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Abstract

Prions adopt alternative, self-replicating protein conformations and thereby determine novel

phenotypes that are often irreversible. Nevertheless, dominant-negative prion mutants can

revert phenotypes associated with some conformations. These observations suggest that,

while intervention is possible, distinct inhibitors must be developed to overcome the confor-

mational plasticity of prions. To understand the basis of this specificity, we determined the

impact of the G58D mutant of the Sup35 prion on three of its conformational variants, which

form amyloids in S. cerevisiae. G58D had been previously proposed to have unique effects

on these variants, but our studies suggest a common mechanism. All variants, including

those reported to be resistant, are inhibited by G58D but at distinct doses. G58D lowers the

kinetic stability of the associated amyloid, enhancing its fragmentation by molecular chaper-

ones, promoting Sup35 resolubilization, and leading to amyloid clearance particularly in

daughter cells. Reducing the availability or activity of the chaperone Hsp104, even tran-

siently, reverses curing. Thus, the specificity of inhibition is determined by the sensitivity of

variants to the mutant dosage rather than mode of action, challenging the view that a unique

inhibitor must be developed to combat each variant.

Author summary

Prion proteins adopt alternative conformations and assemble into amyloid fibers, which

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

leading to their persistence and resulting in a set of progressive and often fatal disorders.

Inhibitors have been shown to interfere with some conformations but not others, suggest-

ing that distinct strategies must be developed to target each. However, we show here that a

single dominant-negative mutant can inhibit multiple conformations of the same prion

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

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007085 October 30, 2017 1 / 24

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Pei F, DiSalvo S, Sindi SS, Serio TR

(2017) A dominant-negative mutant inhibits

multiple prion variants through a common

mechanism. PLoS Genet 13(10): e1007085.

https://doi.org/10.1371/journal.pgen.1007085

Editor: Mick F. Tuite, University of Kent, UNITED

KINGDOM

Received: June 14, 2017

Accepted: October 20, 2017

Published: October 30, 2017

Copyright: © 2017 Pei et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by grants from

the National Institute of General Medical Sciences

(https://www.nigms.nih.gov), R01 GM100740 and

R35 GM118042, to TRS. The funders had no role

in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pgen.1007085
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1007085&domain=pdf&date_stamp=2017-11-09
https://doi.org/10.1371/journal.pgen.1007085
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.nigms.nih.gov


is sensitivity rather than resistance to the mechanism of inhibition, suggesting that com-

mon strategies may be used to target a range of prion conformations.

Introduction

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

folding trajectories with significant biological consequences [1]. In most cases, these alterna-

tive conformations are β-sheet-rich and self-assembling, forming linear amyloid aggregates

[2]. These amyloids replicate the conformation of their constituent monomers by acting as

templates to direct the refolding of other conformers of the same protein as they are bound by

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

verted to the alternative conformation, changing protein activity and thereby inducing new

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

thies or prion diseases, Alzheimer’s and Huntington’s diseases) and organelle biogenesis in

mammals and gene expression regulation in single-celled organisms [1,3]. The high efficiency

of this process, when combined with the high kinetic stability of the aggregates [2], contributes

to the recalcitrance of amyloids to clearance by protein quality control pathways [4]. As a

result, the associated phenotypes are frequently difficult—if not impossible—to reverse, espe-

cially in the clinic [5].

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

or “curing” by dominant-negative mutants of prion proteins. These sequence variants were

first identified by their ability to confer resistance to scrapie in sheep (Q171R or R154H in the

mammalian prion protein PrP), sporadic Creutzfeldt-Jakob disease (sCJD) in humans (E219K

in PrP), and translation termination infidelity in yeast (G58D in Sup35) [6–19]. Subsequently,

these mutants were shown to interfere with the assembly of amyloid by the wildtype prion pro-

tein in vitro and to reduce or clear existing amyloid composed of the wildtype prion protein

when delivered to tissue culture cells, mice, or yeast [15,19–31]. Given this unique curing abil-

ity, elucidating the mechanism(s) by which dominant-negative prion mutants act may reveal

potential strategies for reversing amyloid persistence more generally.

Despite the promise of this line of investigation, the inhibition achieved by dominant-nega-

tive mutants appears to be conformation-specific. For example, the resistance to sCJD con-

ferred by the E219K PrP mutant in humans is not extended to the conformations, known as

variants, responsible for genetic and iatrogenic forms of the disease [14,15,17,32–35]. Simi-

larly, resistance to classical scrapie is not observed for bovine spongiform encephalopathy

(BSE) or atypical scrapie variants in sheep with Q171R or R154H mutations in PrP [10,36–43]

[44–52]. Finally, the G58D mutation of Sup35 cures the [PSI+]Strong and [PSI+]Sc4 variants (n.b.

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

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

[53,54].

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

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

the variants make them susceptible to only certain mechanisms of inhibition [55–61]. Alterna-

tively, the conformational differences may confer distinct sensitivities to the same mechanism

of inhibition. Given the conformational plasticity of amyloidogenic proteins [62,63], under-

standing the forces limiting the efficacy of inhibitors can mean the difference between develop-

ing an infinite number of individual interventions for each variant or simply different dosing

regimes for the same inhibitor.

A common mechanism of DN prion inhibition
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Here, we exploit the yeast prion Sup35 to gain this insight. We explored the sensitivity of

three variants of Sup35 (i.e., [PSI+]Sc4, [PSI+]Weak, and [PSI+]Sc37) to expression of G58D and

the impact of this dominant-negative mutant on the self-replication of each variant. Our stud-

ies indicate that “resistance” to G58D can be partially overcome at higher dosage of the

mutant, revealing differential sensitivity to the inhibition. G58D reduces the kinetic stabilities

of the amyloids associated with the variants, which determines their efficiencies of fragmenta-

tion by chaperones [60]. Consistent with this correlation, G58D inhibition of the three variants

was dependent on the chaperone Hsp104, as was the case for the previously studied [PSI+]Strong

variant [64]. In the presence of G58D, Sup35 amyloid was fragmented by Hsp104 with higher

efficiency. This increase led to amyloid clearance in daughter cells, which could be reversed by

transient inhibition of Hsp104 specifically in this population. Thus, G58D dominant-negative

inhibition targets distinct conformational variants through the same mechanism with differing

efficacy, suggesting that the observed “resistance” is relative rather than absolute.

Results

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

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

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

[PSI+]Sc4, [PSI+]Weak and [PSI+]Sc37 yeast strains expressing wildtype Sup35 at different ratios

relative to G58D (2:1, 1:1, 1:2; S1 Fig). Inhibition of [PSI+] propagation can be monitored func-

tionally because the formation of amyloid by Sup35 partially compromises its activity and

leads to a defect in translation termination [65,66]. [PSI+] strains carrying the ade1-14 allele

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

ADE1 open reading frame. However, strains with defective prion propagation, or those that

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

accumulation of active Sup35 [67].

