+] induction frequency 

and [PSI+] variant formation upon continued over-expression of Sup35, which increases 

[PSI+] formation to more easily quantifiable levels (Chernoff et al., 1993). The 74-D694 

yeast strain used in these studies contains a premature stop codon mutation in the ADE1 

gene, which we use to track the [PSI+] state phenotypically (Chernoff et al., 1995). When 

Sup35 is in the functional, non-aggregated state in [psi−] cells, it efficiently terminates 

translation at the premature stop codon in the ade1-14 allele. This results in the inability of 

cells to grow on synthetic media lacking adenine (SD-Ade) and the accumulation of a red 

pigment when [psi−] adenine auxotrophs are grown on solid rich media (YPD). By contrast, 

when Sup35 is sequestered into prion aggregates in [PSI+] cells, its reduced functionality in 

translation termination causes readthrough of the ade1-14 premature stop codon. This results 

in the ability of [PSI+] cells to grow on SD-Ade, and form white or pink yeast colonies on 

YPD, depending on the [PSI+] variant.

For these control experiments, we assayed the proportion of cells containing white/pink 

sectored and completely white or pink yeast colonies upon overexpression of full-length 

Sup35 under normal growth conditions (Fig. 1A). Of note, we find that the population of 

transformants containing the plasmid, which expresses Sup35 under control of its 

endogenous promoter, is uniformly red on solid media that selects for the overexpression 
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plasmid, suggesting that [PSI+] is not induced at this time. Using this colorimetric assay, we 

observed a [RNQ+]-dependent trend in [PSI+] induction frequency identical to the one 

previously reported (Bradley et al., 2002; Bradley and Liebman, 2003; Sharma and 

Liebman, 2013a), although our rates of [PSI+] formation greatly exceeded those that were 

previously published, likely due to the different Sup35 overexpression plasmid used. 

Additionally, we never observed [PSI+] formation in [rnq−] cells (Fig. 1B). [PSI+] formation 

was greatest in cells containing very high and high [RNQ+], followed by medium [RNQ+], 

and then low [RNQ+] (Fig. 1C). When [PSI+] cells were transferred to media containing 5-

FOA, which selects against cells containing the URA3-marked plasmid, and back to rich 

media, they remained pink/white and were unable to grow on media lacking uracil (data not 

shown). This indicates that the [PSI+] phenotype was not dependent on nonspecific 

aggregation due to continued overexpression of Sup35 from the transformed plasmid. 

Notably, overexpression of Sup35 did not impact cell viability and there were no growth 

differences between cells containing the [RNQ+] variants and [rnq−] cells (data not shown).

Next, we set out to confirm previous work that showed that the presence of a specific 

[RNQ+] variant influences the [PSI+] variants that are induced (Sharma and Liebman, 

2013a). We re-grew [PSI+] clones on solid YPD media to distinguish colour, SD-Ade media 

to assess the strength of [PSI+], and rich media containing 3 mM guanidine hydro-chloride 

(GdnHCl) to confirm phenotype curability. GdnHCl inhibits the action of Hsp104, a 

chaperone which is required to propagate all known yeast prions (Ferreira et al., 2001; Jung 

and Masison, 2001; Liebman and Chernoff, 2012). [PSI+] variants were distinguished 

primarily by their growth on media lacking adenine and secondarily by their colour on rich 

media. These phenotypes differ depending on what [PSI+] variant is propagating, and 

presumably correlate to the efficiency of Sup35 aggregation. Stronger [PSI+] variants 

sequester the majority of Sup35, resulting in robust growth on SD-Ade and white colonies 

on rich media, whereas weaker [PSI+] variants retain a greater proportion of soluble Sup35, 

resulting in less growth on SD-Ade and darker pink colonies (Derkatch et al., 1996). We 

found that [RNQ+] variants not only influence the frequency of [PSI+] formation, but also 

biased the formation of particular [PSI+] variants in a very similar manner to what was 

recently reported, despite the fact that different methods were used to induce [PSI+] (Sharma 

and Liebman, 2013a). As represented in Fig. 1D, the continuum of [PSI+] variants we 

obtained exhibited a wide range of nonsense suppression, from strong to very weak, in 

agreement with previously published data (King, 2001; Kochneva-Pervukhova et al., 2001; 

Bateman and Wickner, 2013). The distribution of induced [PSI+] variants follows the 

distinct pattern that was previously reported: low [RNQ+] induces mostly very weak [PSI+], 

medium [RNQ+] induces mostly weak [PSI+], high [RNQ+] induces mostly medium and 

weak [PSI+], and very high [RNQ+] induces more medium and strong [PSI+] variants (Fig. 

1E). In order to confirm our phenotypic assessment of the [PSI+] variant induced, we 

selected a subset of clones that we had categorized as ‘strong’, ‘medium’, ‘weak’ and ‘very 

weak’ [PSI+] and assayed their mitotic stability. When we assessed the [PSI+] status using 

our colorimetric assay, we found that prion loss was greatest in ‘weak’ and ‘very weak’ 

[PSI+] strains and rare in strains harbouring ‘strong’ or ‘medium’ [PSI+], in agreement with 

previous findings [(Derkatch et al., 1996), data not shown].
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Extracellular environmental stress affects de novo amyloid formation and structure

It was previously demonstrated that the extracellular environment influences both [PSI+] 

propagation (Newnam et al., 2011a) and spontaneous induction (Tyedmers et al., 2008). Our 

initial experiments confirmed previous reports that show that [RNQ+] variants induce [PSI+] 

at different frequencies and also differentially induce distinct [PSI+] variants in normal 

growth conditions (Bradley et al., 2002; Bradley and Liebman, 2003; Park et al., 2006; 

Sharma and Liebman, 2013a); therefore, we wanted to determine whether environmental 

stress would affect the ability of [RNQ+] to influence [PSI+] variant formation. We utilized 

conditions known to activate a range of different cellular stress response pathways and elicit 

varying degrees of toxicity (Fig. 2A, Supplemental Fig. S1), including the following: 

nutrient deprivation [incubation in stationary phase and in media lacking the amino acid 

histidine (AA)], oxidative stress [hydrogen peroxide (H2O2)], high salt [1.5 M sodium 

chloride (NaCl) and 2 M potassium chloride (KCl)], ethanol exposure (EtOH) and ER stress 

[treatment with dithiothreitol (DTT)]. Notably, the degree of cell toxicity was not influenced 

by the presence of [RNQ+] or [RNQ+] variant dependent (Supplemental Fig. S1; data not 

shown).