Expression of G58D at any ratio in a [PSI+]Sc4 strain promoted the accumulation of red pig-

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

the severity of this effect increased with G58D dosage, with a 1:2 ratio of wildtype to G58D

leading to a colony phenotype for [PSI+]Sc4 that was indistinguishable from [psi-] (Fig 1A). For

the [PSI+]Sc37 and [PSI+]Weak variants, which were previously reported to be compatible with

G58D expression [53,54], efficient prion propagation was also dependent on the ratio of wild-

type to G58D, but the critical threshold for phenotypic reversal was distinct in each case. The

[PSI+]Sc37 variant formed colonies that were more pink on rich medium at a 1:1 ratio of wild-

type to G58D relative to a wildtype strain and that were indistinguishable from [psi-] at a 1:2

ratio of wildtype to G58D (Fig 1B), mirroring our observations for [PSI+]Sc4 (Fig 1A). In con-

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

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

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

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

required for inhibition of [PSI+]Sc4 and [PSI+]Sc37 is lower than that of [PSI+]Weak.

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

loss (i.e., curing), we determined the frequencies of [psi-] appearance during mitotic division

for each strain. [PSI+] propagation was largely stable at the 2:1 (~0% curing) and 1:1 (~1% cur-

ing) ratios of wildtype to G58D for both [PSI+]Sc4 and [PSI+]Sc37, where the colony phenotype

was only mildly reversed (Fig 1A, 1B, 1D and 1E). At a 1:2 ratio of wildtype to G58D, both

[PSI+]Sc4 (~9% curing, Fig 1D) and [PSI+]Sc37 (~8% curing, Fig 1E) were more unstable, consis-

tent with the stronger reversal of their prion phenotypes at this ratio (Fig 1A and 1B). For the
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Fig 1. Dose-dependent effects of G58D expression on [PSI+] variants. [PSI+]Sc4 (A), [PSI+]Sc37 (B) and [PSI+]Weak (C)

wildtype (HSP104/+) or heterozygous-disruption (HSP104/Δ) diploid strains expressing wildtype (WT) and G58D Sup35

from PSUP35 at the indicated ratios were spotted on rich medium to analyze the [PSI+] phenotype. [psi-] diploids were

included as controls. Spontaneous frequencies of [PSI+]Sc4 (D), [PSI+]Sc37 (E) and [PSI+]Weak (F) loss during mitotic

division were determined by counting the percentage of [psi-] colonies. For each strain, >3000 colonies were scored. Error

bars represent standard deviations from 12 biological replicates.

https://doi.org/10.1371/journal.pgen.1007085.g001
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[PSI+]Weak variant, which is less sensitive to G58D inhibition (Fig 1C), [PSI+] propagation was

stable at all wildtype:G58D ratios tested (Fig 1F). Thus, [PSI+] curing in diploids expressing

G58D parallels the severity of the phenotypic reversal in all three variants and, for the most sen-

sitive strains (i.e., [PSI+]Sc4 and [PSI+]Sc37), arises in a dose-dependent manner. Together, these

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

curing by G58D expression reflected their higher threshold for sensitivity rather than their

absolute recalcitrance to inhibition by this mutant.

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

variants

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

variant [64], differ in their sensitivities to G58D inhibition (Fig 1), the dose dependence of

this inhibition suggests a common underlying mechanism [64,68]. We previously linked G58D

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

their fragmentation by the chaperone Hsp104, which led to their disassembly [64]. In this

model, the distinct effective inhibitory ratios of G58D on [PSI+] variants may reflect the impact

that this mutant has on the kinetic stability of each. While it has been well-established that

Sup35 aggregates in the [PSI+]Sc4 conformation are of lower stability than those in the [PSI+]Sc37

conformation, the relative stabilities of the four variants have not been previously reported

[60,69,70].

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

absence of G58D, by their sensitivity to disruption with 2% SDS at different temperatures as a

baseline comparison [71]. Solubilized protein is then quantified by entry into a SDS-polyacryl-

amide gel and immunoblotting [64]. For wildtype strains, Sup35 was efficiently released from

aggregates between 65˚C and 75˚C in lysates from strains propagating the [PSI+]Strong and

[PSI+]Sc4 variants (Fig 2A) or between 70˚C and 90˚C in lysates from strains propagating the

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

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

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

(SDD-AGE) and immunoblotting for Sup35 (S2 Fig) [60,72].

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

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

stability of Sup35 amyloid in [PSI+] strains [73,74]. In this genetic background, the fraction of

soluble Sup35 released from amyloid of the [PSI+]Strong variant in the presence of SDS was sig-

nificantly increased relative to that from the [PSI+]Sc4 variant over the same temperature range

(Fig 2C), indicating that the aggregates are less kinetically stable in the [PSI+]Strong than the

[PSI+]Sc4 variant. Similarly, a significantly larger fraction of Sup35 was released from amyloid

in the presence of SDS from the [PSI+]Sc37 variant than from the [PSI+]Weak variant (Fig 2D),

indicating that the aggregates are less kinetically stable in the [PSI+]Sc37 than the [PSI+]Weak

variant. Thus, the kinetic stability of Sup35 aggregates in [PSI+] variants increases in the order

[PSI+]Strong, [PSI+]Sc4, [PSI+]Sc37, [PSI+]Weak.

If G58D inhibits these variants through a common mechanism, we would expect the kinetic

stabilities of each of the variants to decrease in the presence of the mutant. To test this possibil-

ity, we assessed the sensitivity of Sup35 aggregates, isolated from diploid strains expressing a

1:1 ratio of wildtype to G58D, to disruption with 2% SDS at different temperatures. Soluble

protein was then quantified by entry into an SDS-polyacrylamide gel and immunoblotting for

Sup35. For the [PSI+]Sc4 strain, G58D expression increased the amount of soluble Sup35

released from aggregates at all temperatures assayed (65˚C, 70˚C and 75˚C) in comparison
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with a wildtype strain (Fig 3A). G58D similarly promoted Sup35 release from aggregates iso-

lated from the [PSI+]Sc37 (Fig 3B) and [PSI+]Weak (Fig 3C) strains at 80˚C and 85˚C, but the

magnitude of this effect was greater for the former. Thus, G58D incorporation destabilizes

Sup35 aggregates from [PSI+] variants in a manner that correlates directly with the severity of

their phenotypic inhibition (Fig 1). These observations are consistent with the idea that G58D

acts through a similar mechanism to inhibit the [PSI+] variants.

Fig 2. Analysis of aggregate properties for [PSI+] variants. Lysates from [PSI+]Strong and [PSI+]Sc4 WT

(A), [PSI+]Weak and [PSI+]Sc37 WT (B), [PSI+]Strong and [PSI+]Sc4 ΔNATA (C) or [PSI+]Weak and [PSI+]Sc37

ΔNATA (D) haploid strains were incubated in SDS at the indicated temperatures before SDS-PAGE and

quantitative immunoblotting for Sup35 (percentage of Sup35 released from aggregates at the indicated

temperatures). Horizontal lines on boxes indicate 25th, 50th and 75th percentiles; whiskers indicate 10th and

90th percentiles. Horizontal lines indicate pair-wise comparisons (n�4; paired t-test, *P<0.05).

https://doi.org/10.1371/journal.pgen.1007085.g002
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Fig 3. Effects of G58D and HSP104 dosage on Sup35 aggregate properties. Lysates from [PSI+]Sc4 (A), [PSI+]Sc37 (B) or

[PSI+]Weak (C) diploid strains expressing one endogenous copy of SUP35 and a second copy of SUP35 (WT or G58D) from

PSUP35 were incubated in SDS at the indicated temperatures before SDS-PAGE and quantitative immunoblotting for Sup35

(percentage of Sup35 released from aggregates at the indicated temperatures). Box plots are as described in the legend to

Fig 2. Horizontal lines indicate pair-wise comparisons (n�5; paired t-test, *P<0.05, **P<0.05, ***P<0.001). Lysates of

[PSI+]Sc4 (D), [PSI+]Sc37 (E) or [PSI+]Weak (F) diploid strains expressing Sup35 (WT) and G58D in the indicated ratios were

A common mechanism of DN prion inhibition
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Dominant inhibition of [PSI+] variants by G58D depends on Hsp104

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

and potentially lead to its clearance. To begin to determine the effects of G58D on the frag-

mentation of Sup35 amyloid associated with these [PSI+] variants, we first assessed the steady-

state size distributions of these complexes by SDD-AGE and immunoblotting for Sup35. As

we have previously observed for [PSI+]Strong [64], expression of G58D at any ratio relative to

wildtype Sup35 in a [PSI+]Sc4 strain led to a decrease in the accumulation of slowly migrating

aggregates in comparison to the same dose of wildtype protein alone (Fig 3D). For [PSI+]Sc37,

similar decreases were observed (Fig 3E), but for [PSI+]Weak, Sup35 aggregates were only

shifted to smaller complexes at the lowest wildtype to G58D ratio tested (1:2, Fig 3F). Together,

these observations suggest that the kinetic destabilization of Sup35 aggregates by G58D results

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

severity of their phenotypic inhibition (Fig 1).

To determine how the kinetic destabilization of Sup35 aggregates by G58D impacts the

number of heritable prion units (propagons) in [PSI+]Sc4, [PSI+]Sc37 and [PSI+]Weak strains, we

used a genetic assay [75]. Specifically, diploid strains expressing either two copies of wildtype

SUP35 or one copy each of wildtype SUP35 and G58Dwere treated with guanidine HCl

(GdnHCl), a potent inhibitor of the fragmentation catalyst Hsp104 [67,76–81], allowed to

dilute existing aggregates through cell division, and plated in the absence of the inhibitor to

quantify the number of cells inheriting an aggregate. As we have previously observed in a

[PSI+]Strong strain [64], G58D expression in either [PSI+]Sc4 and [PSI+]Sc37 diploids reduced

propagon number by factors of ~2 and ~4, respectively (Fig 3G and 3H), consistent with the

reversal of the [PSI+] phenotype and the loss of [PSI+] that we observed in these strains (Fig

1A, 1B, 1D and 1E). In contrast, G58D expression in [PSI+]Weak increased propagon number

by a factor of ~2.5 (Fig 3I). Although we did not detect any changes in the severity or stability

of the [PSI+]Weak phenotype at this ratio (Fig 1C and 1F), this increase in propagon count pro-

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

upon G58D expression to much higher levels [53]. Phenotypic strengthening is associated

with a decrease in soluble Sup35, which would result from an increase in amyloid templates,

detected as propagons in this assay, through enhanced fragmentation [60]. Thus, the pheno-

typic consequences of G58D expression, both inhibition and enhancement, can be directly

explained by changes in the steady-state accumulation of Sup35 propagons. Given the distinct

kinetic stabilities of Sup35 amyloid in the [PSI+] variants studied here (Fig 2), the specificity of

G58D inhibition and enhancement likely reflect thresholds for fragmentation activity that

result in changes in the steady-state accumulation of Sup35 forms in vivo.

If enhanced fragmentation is indeed the mechanism underlying G58D effects, these

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

zygous disruptions ofHSP104 in diploid strains expressing G58D at different ratios (S3 Fig).

In strains expressing only wildtype Sup35, heterozygous disruption ofHSP104 significantly

decreased the number of propagons in the [PSI+]Sc4 and [PSI+]Sc37 variants tested (Fig 3G and

3H, compare lanes 1 and 3), consistent with its catalytic role in fragmentation [78,79] and the

size threshold for Sup35 aggregate transmission [72]. In contrast, heterozygous disruption of

analyzed by SDD-AGE and immunoblotting for Sup35. For [PSI+]Sc4 (G), [PSI+]Sc37 (H) or [PSI+]Weak (I), the number of

propagons present in individual cells was counted in wildype (+) and heterozygous HSP104 disruption (Δ) strains, and the

ratio of propagons relative to WT was determined in diploid strains expressing one endogenous copy of SUP35 and one copy

of SUP35 (WT or G58D) from PSUP35. Box plots are as described in the legend to Fig 2. Horizontal lines indicate pair-wise

comparisons (n�10 cells per strain; unpaired t-test, *P<0.05, ***P<0.001).

https://doi.org/10.1371/journal.pgen.1007085.g003
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HSP104 in [PSI+] variant strains expressing both wildtype and G58D Sup35 increased the

number of propagons (Fig 3G and 3I, compare lanes 2 and 4). Thus, the reduction in propagon

number associated with G58D is suppressed by lowering the dosage ofHSP104 and thereby

fragmentation activity, suggesting that enhanced fragmentation is the underlying mechanism.

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

ofHSP104 impacted the severity and stability of the [PSI+] phenotype. Heterozygous disrup-

tion ofHSP104 restored the [PSI+] phenotype (Fig 1A) and efficiently suppressed [PSI+]

loss (Fig 1D) in the [PSI+]Sc4 strains expressing any ratio of G58D. For the [PSI+]Sc37 and

[PSI+]Weak variants, similar although attenuated trends were apparent. Heterozygous disrup-

tion of Hsp104 partially reversed the pinker colony color on rich medium for both [PSI+]Sc37

and [PSI+]Weak (Fig 1B and 1C). For [PSI+]Sc37, heterozygous disruption of Hsp104 increased

[PSI+] loss in all strains, indicating that wildtype fragmentation levels must be close to the

threshold required for efficient propagation of the amyloid state (Fig 1E). Nonetheless, in the

strain expressing the 1:2 ratio of wildtype to G58D, the frequency of [PSI+] loss was suppressed

by heterozygous disruption of Hsp104 (Fig 1E). Thus, reduction of Hsp104 reverses the G58D-

induced inhibition of the [PSI+] phenotype. Together, these observations are consistent with

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

of the fragmentation efficiencies of their Sup35 amyloid.