We continuously overexpressed Sup35 in cells containing one of each of the four [RNQ+] 

variants, or in [rnq−] cells. We found that the colony population was uniformly red on 

selection media after plasmid transformation, suggesting that [PSI+] is not induced at this 

stage (data not shown). We then treated the cells with acute (H2O2, EtOH, AA deprivation) 

or chronic stress (NaCl, KCl, DTT, incubation in stationary phase). After treatment with 

various stressors in liquid culture, we transferred cells from all conditions to solid YPD 

media in the absence of stress and scored for [PSI+] formation and [PSI+] variant formation, 

as above. Notably, with the exception of stationary phase, in which we observed a global 

decrease in protein expression, we did not observe any consistent, distinguishable changes in 

the steady-state level of Sup35 in the different conditions as compared to untreated cells 

(data not shown). Interestingly, we found that diverse stressors had differential effects on 

both the frequency of [PSI+] induction (Fig. 2B; Supplemental Fig. S2) and [PSI+] variant 

formation (Fig. 2C). These differences were dependent on the resident [RNQ+] variant, but 

did not correlate with the toxicity of the stressor. One of the most striking findings in these 

analyses was that, unlike in control unstressed cells harbouring the [RNQ+] variants, the 

increases in [PSI+] induction rate in the presence of external stress did not always 

correspond to an increase in the strength of the [PSI+] variant induced.

Incubation in 12% EtOH was one condition where the [PSI+] induction frequency and the 

strength of the [PSI+] variant induced diverged. We found a significant decrease in the 

frequency of [PSI+] induction in 12% EtOH in comparison to the untreated controls 

harbouring the same [RNQ+] variant (Fig. 2B, Supplemental Fig. S2; low [RNQ+] P = 0.03, 

medium [RNQ+] P < 0.0001, high [RNQ+] P = 0.01, very high [RNQ+] P = 0.03; Student's t-

test). However, in low- and medium-[RNQ+]-containing cells, the resultant [PSI+] variants 

were generally stronger than those induced in the untreated cells harbouring the same 

[RNQ+] variants (Fig. 2C). For example, strong [PSI+] variants were never induced under 

normal growth conditions in cells harbouring low [RNQ+] but were induced approximately 

10% of the time in cells treated with 12% EtOH. When we calculated the change in [PSI+] 
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variants in cells propagating the low [RNQ+] variant using the cumulative induction of both 

medium and strong [PSI+], we found a 10.3-fold increase in medium/strong [PSI+] variants 

after 12% EtOH treatment when compared to untreated control cells that contain low 

[RNQ+].

Cells that were incubated for 7 days in stationary phase, or for 2 h without histidine, 

exhibited no change in [PSI+] induction rates with the low and medium [RNQ+] variants 

(Supplemental Fig. S2). However, cells containing both of these [RNQ+] variants showed an 

overall increase in the strength of [PSI+] variants induced (Fig. 2C). Stationary-phase 

incubation elicited the most obvious effect, including a 22.4-fold increase in medium/strong 

[PSI+] in cells containing the low [RNQ+] variant and a 17.1-fold increase in strong [PSI+] 

formation in the medium-[RNQ+]-containing cells (Fig. 2C). Conversely, stationary-phase 

cells containing either high and very high [RNQ+] exhibited statistically significantly lower 

[PSI+] induction rates, but did not modify the [PSI+] variants that were induced from the 

untreated controls. Thus, the [RNQ+] variants, and their interactions with Sup35, appear to 

be differentially impacted by stress. These results demonstrate that the extracellular 

environment influences both de novo amyloid formation and the generation of particular 

amyloid conformations, and these changes occur in a [RNQ+] variant-dependent manner.

Extracellular growth temperature influences [PSI+] induction and variant formation

Exposure of cells to extreme conditions induces a protective stress response, which can 

include the induction of various heat shock proteins (Hsps), including: Hsp104, Hsp70s and 

Hsp40s (Morano et al., 2012). Increased expression of Hsps in S. cerevisiae occurs when the 

yeast are exposed to both low and high temperatures, and these temperature shifts can 

impact yeast prion formation. Therefore, we investigated the effect of prolonged growth at 

lower temperatures and transient heat shock, on [PSI+] induction and variant formation in 

vivo. We grew cells harbouring the different [RNQ+] variants at 18°C, 25°C or 30°C for the 

duration of the experiment, and examined them for [PSI+] induction and variant formation 

upon Sup35 overexpression. We found that growing yeast at 18°C or 25°C increased the rate 

of [PSI+] induction in a [RNQ+] variant-specific manner (Fig. 3A). Specifically, [PSI+] 

induction only increased in cells harbouring the low [RNQ+] variant (P < 0.0001; Student's 

t-test). Moreover, this increased induction rate corresponded with an increase in the strength 

of the [PSI+] variant induced in these cells (Fig. 3B). These effects were [RNQ+]-dependent, 

as [PSI+] was never induced in [rnq−] cells.

Conversely, cells that were subjected to a transient heat shock at 50°C exhibited a significant 

decrease in overall [PSI+] induction frequency in comparison to untreated controls 

harbouring the same [RNQ+] variant (Fig. 3C; medium, high and very high [RNQ+]: P < 

0.0001, Student's t-test). However, in low and medium [RNQ+] cells, the resultant [PSI+] 

variants showed overall stronger phenotypes than those induced in the untreated cells (Fig. 

3D). When we calculated the change in [PSI+] variants in cells propagating the low [RNQ+] 

variant, using the cumulative induction of both medium and strong [PSI+] as above, we 

found a 5.7-fold increase in medium/strong [PSI+] variants in the 50°C heat-shocked cells 

when compared to controls. Using this analysis method, we found that induction of strong 

[PSI+] increased 6.7-and 2.1-fold in cells harbouring the medium and high [RNQ+] variants, 
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respectively. As we noted above with several of the other stressors, cells containing very 

high [RNQ+] that were stressed at 50°C did not show significant differences in the [PSI+] 

variants that were induced, further distinguishing the [RNQ+] variants from each other. 

Surprisingly, heat shock at 50°C and 42°C, which we found both elicit a similar increase in 

levels of Hsp104 (data not shown), had very different effects on [PSI+] formation. 

Incubation at 42°C, which was not toxic to the cells, did not change the [PSI+] induction 

rates nor the [PSI+] variants that were formed with any of the [RNQ+] variants. 

Cumulatively, these results demonstrate that both the mild stress of sustained growth at a 

low temperature and the extremely toxic stress of transient incubation at 50°C had dramatic 

effects on prion formation, in a [RNQ+] variant-specific manner. It is plausible that these 

environmental shifts modified the [RNQ+] prion such that it became a ‘stronger’ template 

that was more capable of inducing stronger variants of [PSI+].

Incubation in stationary phase impacts both de novo [PSI+] formation and [PSI+] loss

Following up on our observations that both the resident [RNQ+] variant and cellular growth 

conditions significantly affect [PSI+] induction, we investigated whether these factors would 

affect the rate and variants of [PSI+] formed spontaneously, without Sup35 overexpression. 

To analyse de novo [PSI+] formation, we incubated the cells in stationary phase, which 

showed the most dramatic changes to the [PSI+] variants formed relative to untreated 

controls upon Sup35 over expression. We grew cells to mid-log phase at 30°C (as the 

control), or agitated the cultures for 7 days at 30°C in saturation to achieve stationary phase. 

We selected for nonsense suppressors on synthetic solid medium lacking adenine and 

isolated all spontaneously formed colonies after 8 days of growth. When cells were grown 

for more than 8 days at 30°C on solid media lacking adenine (SD-Ade), non-curable adenine 

prototrophs obscured our analysis of true [PSI+] cells. We re-grew these clones, as above, on 

solid YPD media to confirm colour, SD-Ade media to assess the strength of [PSI+], and 

media containing GdnHCl to confirm [PSI+] curability. As an additional test of true [PSI+] 

formation, a subset of the spontaneously formed GdnHCl-curable adenine prototrophs were 

mated to [psi−] 74-D694 cells. We found that in all cases, the [PSI+] phenotype segregated 

4:0, exhibiting the dominant non-Mendelian inheritance that defines yeast prions 

(Supplemental Fig. S3 and data not shown).

When we calculated the number of cells that spontaneously formed [PSI+], we found that, 

under normal growth conditions (overnight at 30°C), spontaneously acquired [PSI+] showed 

the same [RNQ+]-variant-dependent trend as observed by induction assays. The high and 

very high [RNQ+] variants spontaneously formed [PSI+] much more readily than cells 

containing the low [RNQ+] variant (Table 1). Interestingly, we found that modifying the 

growth environment by incubating cells in stationary phase increased spontaneous [PSI+] 

formation in a [RNQ+] variant-dependent manner. Stationary-phase growth caused dramatic 

increases in spontaneous [PSI+] formation, approximately three orders of magnitude, in both 

low-[RNQ+]- and high-[RNQ+]-containing cells. Surprisingly, incubation in stationary phase 

did not alter spontaneous [PSI+] formation in yeast harbouring very high [RNQ+]. For both 

conditions, cell harbouring the very high [RNQ+] variant spontaneously formed [PSI+] at a 

frequency of approximately 1 × 10−3, which is at least three to four orders of magnitude 
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greater than rate of spontaneous [PSI+] formation that was previously reported in cells 

containing an unidentified [RNQ+] variant (Lancaster et al., 2010).

We characterized the strength of the [PSI+] variants that were formed after the overnight and 

week-long incubation conditions and observed a striking trend: the majority of [PSI+] 

variants formed in both conditions were either strong or medium (Table 1, Supplemental 

Fig. S4). Our results show that the cellular environment dramatically impacts the 

predominant amyloid structure that forms, thereby controlling the resultant phenotypes. We 

found that weak [PSI+] was rarely induced spontaneously in stationary phase; however, the 

possibility remained that weak [PSI+] formed, but was unstable, and therefore readily lost 

under these conditions. Because weak [PSI+] is spontaneously lost at a low frequency under 

normal growth conditions, we used cells harbouring a previously characterized weak [PSI+] 

variant to test whether long-term incubation in stationary phase would alter this mitotic loss. 

To assess the mitotic stability of weak [PSI+] in stationary phase, we grew cells harbouring 

the prion either overnight or for 7 days at 30°C, and scored colonies for [PSI+] loss (colonies 

that were red or contained red sectors). Interestingly, we found that weak [PSI+] is lost more 

readily during incubation in stationary phase than in an overnight culture (~ 5% versus ~ 1% 

loss: Supplemental Fig. S5). We propose that in weak [PSI+] cells, the Sup35 amyloid 

conformation is less compatible with the intracellular changes that occur during stationary 

phase, resulting in increased loss, and that the extracellular environment may serve as a 

selective pressure in maintaining particular prion conformers (Newnam et al., 2011b).

Extracellular growth environment modifies Rnq1 aggregates

As it was clear that cellular stress could impact [PSI+] variant formation, we wanted to 

explore the mechanistic basis underlying these changes in [PSI+] in different conditions. 

One plausible explanation may be that, in those conditions, the Rnq1 aggregate structure has 

changed in the [RNQ+] cells. If the structure of the [RNQ+] prion were altered, it could 

change the ability of Sup35 to cross-seed on the existing Rnq1 aggregates, perhaps by 

modifying the structure of the Sup35 protein, or the proteins’ interface. To investigate this 

possibility, we analysed the Rnq1 aggregates by SDD-AGE using lysates from [RNQ+] cells 

grown with the various environmental stressors (Fig. 4A) or at altered temperatures (Fig. 

4B). Using this method, which allows intact aggregates to run through the large pores of an 

agarose gel with a low SDS concentration (Kryndushkin et al., 2003), we found that there 

were slight modifications to Rnq1 aggregate distribution in some of the conditions. For 

instance, cells incubated in stationary phase reproducibly expanded the distribution of Rnq1 

aggregates as compared to the controls. In addition, aggregates of Rnq1 were reproducibly 

altered by cell growth at 18°C. Cells harbouring the low, medium and very high [RNQ+] 

variants showed a reduced population of lower aggregate species after growth at 18°C (Fig. 

4B). Conversely, aggregates of the high [RNQ+] variant, which was previously shown to 

differ from the other variants when assayed by Rnq-GFP distribution and temperature 

sensitivity (Bradley and Liebman, 2003), were not altered by growth temperature (far right 3 

lanes), indicating that it may not be affected by the environment in the same manner. These 

results indicate that the extracellular environment may modify the [RNQ+] prion structure. 

As such, the environmentally induced changes in [PSI+] formation may be due, at least in 

part, to modifications to the [RNQ+] template present in the cell.
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Knowing the dynamic nature of prions in response to environmental changes, we next asked 

whether there were any noticeable changes to Rnq1 aggregates upon temperature shift. We 

examined the Rnq1 aggregate distribution in cells that were initially grown at 18°C and then 

moved to 30°C for subsequent growth, and vice versa. As mentioned above, when we grew 

cultures at 18°C, the majority of Rnq1 lower-molecular-weight aggregate species were lost 

when we analysed aggregate distribution by SDD-AGE. However, when we re-grew these 

cells at 30°C for all subsequent growth, the Rnq1 aggregate distribution returned to that seen 

in cells grown at 30°C (Fig. 4C). These results indicate that the changes to Rnq1 aggregate 

distribution, as observed by SDD-AGE, can be transiently modified by the extra-cellular 

environment.