Hsp104 mediates G58D inhibition by promoting Sup35 aggregate

disassembly

The enhanced efficiency of fragmentation of Sup35 aggregates in the presence of G58D (Fig

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

gates are being destroyed in strains propagating the [PSI+]Sc4 and [PSI+]Sc37 variants. For

[PSI+]Strong, we previously detected this disassembly by monitoring the soluble pool of Sup35

in response to cycloheximide treatment to follow the fate of existing protein [64]. However,

[PSI+]Strong is more sensitive to G58D expression than [PSI+]Sc4, [PSI+]Sc37 and [PSI+]Weak (Fig

1) [64], suggesting that release of soluble Sup35 from aggregates by enhanced fragmentation

may be less readily detected in the latter variants. Specifically, the individual steps in prion

propagation in vivo (e.g. conversion, fragmentation, and transmission) are variant-specific and

difficult to monitor in isolation in a living system [60,78]. Moreover, the accumulation of solu-

ble Sup35 is impacted not only by the inherent rate of conversion on fibers ends but also by

the cumulative effect of each of the steps of prion propagation on the number of those ends

[60,72]. Because the cumulative effects of each event on soluble Sup35 levels are not intuitive

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

ics to deconstruct this complexity and gain additional mechanistic insight into the differential

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

rates that support [PSI+] maintenance to capture different variants (see S1 Text). In addition,

we have incorporated the concept of nucleation, which specifies a minimum size for a thermo-

dynamically stable aggregate and has been previously established as a key event in Sup35

aggregation in vitro [82–84].

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

sion, which depends on continuous synthesis of Sup35, and fragmentation [72]; when Sup35

synthesis is halted, aggregates are predicted to increase in number (Fig 4A) and decrease in

size (Fig 4B) because fragmentation is proposed to exert a greater influence on the equilibrium

state [72]. In line with this observation, our model predicts that cycloheximide treatment will

decrease soluble Sup35 levels for prion variants that are stably propagating [PSI+] (Fig 4C)

because additional templates have been created (Fig 4A).
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Intriguingly, the extent of this decrease is predicted in our mathematical model to corre-

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

induces the largest decrease in soluble Sup35 (Fig 4B, black), relative to the steady-state levels

prior to the manipulation. If fragmentation produces more templates, which in turn promotes

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

have the most significant effect on soluble Sup35 levels? The reason is, as we have previously

demonstrated under heat shock conditions [85], fragmentation resolubilizes Sup35 in addition

to creating new templates. Thus, high rates of fragmentation will push the balance between

conversion and fragmentation toward the latter, causing a shift from aggregated to soluble

Sup35. Consistent with this logic, our model predicts an increase in aggregate number that

corresponds inversely with fragmentation rate (i.e. the largest increase in aggregate number

corresponds to the slowest fragmentation rate; Fig 4A, black). This correlation can be

explained directly by changes in the rate of Sup35 resolubilization from aggregates: the slowest

fragmentation rate leads to the slowest rate of resolubilization (Fig 4D, black) and thereby the

largest increase in aggregate number (Fig 4A, black).

Fig 4. Mathematical model predicts fragmentation-dependent changes in soluble Sup35 levels in

response to protein synthesis inhibition. Cycloheximide (CHX) treatment leads to an increase in the

number of aggregates (A), an increase in average aggregate size (B), and a decrease in the ratio of soluble

Sup35 (C) according to the results of stochastic simulations of a mathematical model of prion propagation.

The yields (A, C) and the rate at which protein resolubilizes (D) vary with the rates of fragmentation: high (red),

medium (blue), or low (black). The predicted changes in Sup35 average aggregate size (B) and soluble levels

(C) are lost when nucleation is removed from the model (dashed lines).

https://doi.org/10.1371/journal.pgen.1007085.g004
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These predictions correlate with our observations of the [PSI+]Sc4, [PSI+]Sc37, and [PSI+]Weak

variants upon treatment with cycloheximide. For strains where wildtype Sup35 was the only

form present, the average size of Sup35 aggregates decreased (Fig 5A–5C). In addition, the

level of soluble Sup35 decreased upon cycloheximide treatment for the [PSI+]Weak and

[PSI+]Sc37 variants, but no significant decrease was observed for [PSI+]Sc4 variant (Fig 5D–5F,

lane 1). According to our model, these observations are consistent with a nucleation-depen-

dent aggregation process, which permits resolubilization of aggregates that are fragmented

below the minimum thermodynamically stable size (Fig 4D, compare solid and dashed lines),

and a higher rate of fragmentation for [PSI+]Sc4, which would release more aggregated Sup35

into the soluble pool (Fig 4D, red). In the presence of G58D, soluble Sup35 levels in [PSI+]Sc37

and [PSI+]Weak are no longer reduced (Fig 5E and 5F, compare lanes 1 and 3), suggesting that

G58D expression promotes aggregate fragmentation and thereby resolubilization. Consistent

with this idea, treatment of the variants with both cycloheximide and guanidine HCl led to an

increase in aggregate size (Fig 5A–5C) and a decrease in soluble Sup35 levels in the presence of

G58D (Fig 5D–5F, compare lanes 3 and 4), indicating that Hsp104-catalyzed fragmentation

promotes Sup35 resolubilization.