Previous exposure to environmental stress can modify [RNQ+] and alter subsequent [PSI+] 
formation

We have shown that incubation of cells in altered environments can have transient effects on 

Rnq1 aggregates in [RNQ+] cells when assessed biochemically. We were interested in 

whether environmental modifications could also have a long-lasting impact on [RNQ+] and 

whether these effects would influence the subsequent [PSI+]-inducing capabilities of the 

[RNQ+] variants. The ability to induce [PSI+] is the most sensitive assay to differentiate 

between structurally distinct [RNQ+] variants and illuminates subtle differences in prion 

variants that are impossible to see using current biochemical assays. Therefore, in order to 

complement our biochemical assays, we characterized the cells harbouring the [RNQ+] 

variants post-stress by analysing the re-formation of [PSI+] (See schematic in Fig. 5A). We 

selected clones harbouring an array of [PSI+] variants that were formed when [RNQ+] [psi−] 

cells were grown in a stressful environment (Figs 2 and 3). We then cured [PSI+] in these 

clones by transiently overexpressing Hsp104, which is known to cure [PSI+] but not [RNQ+] 

(Chernoff et al., 1995; Derkatch et al., 1997). Red colonies from the pGPD-Hsp104 

transformation plates were selected, and the cells were re-plated on YPD media to confirm 

the red colour. Then, [PSI+] was re-induced in these [RNQ+] [psi−] cells under normal 

growth conditions, at 30°C. We selected phenotypically [psi−], red colonies from the pSup2 

transformation plates and [PSI+] formation was assessed phenotypically as before.

We were surprised to find that cells that had previously been [PSI+] and induced in stress, 

had changes in both the [PSI+] re-induction rates and the [PSI+] variants subsequently 

formed in normal growth conditions. For each condition and prion variant, at least four 

independent clones were cured and re-induced, and each symbol represents one of these 

clones (Fig. 5B and C). Yeast containing the low or very high [RNQ+] variants showed the 

most changes. Cells containing low [RNQ+] that were incubated during the initial induction 

with DTT, histidine deprivation, at 18°C, or in stationary phase, induced [PSI+] at rates 

similar to the ‘higher’ [RNQ+] variants in a subset of clones, upon [PSI+] re-induction (Fig. 

5B). This was striking because, without stress, low-[RNQ+]-containing cells never induced 

[PSI+] at rates above 35% during the primary induction, but, post-stress several showed 

[PSI+] induced at rates of over 50%. Moreover, the [RNQ+] variant cells previously treated 

with stress were capable of generating [PSI+] variants that were much stronger than the 

[PSI+] variants that were formed in clones isolated from the controls (Fig. 5C). For the very 

high [RNQ+] variants, in a subset of clones, the post-stress [PSI+] re-induction rates were 
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substantially lower than we ever observed for yeast containing the very high [RNQ+] variant 

in non-stressed conditions (Fig. 5D). These decreases in [PSI+] re-induction corresponded 

with an increase in the number of weak and medium [PSI+] variants induced (Fig. 5E).

Previous reports found incompatibilities between specific variants of [PSI+] and [RNQ+]: 

medium [RNQ+] was always lost upon induction of weak [PSI+], and both medium and very 

high [RNQ+] were sometimes lost upon induction of strong [PSI+] (Bradley and Liebman, 

2003). We hypothesized that if the [RNQ+] structure was modified by extracellular 

environment, it may also affect the compatibilities of particular [PSI+] and [RNQ+] 

structures within a cell. Therefore, we assessed the [RNQ+] status in the clones that 

demonstrated atypically low rates of [PSI+] re-induction, or failed to re-induce [PSI+]. When 

we assayed the [RNQ+] status of cells that formed [PSI+] less than 5% of the time, by 

solubility assays using high-speed centrifugation, we initially saw similarities in 

incompatibilities to those previously reported (Bradley and Liebman, 2003). We found that, 

despite lacking the Rnq1 protein in the insoluble fraction, many of these strains re-induced 

[PSI+] after Hsp104 mediated curing, albeit at low levels; therefore, we analysed the [RNQ+] 

status by SDD-AGE. We found that these cells did indeed contain aggregates of the Rnq1 

protein. As such, we failed to see incompatibilities between any [RNQ+] variants and [PSI+] 

in untreated, DTT, EtOH, and stationary-phase conditions. [RNQ+] was only lost in a 

proportion of cells grown in the presence of KCl or with histidine deprivation, after a brief 

shock at 50°C, or after growth at 18°C (Table 2). Therefore, we found that [PSI+] re-

induction and SDD-AGE were more sensitive methods to detect [RNQ+], as compared to 

analysis of Rnq1 solubility or monitoring Rnq1 aggregate distribution using a Rnq1-GFP 

reporter protein (Sondheimer and Lindquist, 2000; Bradley and Liebman, 2003).

Cumulatively, these results indicate that the changes to the [RNQ+] prion after stress are not 

necessarily transient. Furthermore, they suggest that the [RNQ+] variant may be modified by 

its environment after interacting with Sup35, during [PSI+] induction, in a way that altered 

the [RNQ+] structure or [PSI+]-inducing capabilities. These differences are not likely due to 

the effect of overexpression of Hsp104 on [RNQ+], because we did not see a similar degree 

of changes to [PSI+] re-induction rates when control unstressed cells were cured in the same 

fashion (Fig. 5B and D). Because [RNQ+] is the regulator of [PSI+] formation, in these 

experiments, this putative, ‘adapted’ [RNQ+] structure was capable of inducing [PSI+] at 

different frequencies and exhibited different compatibilities with [PSI+], presumably as a 

consequence of an altered ability to associate with Sup35.

Discussion

Using a yeast prion protein as a model for amyloid formation, we found that extracellular 

stress can have a predominant influence on both the rate of [PSI+] formation and the specific 

variants that are generated. The amyloid structure of Sup35 and the resultant [PSI+] 

phenotype are influenced by the external environment in a surprising way, such that it 

eclipses the typical interplay between the [RNQ+] template and Sup35. Interestingly, upon 

removal from the stressful condition, cells can either: retain the new, modified inter-prion 

relationship, form a new relationship, or revert to the initial one, suggesting that 

environmental modifications can have both transient and long-lasting affects. The effects of 
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these stressors on prion formation may be due to an influence on amyloid formation itself, or 

on the selection and subsequent propagation of a certain amyloid structure. Indeed, it 

remains possible that a variety of prion structures form simultaneously in some conditions 

and, depending on the cellular environment, a subset are selectively propagated. 

Interestingly, the magnitude and scope of the effects of stress on [PSI+] variant formation 

could not be explained simply by the level or type of stress. The underlying mechanism that 

changes [PSI+] could result from a direct effect of the environmental condition on prion 

protein folding, or could be an indirect consequence of changes in proteostasis (including 

chaperone activity, translational fidelity, and protein turnover).

Interestingly, the ability of yeast to propagate a spectrum of prion structures from a single 

protein sequence creates the potential to encipher markedly diverse biological phenotypes 

from one genotype, plausibly providing a selective advantage to an organism that exists in 

varied cellular environments (Eaglestone et al., 2000; True and Lindquist, 2000; True et al., 

2004; Chernoff, 2007; Halfmann et al., 2010; 2012; Newnam et al., 2011b; Holmes et al., 

2013; Masel, 2013). We hypothesize that, in addition to the ability to be in the [PRION+] or 

[prion−] state, the specific conformation of each individual prion variant can impart an 

additional level of cellular control. Moreover, the resulting continuum of structural and 

phenotypic variation might impact cellular fitness in response to different environmental 

stressors to generate a range of novel phenotypes that could be adaptive (Kirschner, 2013). 

Several lines of evidence suggest that the ability to acquire the [PRION+] state is an 

evolutionarily conserved mechanism for increasing fitness, including: dominant inheritance, 

conservation of the prion forming domain (Ter-Avanesyan et al., 1993; 1994; Doel et al., 

1994; Chernoff et al., 2000; True and Lindquist, 2000; Jensen et al., 2001; True et al., 

2004), spontaneous formation in the wild (Alberti et al., 2009; Halfmann et al., 2012; 

Westergard and True, 2014), increase in frequency in response to changes in growth 

conditions (Derkatch et al., 2000; Chernoff, 2007; Tyedmers et al., 2008; Newnam et al., 

2011b; Holmes et al., 2013), and benefits imparted in certain environments (Eaglestone et 

al., 1999; True and Lindquist, 2000). To add to this list, we found that in the context of 

different [RNQ+] variants, cells spontaneously formed a continuum of structural states of 

Sup35 to generate a multitude of [PSI+] variant-specific phenotypes (Fig. 1D and E). The 

generation of multiple conformers, adapted to modify particular physiological functions, 

may serve as a bet-hedging strategy by yeast to increase fitness by allowing access to 

complex phenotypes (Masel, 2013).

Similarly, when variants of the infectious form of PrP (PrPSc) are propagated in cell culture 

and then exposed to a toxic environment, the PrPSc variant population shifts from a sensitive 

conformer to one that increases cellular survival in the previously toxic conditions (Li et al., 

2010; Mahal et al., 2010; Oelschlegel and Weissmann, 2013). Such selection of variants 

might occur via a mechanism that involves either the conversion of a sensitive variant to a 

more resilient conformation or the amplification of a species that previously persisted at low 

levels within a mixture of conformations (Weissmann, 2012). In fact, modifications to 

cellular environment, such as cross-species transmission, atypical inoculation route, 

preexisting peripheral inflammation and exposure to physical treatments that inactivate less 

resilient strains can dramatically alter the pathogenicity and infectivity of PrPSc variants that 

Westergard and True Page 12

Mol Microbiol. Author manuscript; available in PMC 2016 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were previously bred true upon serial passage (Heikenwalder et al., 2005; Aguzzi et al., 

2007; Collinge and Clarke, 2007; Ghaemmaghami et al., 2009; Shikiya et al., 2010). 

Uncovering the effects of these potential modifiers on the formation of amyloid is 

complicated in the context of mammalian systems: changes in cell physiology, cell-to-cell 

communication, the cell type, and the external environment may all play a role in the de 

novo generation and selective amplification of specific amyloid structures. In addition, the 

susceptibility of specific cell types for particular disease-associated amyloids (Eisenberg and 

Jucker, 2012) suggests that at least some of these factors play important roles in the 

generation and propagation of toxic conformers.

Our data suggest that environmental cues trigger yeast cells to selectively generate or 

amplify specific [PSI+] variants (Figs 2B and 3B and D; Supplemental Fig. S2). How might 

these changes in Sup35 protein structure arise? De novo [PSI+] induction occurs in a 

[RNQ+]-dependent manner. Some evidence suggests that the Rnq1 protein interacts with 

Sup35 via direct templating in [RNQ+] cells, perhaps inefficiently, but in doing so, promotes 

conversion of Sup35 to a prion state (Derkatch et al., 2000; 2004; Kulikov et al., 2001). 

Variants of [RNQ+] reproducibly facilitate [PSI+] induction at certain rates (Fig. 1C; Bradley 

et al., 2002; Bradley and Liebman, 2003; Sharma and Liebman, 2013a) under normal 

growth conditions. Because changes in the extracellular environment can elicit a range of 

intra-cellular effects, we reasoned that, either the structure of the [RNQ+] template, or the 

mechanism by which [RNQ+] interacts with Sup35, may be altered by the environmental 

changes. In fact, we found that changing environmental conditions can alter the templating 

process between [RNQ+] and Sup35, to induce [PSI+] (Figs 2A and 3A and C). Interestingly, 

the low and medium [RNQ+] variants were more sensitive to several stressors, and showed 

more dramatic changes to the [PSI+] variants that were induced. Moreover, cells containing 

very high [RNQ+] never followed this trend in the primary induction assays, but we did note 

changes to the very high [RNQ+] template by secondary [PSI+] induction (Fig. 5D and E) 

and biochemically (Fig. 4B). As compared to the [PSI+] variants formed in control 

conditions, those formed in stressed cells were generally strengthened. Because the very 

high [RNQ+] variant induces generally strong [PSI+] variants in normal growth 

environments, our assay was likely limited in detecting increases to this already strong 

range. However, we were able to elucidate alterations to the very high [RNQ+] template 

utilizing our other assays. In sum, our data (Figs 4 and 5) led us to hypothesize that the Rnq1 

structure in [RNQ+] cells can be transiently or perhaps more permanently altered upon 

exposure to stressful growth conditions (Fig. 6) and these changes impact the subsequent 

[PSI+]-inducing capabilities of the [RNQ+] template. Because the only known function of 

[RNQ+] is to serve as a template on which to cross-seed [PSI+], the changes to Rnq1 

aggregates that we observed may make a cell more poised to induce specific variants of 

[PSI+].

It was previously reported that when [psi−] cells were subjected to environmental stress, the 

toxicity of the stress corresponded with an increase in [PSI+] formation when an artificially 

expanded version of Sup35 was expressed in the cells (Tyedmers et al., 2008). We were 

unable to replicate these data using our methods, and, in fact, found that many conditions of 

stress actually decreased [PSI+] formation (Fig. 2B; Supplemental Fig. S2). In the previous 
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work, however, [PSI+] formation was assayed by selecting adenine prototrophs. We 

hypothesize that the discrepancies between these data sets may be due to their method for 

assessing [PSI+] induction that limited detection to a subset of stronger [PSI+] variants. 

Similar to our experiments assessing spontaneous [PSI+] formation in stationary phase, 

without Sup35 overexpression, where it appeared that there was an increase in [PSI+] 

formation, when in actuality, it was likely an increase in the number of strong [PSI+] 

variants that formed or were selected.

Previous reports showed that an increase in the expression of the Hsp104 chaperone 

augmented the [RNQ+]-dependent induction of both [PSI+] and another yeast prion, [URE3] 

(Kryndushkin et al., 2011). Additionally, increasing Hsp104 levels by exposing cells to 

higher temperatures that are permissive for growth destabilizes the weak [PSI+] variant 

(Newnam et al., 2011b). In our experiments, exposure to conditions that were previously 

shown to increase Hsp104 expression, including: ethanol exposure, incubation in stationary 

phase, 50°C heat shock, and growth at low temperatures (Sanchez et al., 1992), increased 

the incidence of strong [PSI+] appearance. Moreover, while this manuscript was in 

preparation, it was reported that cells harbouring the high [RNQ+] variant preferentially 

formed stronger [PSI+] variants when they were grown at 4°C, as compared to those grown 

at 30°C, upon overexpression of a Sup35-GFP fusion protein (Sharma and Liebman, 2013b). 