The ability of our mathematical model to capture the behavior of Sup35 in response to

these manipulations strongly supports the idea that G58D destabilizes Sup35 aggregates to

promote their increased fragmentation by Hsp104 and thereby their resolubilization. How-

ever, a more nuanced evaluation indicates that the threshold for inhibition cannot be

explained by fragmentation efficiency alone. For example, [PSI+]Sc37 has a similar phenotypic

sensitivity to G58D dosage as the [PSI+]Sc4 variant (Fig 1) but a kinetic stability, size, and likely

fragmentation efficiency closer to the [PSI+]Weak variant (Fig 2 and S2 Fig). A bulk shift in

Sup35 from aggregate to soluble requires that the resolubilized Sup35 does not efficiently

reconvert to the aggregated state; thus, conversion efficiencies will also impact the outcome of

the G58D effects on aggregate kinetic stability, fragmentation and resolubilization. Sup35

aggregates in the [PSI+]Sc37 conformation direct conversion at a higher rate than those in the

[PSI+]Sc4 conformation [60], but the relative rates of conversion for [PSI+]Sc37 and [PSI+]Weak

have not been reported. To compare these variants, we transiently treated strains with GdnHCl

in liquid culture to reduce propagon number and then monitored propagon recovery as a

function of time after removal of GdnHCl by plating cells and assessing their colony-color

phenotype. The [PSI+]Weak variant amplified its propagons at a faster rate than the [PSI+]Sc37

variant (S4 Fig). This recovery rate is a function of the product of the conversion and fragmen-

tation rates [60]. Because Sup35 aggregates in the [PSI+]Sc37 conformation are less kinetically

stable than those in the [PSI+]Weak conformation (Fig 2B and 2D) and thereby likely frag-

mented at a higher rate, this observation suggests that the conversion rate of [PSI+]Sc37 is much

lower than that of [PSI+]Weak. As a result, resolubilized Sup35 would be less likely to reconvert

to the aggregated state in the [PSI+]Sc37 variant than in the [PSI+]Weak variant. Thus, the higher

rate of resolution and the lower rate of conversion combine to increase the sensitivity of

[PSI+]Sc37 to G58D inhibition relative to [PSI+]Weak.

G58D promotes Sup35 aggregate disassembly in daughter cells

Together, our studies are consistent with the ideas that resolubilization of aggregated Sup35 is

the mechanism of G58D inhibition and that the variant-specific rates of conversion and frag-

mentation dictate the threshold for phenotypic reversal. However, Weissman and colleagues

previously reported that loss of [PSI+]Sc4 propagated by G58D alone was associated with pro-

pagon loss from daughter but not mother cells [54]. This observation was interpreted as a

G58D-dependent defect in Sup35 aggregate transmission to daughter cells, but using a direct
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fluorescence-based microscopy assay for Sup35-GFP transmission, we were unable to detect a

transmission defect in [PSI+]Strong strains expressing wildtype and G58D Sup35 [64]. The

appearance of daughter cells without propagons could also arise if Sup35 aggregates were

transmitted but subsequently disassembled by Hsp104 in this compartment. If this scenario is

correct, inhibition of Hsp104 will lead to an increase in [PSI+] propagons in daughter cells. To

test this hypothesis, we constructed [PSI+]Sc4 diploid strains expressing only G58D Sup35 and

Fig 5. G58D expression promotes Hsp104-mediated resolubilization of aggregates. Lysates of [PSI+]Sc4 (A), [PSI+]Sc37 (B) or

[PSI+]Weak (C) strains expressing two copies of SUP35 (WT) or one wild-type and one G58D copy of SUP35 were treated with CHX or

both CHX and GdnHCl and then analyzed by SDD-AGE and immunoblotting for Sup35. Lysates from diploid [PSI+]Sc4 (D), [PSI+]Sc37

(E) or [PSI+]Weak (F) strains expressing two copies of SUP35 (WT) or one wild-type and one G58D copy of SUP35 from PtetO2 were

incubated in SDS at 53˚C or 100˚C before SDS-PAGE and quantitative immunoblotting for Sup35, and the ratio of signal before and

after treatment with CHX or both CHX and GdnHCl treatment were determined. Error bars represent standard deviations. Horizontal

lines indicate pair-wise comparisons (n� 5; paired t-test, *P<0.05, **P<0.01).

https://doi.org/10.1371/journal.pgen.1007085.g005
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compared prion propagation in wildtype andHSP104 heterozygous disruption versions of this

strain by plating on rich medium and observing colony-color phenotype. Consistent with pre-

vious observations [54], [PSI+]Sc4 propagation is unstable in a wildtype strain (~50% prion

loss), but we found that this instability is strongly suppressed by heterozygous disruption of

HSP104 (~5% prion loss; Fig 6A).

Propagons are normally distributed between mother and daughter cells in a 2:1 ratio [75].

However, analysis of propagon numbers in mother and daughter cells showed an even stron-

ger bias in the distribution of propagons toward the mothers in the presence of G58D (Fig 6B,

black diamonds), including a population of pairs in which the mother but not the daughter

retained a large number of propagons (Fig 6B, red diamonds). By contrast, heterozygous dis-

ruption ofHSP104 reduced the stronger mother bias associated with G58D expression, and

more propagons were detected in daughter cells (Fig 6B, white triangles). Notably, daughter

cells lacking propagons were not isolated from theHSP104 heterozygous disruption strain,

indicating that the suppression of prion loss (Fig 6A) correlated with an increase in propagons

in daughter cells (Fig 6B).

Given the suppression of these phenotypes by heterozygous disruption of Hsp104, we next

directly determined if Hsp104 inhibition specifically in daughter cells is sufficient to suppress

[PSI+] loss. To do so, we isolated daughter cells from [PSI+]Sc4 diploids expressing one copy

each of wildtype and G58D SUP35 by FACS, based on the staining of bud scars with Alexa-647

WGA. The absence of bud scars in cells with the lowest fluorescence intensity indicates that

this fraction contains the newborn population, in contrast to a mixed population before sort-

ing (Fig 6C and S5 Fig). The isolated daughters were then incubated on rich medium in the

presence or absence of GdnHCl for three hours to transiently inhibit Hsp104 activity and then

plated to determine the frequency of prion loss. Strikingly, GdnHCl treatment of daughter

cells suppressed the frequency of prion loss (Fig 6D). Because daughter cells were biochemi-

cally isolated before treatment, the GdnHCl suppression of prion loss cannot be explained by

an increased transmission of Sup35 aggregates to daughter cells upon Hsp104 inhibition.

Rather, Sup35 aggregates must have already been present, with the transient inhibition of

Hsp104 blocking their resolubilization after transfer, consistent with the idea that G58D inhib-

its the propagon of all [PSI+] variants through the same mechanism.

Discussion

Together, our studies indicate that a single inhibitor, the dominant-negative G58D mutant of

Sup35, can perturb the propagation of four different variants of the [PSI+] prion, [PSI+]Strong,

[PSI+]Sc4, [PSI+]Sc37, and [PSI+]Weak, through the same mechanism. The effects of G58D

expression are most easily detected at the protein level as kinetic destabilization of Sup35 amy-

loid (Fig 3A–3C) and related reductions in the size of their SDS-resistant core polymers (Fig

3D–3F). These changes only become apparent at the phenotypic and inheritance levels when

the impact on Sup35 amyloid rises above a threshold dictated by the rates of conversion and

fragmentation for the variants, allowing disassembly to dominate over reassembly.

The G58D mutation lies in the second oligopeptide repeat of Sup35, a region of the protein

that is essential for prion propagation [86–88] and that impacts the ability of the Hsp104 chap-

erone to thread monomers through its central pore during the fragmentation process [89].

Position 58 is located within the amyloid core of Sup35 in the [PSI+]Sc37 variant but is more

accessible in the [PSI+]Sc4 variant [69]. Nonetheless, the kinetic destabilization of the four vari-

ants by G58D (Fig 3A–3C) [64] suggests this region contributes directly to associations within

each of the aggregates. Structural studies on the isolated second repeat revealed that the G58D

substitution introduced a turn into the otherwise extended conformation of the wildtype
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repeat, suggesting that packing and thereby amyloid kinetic stability could be altered by this

conformational change [90].

Previous studies on the [PSI+]Strong and [PSI+]Sc4 conformational variants suggested two

different mechanisms for G58D-induced curing. For [PSI+]Strong, curing depended not only

on the dosage of G58D but also ofHSP104, suggesting that prion propagation was inhibited by

amyloid disassembly. Indeed, in the presence of G58D, previously aggregated Sup35

Fig 6. Hsp104 promotes [PSI+] curing in daughter cells expressing G58D. (A) Spontaneous frequencies of [PSI+]Sc4 loss during

mitotic division were determined by counting the percentage of [psi-] colonies for strains that were wildtype (+) or heterozygous disruptions

for HSP104 (Δ). For each strain, >3000 colonies were scored. Error bars represent standard deviations from 10 biological replicates. (B)

The number of propagons in daughter cells was plotted against the number of propagons in mother cells for wildtype (HSP104/+, black or

red diamonds) or heterozygous HSP104 disruption (HSP104/Δ, white triangles) diploid strains expressing one copy of G58D from PSUP35

and another copy of G58D from PADH in an [PSI+]Sc4 strain. Red diamonds represent mother-daughter pairs in the wildtype strain in which

the mother contained propagons but the daughter did not. (C) The distribution of fluorescence intensities for a population of [PSI+]Sc4 diploid

cells expressing one endogenous copy of SUP35 and a second copy of SUP35 (G58D) from PSUP35 stained with Alexa-647 WGA was

obtained by flow cytometry. Vertical dotted lines indicate least fluorescent 5%, which was sorted as daughters. (D) The daughters isolated

in (C) were plated onto minimal medium containing 3mM GdnHCl for three hours and then transferred to rich medium. The frequency of

[PSI+] loss was then determined relative to that from daughters isolated from the same culture plated directly onto rich medium. Horizontal

lines indicate pair-wise comparisons (n�10 cells per strain; paired t-test, ***P<0.001).

https://doi.org/10.1371/journal.pgen.1007085.g006
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transitioned to the soluble fraction [64]. For [PSI+]Sc4, curing correlated with the loss of herita-

ble aggregates in daughter cells, interpreted as a G58D-induced defect in amyloid transmission

[54]. These distinct models for inhibition are consistent with the idea that different conforma-

tional variants must be cured through different molecular mechanisms [62,63]. However, our

studies resolve this controversy: G58D inhibits both variants by promoting amyloid disassem-

bly in daughter cells. This model is supported by both the Hsp104-dependence of the curing of

both variants (Fig 1D) [64] and of the reduction in propagons (Fig 3H) [64]. In addition, over-

expression of Hsp104 cures [PSI+]Sc4 propagated by G58D but not wildtype Sup35, suggesting

the former is more sensitive to higher fragmentation rates than the latter [54]. Consistent with

this interpretation, overexpression of an N-terminally truncated Hsp104 mutant [54], which is

deficient in substrate processing [91], is unable to cure [PSI+]Sc4 propagated by G58D.

We have previously drawn parallels between the dominant-negative inhibition of [PSI+]

propagation by Sup35 G58D and that of protease-resistant PrP by hamster Q219K (corre-

sponding to E219K in humans and Q218K in mouse). In both cases, the mutant is incorpo-

rated into wildtype aggregates but capable of destabilizing the amyloid state only when present

in excess to wildtype protein, and the efficacy of dominant-negative inhibition is greater for

less kinetically stable conformational variants [15,20,21,64,92]. Given the likelihood that the

mechanisms of inhibition are similar between the yeast and mammalian dominant-negative

mutants, the “resistance” of sCJD to E219K in humans and of 22L to Q219K in mice may be

possible to overcome by increasing the dosage of the mutant, as we have demonstrated here

for G58D and [PSI+]Sc37 (Fig 1B and 1E). For G58D, inhibition occurs at a dosage far below

that at which the prion state is induced to appear [53], indicating that the threshold between

curing and induction is wide enough to accommodate switches in one direction or the other

specifically. A similar analysis in mammals would be prudent before pursuing increased dos-

age of dominant-negative mutants as a therapeutic strategy.

How can the absence of heritable aggregates in some daughter cells be reconciled with amy-

loid disassembly as a common mechanism of inhibition for G58D? Our previous studies have

revealed that increasing chaperone levels by heat shock, leads to amyloid disassembly in a

[PSI+]Weak strain [85], suggesting that the ratio of chaperones:amyloid is a key contributor to

the balance between amyloid assembly and disassembly. A similar skew in this ratio likely

occurs during G58D curing but through a distinct mechanism. Our previous studies uncov-

ered a size threshold for amyloid transmission during yeast cell division: larger aggregates

were preferentially retained in mother cells [72]. This asymmetry created an age-dependent

difference in aggregate load, with newborn daughters taking several generations to return to

the steady-state level of propagons observed in mother cells [72]. This observation suggests

that the chaperone:substrate ratio could be skewed toward the former in daughter cells. This

altered ratio, when combined with the decrease in the kinetic stability of Sup35 amyloid

induced by G58D (Fig 3A–3C), likely creates a niche where amyloid disassembly dominates.

Indeed, the normally resistant [PSI+]Strong variant is cured by transient heat shock when G58D

is expressed [85]. Consistent with the idea that G58D cures [PSI+] by promoting amyloid disas-

sembly, curing is reduced (Fig 5A), and propagon numbers increase in daughters (Fig 5B)

when Hsp104 levels are reduced. Most importantly, transiently blocking Hsp104 activity in

daughter cells after division also greatly reduces prion loss (Fig 5D). Thus, G58D–containing

Sup35 amyloid is transmitted to daughter cells, but, once there, these aggregates are at greater

risk of clearance by Hsp104-mediated disassembly.