It was also previously shown that strong [PSI+] is more resistant to changes in Hsp104 than 

weak [PSI+] (Kushnirov et al., 2000). Our data suggest that environmental stressors may 

modify the cellular environment in a manner that abolishes less resilient prion variants, 

allowing for the amplification of ‘resistant’ conformers. This could be due, in part, to 

changes in chaperone protein activity and resultant alterations in refolding or degradation of 

misfolded polypeptides and other general changes to the proteostasis network (PN) that 

become activated in response to the toxicity associated with several of these conditions. As 

the ‘normal laboratory conditions’ are quite distinct from the environment yeast typically 

encounter in the wild, these data potentially represent the relationship between, and range of 

structures acquired by, this two-prion system in natural habitats.

Organisms like yeast are exposed to diverse and ever-changing extracellular environments in 

their natural habitat. In the current study, we identified a mechanism by which the yeast S. 

cerevisiae epigenetically produces heritable phenotypic diversity through the generation and 

propagation of different amyloid structures in response to environmental changes, in a 

manner that could serve to increase adaptation and fitness in diverse biological niches. In 

normal growth conditions, both mammalian and yeast cells achieve protein quality control 

by utilizing the PN; however, ageing, extracellular stress, and protein aggregation can 

overwhelm the system, leading to cellular dysfunction. Our results suggest that the response 

of the PN to stress conditions, in the presence of prions, amyloids and other protein 

aggregates, could act as a mechanism to generate, alter, or select a specific prion structure 

(Fig. 6). As such, this response may impact any protein aggregation that may be subject to 

cross-seeding by altering ‘typical’ cross-seeding interactions. Heterologous protein 

interactions can also enhance the seeding in several neurodegenerative disorders (Gotz et al., 

2001; Ferrari et al., 2003; Morales et al., 2010; Miller et al., 2011), resulting in the 

acceleration of the primary disease and an increase in co-morbidity of diseases. 
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Environmental stressors, like those that occur with increased frequency in aged brain, may 

modify these interactions to alter the amyloid structures normally formed, or to overcome 

normal barriers to cross-seeding, thereby dramatically altering amyloid structure and 

resultant cellular toxicity.

Experimental procedures

Strains, plasmids and cultivation procedures

Yeast cells were grown and manipulated using standard techniques (Guthrie and Fink, 

1991). The strain 74-D694 (MATA ade1-14 trp1–289 his3Δ-200 ura3-52 leu2-3112) of S. 

cerevisiae was used for all experiments (Chernoff et al., 1995). Isogenic strains harbouring 

the low, medium, high and very high [RNQ+] variants, as well as the [rnq−] control strain 

(Bradley et al., 2002; Bradley and Liebman, 2003) were kindly provided by Dr Susan 

Liebman.

Untransformed cells were grown in rich media: 1% yeast extract/2% peptone/2% dextrose 

(YPD). The plasmid pEMBL-SUP35 (pSup2) (Ter-Avanesyan et al., 1993) contains a URA3 

marker, Sup35 under its native promoter and a 2μ origin of replication. A plasmid 

containing the coding region of HSP104 under control of the GPD promoter (pGPD-104) 

(Mumberg et al., 1995) with a URA3 selection marker was used to cure [PSI+] cells. Cells 

transformed with pSup2 or pGPD-104 were grown in synthetic media lacking uracil (SD-

Ura) with 2% glucose, to select for cells containing the plasmid. YPD media containing 3 

mM guanidine hydrochlo-ride (YPD + GdnHCl) was used to inhibit Hsp104 and cure prions 

(Ferreira et al., 2001; Jung and Masison, 2001). Cells were grown on synthetic media 

lacking adenine (SD-Ade) with 2% glucose to assess [PSI+] phenotype (nonsense 

suppression of ade1-14).

[PSI+] induction frequency under control conditions

Using the standard lithium acetate (LiOAc) protocol, cells containing each of the four 

[RNQ+] variants or the [rnq−] control strain were transformed with pSup2 [or with empty 

vector (pEMBL)], spread on SD-Ura solid medium and grown at 30°C for 4 days. A swipe 

of 5–10 URA+ colonies was used to inoculate 4mls of SD-Ura, which was then grown for 

16 h at 30°C with agitation. Cultures were diluted 1:8000 in sterile water and 300 μl were 

spread onto 150 mm plates with YPD solid media using glass beads. Plates were incubated 

for 5 days at 30°C and then transferred to 4°C overnight for colour development. [PSI+] 

induction rate was quantified as was previously described (Bradley and Liebman, 2003). 

Briefly, for each experiment, at least 300 colonies for each strain were assessed for [PSI+] 

status using readthrough of the ade1-14 mutant allele, which prevents accumulation of a red 

pigmented intermediate, resulting in [PSI+] colonies to be white or pink. YPD rich media 

contains enough adenine to support yeast growth, but does not prevent accumulation of the 

red pigment. Petite yeast were easily distinguished using colony colour and were excluded 

from analyses and further characterization. Each marker represents one culture, for which at 

least 300 colonies were scored for [PSI+] phenotype. Data represent the cumulative results 

of at least three experiments.
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Assessment of [PSI+] phenotypes: scoring of variants

Colonies containing white/pink sectors or completely white or pink colonies were selected 

in an unbiased manner, mixed in sterile water and replica plated to YPD, YPD + GdnHCl 

and SD-Ade solid medium using a 48-pin device, along with strong [PSI+], weak [PSI+] and 

[psi−] controls. YPD and YPD + GdnHCl plates were grown for 3 days and then transferred 

to 4°C for colour development. SD-Ade plates were grown for 6 days at 30°C. Clones that 

were curable (reverted to completely red) on YPD + GdnHCl, and remained red when 

removed from GdnHCl, were subsequently scored for strength of [PSI+] variant based on 

colour on YPD and degree of growth on SD-Ade. Less than 1% of colonies selected were 

non-GdnHCl curable spots in the pinnings. Therefore, other nonsense suppressors were 

readily distinguished phenotypically and not counted.

[PSI+] induction with environmental stress and during growth at low temperatures

Cells containing the [RNQ+] variants, or [rnq−] control cells, were transformed with pSup2 

using LiOAc as described above. SD-Ura liquid selection media was inoculated with 5–10 

colonies from the pSup2 transformation plate and cultures were grown at 30°C with 

agitation for approximately 16 h, or to an approximate OD600 of 1.0. Cells were normalized 

to OD600 of 1.0 and subjected to dilution and/or stress as described in Supplemental Table 

S1. Three hundred microlitres of diluted cells were spread onto 150 mm YPD plates using 

glass beads and were allowed to grow at 30°C for 5 days. After growth, plates were placed 

at 4°C for further colour development. A minimum of 300 colonies were counted for each 

condition, per experiment and each experiment was repeated at least three times.