Beyond dominant-negative mutants, conformational variants of PrP and Sup35 also differ

in their sensitivities to small molecule inhibitors [62,63]. Unfortunately, even sensitive confor-

mational variants can develop resistance to these compounds, further complicating attempts

to develop therapeutic interventions for these diseases. For example, treatment of prion-
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infected mice or tissue culture cells with quinacrine or swainsonine reduced the kinetic stabil-

ity of protease-resistant PrP and altered its tropism in cell lines, but these properties were

reversed when treatment was removed [93–95]. Although it remains unclear whether the

emerging conformational variants were minor components that were selected or newly

induced by the treatment, this conformational plasticity creates a moving target that is impos-

sible to manage if a unique inhibitor must be developed in each case. Our studies suggest that

as prion conformational variants evolve, adapt or mutate, changes in dosing regimes could be

effective countermeasures, although the range of possible doses is likely to be restricted

because overexpression of even a dominant-negative mutant can lead to prion appearance

[53]. Nevertheless, quinacrine can eliminate the RML conformational variant of PrP from

CAD5 cells at a 5-fold lower dosage than is required to eliminate an IND24-resistant variant

[96].

Much research is focused on the appearance and self-replicating amplification of amyloid,

yet these processes are clearly counteracted by disassembly pathways in vivo. This balance

between assembly and disassembly contributes strongly to prion persistence, even in mam-

mals. For example, inhibition of PrP expression can reverse accumulation of protease-resistant

PrP, pathological changes and clinical progression of prion disease in mice, presumably by

allowing clearance pathways to dominate, if initiated before extensive damage arises [97].

While mammals lack an Hsp104 homolog, a chaperone system, composed of mammalian

Hsp70, Hsp110, and class A and B J-proteins, possesses strong disaggregase activity [98], capa-

ble of directing amyloid disassembly, although this activity has yet to be tested against prote-

ase-resistant PrP [99]. Nevertheless, natural variations in the accumulation of prion and

chaperone proteins may also serve as a new framework in which to consider phenotypic differ-

ences among variants. For example, tropism and clinical progression are likely to be impacted

by the balance between assembly and disassembly pathways, as we have observed for mitotic

stability and heat shock-induced prion curing in yeast [72,85]. Moreover, the steady-state ratio

of chaperones:amyloid may be a key consideration in screening potential therapeutics and in

their ultimate efficacy in vivo, particularly for small molecules proteostasis regulators that per-

turb the assembly/disassembly balance.

Methods

Plasmids

All plasmids used in this study are listed in S1 Table. pRS306-PADH contains PADH-Multiple

Cloning Site-TCYC1 as a KpnI-SacI fragment from pSM556 (a gift from F.U. Hartl) in a simi-

larly digested pRS306. The SUP35(G58D) ORF was then subcloned into pRS306-PADH as a

BamHI-EcoRI fragment isolated from pRS306-SUP35(G58D) to create pRS306-PADHSUP35

(G58D) (SB468).

Oligonucleotides

Oligonucleotides used in this study are listed in S2 Table.

Yeast strains

All strains are derivatives of 74-D694 and are listed in S3 Table. [PSI+]Sc4 (SY2085) and

[PSI+]Sc37 (SY2086) haploid wildtype strains were gifts from J. Weissman. Yeast strains

expressing ectopic copies of SUP35 or G58D from URA3 (pRS306) or TRP1 (pRS304)-marked

plasmids were constructed by transforming yeast strains with plasmids that were linearized

with BstBI or Bsu361, respectively, and by selecting for transformants on the appropriate
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minimal medium. In all cases, expression was confirmed by quantitative immunoblotting for

Sup35. Disruptions of SUP35 (FP35, FP36) were generated by transformation of PCR-gener-

ated cassettes using pFA6aKanMX4 as a template with the indicated oligonucleotide primers

(S2 Table) and selection on rich medium supplemented with G418. HSP104 disruptions were

generated by transformation with a PvuI-BamHI fragment of pYABL5 (a gift from S. Lind-

quist) and selection on minimal medium lacking leucine. Disruptions of NAT1 (FP29, FP30)

were generated by transformation of PCR-generated cassettes using pFA6a-hphMX4 as a tem-

plate with the indicated primers (S2 Table) and selection on complete medium supplemented

with hygromycin. All the disruptions were verified by PCR and 2:2 segregation of the appro-

priate marker.

Prion loss

Exponentially growing cultures of the indicated strain were plated on YPD for single colonies,

and the frequency of [PSI+] loss was determined by the number of red colonies arising.

Protein analysis

Semidenaturing detergent agarose gel electrophoresis (SDD-AGE), SDS-PAGE, quantitative

immunoblotting and SDS-sensitivity experiments were performed as previously described

[73]. To analyze the fate of aggregated Sup35, cultures were grown to midlog phase and treated

with cycloheximide (CHX) or both CHX and guanidine HCl (GdnHCl) for 1.7 hours. Yeast

lysates were collected before and after treatment and incubated at 53˚C and 100˚C in the pres-

ence of 2% SDS before analysis by SDS-PAGE. Lysates were also prepared from the same cul-

tures and analyzed by SDD-AGE.

Propagon counts

The number of propagons per cell was determined using a previously described in vivo dilu-

tion, colony-based method [75]. For propagon counting in mothers and daughters, a pair of

mother and daughter cells was separated by micromanipulation onto minimal medium (SD-

complete with 2.5mM adenine and 4% dextrose) with 3mM GdnHCl. After growing at 30˚C

for about 48 h, whole colonies were isolated using a cut pipette tip, resuspended in a small vol-

ume of water and plated onto YPD plates. The number of white colonies was then counted.

Daughter-specific assays

Daughters were separated by FACS based on bud-scar labeling. Yeast cells were incubated for

1 h at room temperature in 1μg/ml Alexa-647 wheat germ agglutinin (WGA) in PBS. After

washing twice in PBS, cells with the lowest fluorescence intensity (5%) were sorted as newborn

daughter cells, and a sample of this fraction was viewed by fluorescence microscopy to confirm

bud scar number. This fraction was also moved to rich medium (1/4 YPD) for color develop-

ment. For Hsp104 inhibition, sorted fractions were first moved to a minimal medium with

3mM GdnHCl for three hours before being transferred to rich medium. In each case only

completely red colonies were counted as [psi-].

Fluorescence microscopy

Fluorescence microscopy was performed on a DeltaVision deconvolution microscope

equipped with a 100x objective. WGA Alexa-647 fluorescence was collected using 650nm exci-

tation and 668nm emission wavelengths and with an exposure of 50ms. Images were processed

in ImageJ software.
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Propagon recovery

Cultures were grown in YPAD medium to an OD600 of 0.1 at 30˚C. GdnHCl was added to

3mM, and the culture was returned to 30˚C for 5 hours to decrease the propagon number. Cul-

tures were then collected by centrifugation, washed and transferred to YPAD medium without

GdnHCl for recovery. Samples were plated on YPD, and the number of propagons per cell was

counted at the indicated timepoints.

Supporting information

S1 Fig. Sup35 expression level is consistent with copy number. Lysates isolated from

[PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) strains described in Fig 1A–1C were analyzed by

SDS-PAGE and quantitative immunoblotting for Sup35. The ratio of Sup35 relative to a wild-

type diploid is shown. Error bars represent standard deviation.