Examination of [PSI+] induction frequency at different temperatures consisted of growing 

cells at either 30°C, 25°C or 18°C at all times (growth prior to pSup2 transformation through 

growth on YPD to analyse colour change due to [PSI+] induction). [PSI+] induction rates 

and [PSI+] variants induced were analysed as in control conditions.

Measurement of spontaneous [PSI+] loss or mitotic stability

Clones propagating different newly induced [PSI+] variants or an established weak [PSI+] 

variant were selected, grown overnight in liquid YPD media, spread on solid YPD media, 

and then the number of red colonies or colonies containing red sectors were counted.

Measurement of spontaneous [PSI+] induction frequency

Cultures inoculated with yeast containing the [RNQ+] variants were grown either 16 h 

(overnight control), or for 7 days at 30°C, with agitation. Undiluted cultures were plated on 

SD-Ade medium and incubated for 8 days at 30°C. A 1:20 000 dilution of cells was plated 

on YPD and grown for 3 days at 30°C to determine the total number of cells plated on SD-

Ade. All colonies that grew on SD-Ade were selected and replated on YPD, SD-Ade and 

YPD + 3 mM GdnHCl. Clones that were curable on YPD + GdnHCl, were pink/white on 

YPD and grew on SD-Ade were scored as [PSI+]. The [PSI+] induction rate was calculated 

as curable [PSI+] colonies divided by the total number of cells plated on the SD-Ade plate. 

Data represent the cumulative results of three experiments.
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SDD-AGE

Yeast containing the [RNQ+] variants were inoculated in YPD and grown at 30°C, 25°C or 

18°C to an OD600 of 1.0. For analysis of Rnq1 aggregate distribution after treatment with 

environmental stress, cells were grown to an OD600 of 1.0 and subject to stress as detailed in 

Supplemental Table S1. Cells were lysed in a buffer containing 25 mM Tris (pH 7.5), 100 

mM NaCl, 10 mM MgCl2, 1 mM EDTA, 0.5 mM DTT, 3 mM 

phenylmethanesulphonylfluoride, 40 mM N-Ethylmaleimide, and 1 tablet of complete mini 

protease inhibitor (Roche). Cell lysates normalized for total protein using the Bradford 

Assay were subjected to a 7 min incubation at room temperature before loading on 1.5% 

agarose gel. Prion aggregates were separated by SDD-AGE as previously described 

(Bagriantsev and Liebman, 2004). Rnq1 protein was detected with a polyclonal anti-Rnq1 

antibody.

[PSI+] re-induction

Newly induced [PSI+] colonies were replica plated from YPD to solid media containing 5-

Fluoroorotic acid (5-FOA), which inhibits the growth of cells expressing URA3 or URA5 

(Sikorski and Boeke, 1991), to select for cells that had lost the pSup2 plasmid. Colonies 

were selected from 5-FOA plates, and loss of the pSup2 plasmid was confirmed by lack of 

growth on SD-Ura solid media, and cells were grown overnight in liquid YPD at 30° on a 

rotator. Uracil auxotrophs were transformed with the pGPD-104 plasmid and selected on 

SD-Ura, to cure [PSI+] (Chernoff et al., 1995). Red, uracil prototrophs were selected from 

pGPD-104 transformation plates and struck on YPD. Red colonies were struck from YPD to 

5-FOA to select for cells that had lost the pGPD-104 plasmid. Red, uracil auxotrophs were 

then transformed with pSup2 to re-induce [PSI+]. A swipe of 5–10 red colonies were 

inoculated from the pSup2 transformation plate, grown overnight at 30°C in liquid selection 

media. Diluted cells were spread on YPD solid media, grown at 30°C for 5 days and 

colonies were scored as [PSI+] by the presence of pink or white colour in the colony.

After analysing tens of thousands of colonies for [PSI+] status, we were able to reliably 

assess [PSI+] variants by examining the proportion and grade of pink in a single colony on 

the YPD plate spread plate, after [PSI+] induction. Bar graphs represent the number of 

strong, medium and weak [PSI+] clones divided by the total number of [PSI+] clones 

analysed/re-induced.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
[RNQ+] variants influence the rate of [PSI+] induction and [PSI+] variant formation.

A and B. Example of [PSI+] induction. 74-D694 yeast colonies containing the high [RNQ+] 

variant (A) or [rnq−] cells (B) were transformed with pSup2 and plated on solid YPD media, 

grown for 5 days at 30°C, and incubated overnight at 4°C for colour development.

C. 74-D694 yeast cells containing either the low, medium, high, or very high [RNQ+] 

variants, or [rnq−] 74-D694 cells were scored for [PSI+] status using the [PSI+] induction 

assay, as described in Experimental procedures. Colonies on YPD that were either white- or 

pink-sectored or completely white or pink colonies were scored as [PSI+]. For each [RNQ+] 

variant, at least 6000 total colonies from at least eight independent experiments were scored.

D. Colonies showing nonsense suppression were isolated and re-grown on YPD, SD-Ade, or 

YPD + 3 mM GdnHCl solid media, for verification of [PSI+] status and scoring of [PSI+] 

variants. This representative subset shows the spectrum of [PSI+] variants observed after re-

spotting on YPD (left), SD-Ade (middle) and YPD + 3 mM GdnHCl (right). Each spot 

represents a different newly induced [PSI+] clone that was characterized according to our 

scoring protocol as very weak (vw), weak (w), medium (m) or strong (s). Controls are in the 

upper left: strong [PSI+] (S+), weak [PSI+] (W+) and [psi−] (−).

E. The number of GdnHCl-curable [PSI+] colonies scored according to growth on SD-Ade 

and plotted were as follows: low [RNQ+] 550, medium [RNQ+] 939, high [RNQ+] 800, very 

high [RNQ+] 747.
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Fig. 2. 
Extracellular environment influences [PSI+] induction and variant formation in a [RNQ+] 

variant-dependent manner.

A. 74-D694 yeast harbouring previously characterized [RNQ+] variants were normalized by 

OD600 and subjected to the indicated environmental stressors as described in Experimental 

procedures and Supplemental Table S1. Cells were serially diluted 5×, spotted on solid YPD 

rich media and grown for 3 days at 30°C. Representative plate of yeast harbouring the low 

[RNQ+] variant is shown.

B. 74-D694 yeast cells containing either the high or very high [RNQ+] variants were treated 

with or without environmental stress and scored for [PSI+] status using the [PSI+] induction 
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assay, as described in Experimental procedures. At least 1500 colonies from at least three 

independent experiments were scored for each condition. Red lines denote the average of all 

experiments. Two blue dots below a condition indicate P < 0.0001 and one blue dot below a 

condition indicates P < 0.05 statistically significant difference from the untreated cells with 

the same [RNQ+] variant when analysed by two-tailed Student's t-test.

C. [PSI+] colonies were spotted on YPD, SD-Ade, and YPD + 3 mM GdnHCl media. 

GdnHCl-curable clones were assessed for [PSI+] variant based both on colour on YPD and 

on growth on SD-Ade. The number of colonies scored for each of the stress conditions 

ranged from 40 to 669 with an average number of colonies scored of ~ 300. Conditions that 

did not alter [PSI+] variants as compared to untreated controls were excluded from the chart. 

Percentage of total [PSI+] variants for each condition is plotted.
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Fig. 3. 
Temperature influences the rate of [PSI+] formation and is dependent on the resident 

[RNQ+] variant.

A. 74-D694 yeast cells containing either the low, medium, high, or very high [RNQ+] 

variants, or [rnq−] cells, were grown at either 18°C, 25°C or 30°C and scored for [PSI+] 

status as described in Experimental procedures.

B. Colonies showing nonsense suppression were picked and spotted on YPD, SD-Ade and 

YPD + 3 mM GdnHCl solid media and scored for curability and strength of [PSI+] by colour 

on YPD and growth on SD-Ade. Percentage of total [PSI+] variants for each condition are 

plotted. Each experiment was replicated at least three times and more than 300 colonies 

were scored for the presence of [PSI+] for each experiment. For each condition at least 300 

colonies were selected and re-grown to score [PSI+] variant phenotype.

C. 74-D694 yeast cells containing either the low, medium, high, or very high [RNQ+] 

variants, or [rnq−] cells, were treated with either a 42°C or 50°C heat shock, or left at 30°C 

and scored for [PSI+] status as described in Experimental procedures.

D. [PSI+] colonies were picked and spotted on YPD, SD-Ade and YPD + 3 mM GdnHCl 

solid media and scored for curability and strength of [PSI+] as in panel B.
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Fig. 4. 
Rnq1 aggregate distribution by SDD-AGE after treatment with stress.

A. Yeast cells harbouring the low or medium [RNQ+] variants were grown overnight at 

30°C, subjected to the environmental changes indicated, and then lysates were analysed by 

SDD-AGE as detailed in Experimental procedures. The condition tested is indicated at the 

top of the panel.

B. Yeast strains containing the [RNQ+] variants were grown at 18°C, 25°C or 30°C. Cell 

lysates were subjected to SDD-AGE as in (A).

C. Cells harbouring the low [RNQ+] variant were grown at either: 18°C and then transferred 

to 30°C (lane 1), 30°C and then transferred to 18°C (lane 2), 18°C and then transferred to 

18°C (lane 3), 30°C and then transferred to 30°C (lane 4), 18°C (lane 5), 25°C (lane 6), or 

30°C (lane 7). Cells from each of the conditions were lysed and subjected to SDD-AGE as 

in (A).
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Fig. 5. 
Secondary (2°) [PSI+] induction rates and variants re-induced can be modified by previous 

exposure to stress.

A. Schematic depicting the protocol for the re-induction of [PSI+], as detailed in 

Experimental procedures.

B and D. [PSI+] clones induced under conditions of environmental stress were cured of 

[PSI+] by Hsp104 overexpression. [PSI+] was re-induced by overexpression of Sup35. Cells 

were scored for [PSI+] state using the [PSI+] induction assay described in the text and 

Experimental procedures. The dashed red line represents the initial level of [PSI+] induction 

in untreated control cells. Each symbol represents the [PSI+] induction rate of one re-

induced clone.

C and E. The number of strong, medium and weak [PSI+] clones divided by the total number 

of [PSI+] clones analysed was calculated. For all panels, some conditions that yielded results 

similar to controls were excluded from the graphs. Each experiment was repeated, and all re-

induced clones are combined in the graphs.

Westergard and True Page 28

Mol Microbiol. Author manuscript; available in PMC 2016 February 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Model illustrating factors responsible for changes to [PSI+] variants and induction rate after 

stress exposure.

A. Under normal growth conditions, low [RNQ+] inefficiently cross-seeds Sup35 to generate 

[PSI+] cells. Sup35 overexpression (Sup35 O.E.) results in low [PSI+] induction rates and 

mostly weak [PSI+] colonies.

B. Under conditions of stress, various cellular modifications increase [PSI+] induction rates 

and/or the strength of the [PSI+] variants. This presumably occurs either by modifying the 

low [RNQ+] structure to become a template more like high [RNQ+] (top) or by affecting 

[PSI+] through cellular responses while maintaining the low [RNQ+] variant structure 

(bottom).
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Table 1

Incubation in stationary phase modifies spontaneous [PSI+] formation.

Condition [RNQ+] variant [PSI+] rate % Med/strong [PSI+]

Mid-log Low 2.2E-07 100

Stationary Low 4.7E-04 85

Mid-log High 5.0E-06 97

Stationary High 1.1E-03 96

Mid-log Very high 1.0E-03 93

Stationary Very high 6.6E-03 96

Yeast containing the low, high or very high [RNQ+] variants or [rnq−] cells were grown either overnight in liquid YPD at 30°C or 7 days at 30°C. 
Diluted cells were spread on YPD plates and grown for 5 days at 30°C to assess total cell number. A dilution of the same culture was plated on SD-

Ade plates and colonies that were confirmed to be curable by transient growth on media containing GdnHCl were scored as [PSI+]. The [rnq−] 

cells never showed the formation of any [PSI+] colonies for any condition. Colonies that were adenine prototrophs were picked and spotted on 

YPD, SD-Ade and YPD + 3 mM GdnHCl solid media and scored for curability and strength of [PSI+] by growth on SD-Ade. For column 5, the 

percentage of medium/strong [PSI+] was calculated using the sum of the number of medium and strong [PSI+] divided by the total number of 

curable [PSI+] clones, and is the cumulative percentage for all experiments combined. Each experiment was completed at least five times. Between 

3 and 8 million cells were assessed for [PSI+] induction and an average of 150 colonies were scored for the strength of the [PSI+] variant, for each 
condition.
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Table 2

Rnq1 aggregates are lost in conditions of environmental stress.

[RNQ+] variant
Per cent of clones that retain Rnq1 aggregates

Untreated KC1 50°C AA 18°C

Low 100% 100% 100% 100% 100%

Medium 100% 100% 80% 80% 40%

High 100% 100% 100% 100% 100%

Very high 100% 80% 100% 100% 100%

The [RNQ+] status was examined in clones containing [PSI+] variants that were induced under conditions of environmental stress but failed to re-

induce [PSI+]. [PSI+] cells from the initial induction under stress, were grown overnight at 30°C without stress. Cell lysates were subjected to 
SDD-AGE and analysed as described in Experimental procedures. AA: amino acid deprivation.
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