(TIF)

S2 Fig. [PSI+] variants differ in the size of their Sup35 aggregates. Lysates from the indicated

[PSI+] variant haploid yeast strains were analyzed by SDD-AGE and immunoblotting for

Sup35.

(TIF)

S3 Fig. Hsp104 expression level is consistent with copy number. Lysates isolated from

[PSI+]Sc4 (A), [PSI+]Sc37 (B) or [PSI+]Weak (C) strains described in Fig 1A–1C were analyzed by

SDS-PAGE and quantitative immunoblotting for Hsp104. The ratio of Hsp104 relative to a

wild-type diploid is shown. Error bars represent standard deviation.

(TIF)

S4 Fig. [PSI+]Sc37 and [PSI+]Weak recover propagons at different rates. The rate of propagon

recovery was determined for [PSI+]Sc37 (blue) and [PSI+]Weak (red) after treatment with

GdnHCl. Error bars represent standard deviation. (n� 12 cells per strain per time point;

unpaired t-test, ��P<0.01).

(TIF)

S5 Fig. Analysis of FACS-sorted daughter cells. DIC and Alexa-647 WGA fluorescence of

bud scars of cells both before and after FACS sorting. Scale bars represent 3μm.

(TIF)

S1 Table. Plasmids.

(DOCX)

S2 Table. Oligonucleotide sequences.

(DOCX)

S3 Table. Yeast strains.

(DOCX)

S1 Text. Mathematical model.

(PDF)

Acknowledgments

We thank F.U. Hartl and S. Lindquist for reagents, J. Laney and members of the Serio lab for

helpful discussions and comments on the manuscript.

A common mechanism of DN prion inhibition

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007085 October 30, 2017 18 / 24

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007085.s009
https://doi.org/10.1371/journal.pgen.1007085


Author Contributions

Conceptualization: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi, Tricia R. Serio.

Formal analysis: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi.

Funding acquisition: Tricia R. Serio.

Investigation: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi.

Methodology: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi.

Project administration: Tricia R. Serio.

Software: Suzanne S. Sindi.

Supervision: Tricia R. Serio.

Validation: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi.

Visualization: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi.

Writing – original draft: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi, Tricia R. Serio.

Writing – review & editing: Fen Pei, Susanne DiSalvo, Suzanne S. Sindi, Tricia R. Serio.

References
1. Tuite MF, Serio TR. The prion hypothesis: from biological anomaly to basic regulatory mechanism.

Nature Rev Mol Cell Biol. 2010; 11: 823–833. https://doi.org/10.1038/nrm3007 PMID: 21081963

2. Knowles TPJ, Vendruscolo M, Dobson CM. The amyloid state and its association with protein misfold-

ing diseases. Nature Rev Mol Cell Biol. 2014; 15: 384–396. https://doi.org/10.1038/nrm3810 PMID:

24854788

3. Yuan AH, Hochschild A. A bacterial global regulator forms a prion. Science 2017; 355: 198–201. https://

doi.org/10.1126/science.aai7776 PMID: 28082594

4. Landreh M, Sawaya MR, Hipp MS, Eisenberg DS, Wuthrich K, Hartl FU. The formation, function and

regulation of amyloids: insights from structural biology. J Intern Med. 2016; 280: 164–176. https://doi.

org/10.1111/joim.12500 PMID: 27237473

5. Trevitt CR, Collinge J. A systematic review of prion therapeutics in experimental models. Brain. 2006;

129: 2241–2265. https://doi.org/10.1093/brain/awl150 PMID: 16816391

6. Dawson M, Hoinville LJ, Hosie BD, Hunter N. Guidance on the use of PrP genotyping as an aid to the

control of clinical scrapie. Vet Rec. 1998; 142: 623–625. PMID: 9650232

7. Tranulis MA. Influence of the prion protein gene, Prnp, on scrapie susceptibility in sheep. APMIS. 2002;

110: 33–43. https://doi.org/10.1034/j.1600-0463.2002.100105.x PMID: 12064254

8. Laplanche JL, Chatelain J, Westaway D, Thomas S, Dussaucy M, Brugere-Picoux J, et al. PrP polymor-

phisms associated with natural scrapie discovered by denaturing gradient gel electrophoresis. Geno-

mics. 1993; 15: 30–37. https://doi.org/10.1006/geno.1993.1006 PMID: 8094373

9. Westaway D, Zuliani V, Cooper CM, Da Costa M, Neuman S, Jenny AL, et al. Homozygosity for prion

protein alleles encoding glutamine-171 renders sheep susceptible to natural scrapie. Genes Dev. 1994;

8: 959–969. PMID: 7926780

10. Goldmann W, Hunter N, Smith G, Foster J, Hope J. PrP genotype and agent effects in scrapie: change

in allelic interaction with different isolates of agent in sheep, a natural host of scrapie. J Gen Virol. 1994;

75: 989–995. https://doi.org/10.1099/0022-1317-75-5-989 PMID: 7909834

11. Ikeda T, Horiuchi M, Ishiguro N, Muramatsu Y, Kai-Uwe GD, Shinagawa M. Amino acid polymorphisms

of PrP with reference to onset of scrapie in Suffolk and Corriedale sheep in Japan. J Gen Virol. 1995;

76: 2577–2581. https://doi.org/10.1099/0022-1317-76-10-2577 PMID: 7595361

12. Belt PB, Muileman IH, Schreuder BE, Bos-de Ruijter J, Gielkens AL, Smits MA. Identification of five alle-

lic variants of the sheep PrP gene and their association with natural scrapie. J Gen Virol. 1995; 76: 509–

517. https://doi.org/10.1099/0022-1317-76-3-509 PMID: 7897344

13. Clouscard C, Beaudry P, Elsen JM, Milan D, Dussaucy M, Bounneau C, et al. Different allelic effects of

the codons 136 and 171 of the prion protein gene in sheep with natural scrapie. J Gen Virol. 1995; 76:

2097–2101. https://doi.org/10.1099/0022-1317-76-8-2097 PMID: 7636494

A common mechanism of DN prion inhibition

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007085 October 30, 2017 19 / 24

https://doi.org/10.1038/nrm3007
http://www.ncbi.nlm.nih.gov/pubmed/21081963
https://doi.org/10.1038/nrm3810
http://www.ncbi.nlm.nih.gov/pubmed/24854788
https://doi.org/10.1126/science.aai7776
https://doi.org/10.1126/science.aai7776
http://www.ncbi.nlm.nih.gov/pubmed/28082594
https://doi.org/10.1111/joim.12500
https://doi.org/10.1111/joim.12500
http://www.ncbi.nlm.nih.gov/pubmed/27237473
https://doi.org/10.1093/brain/awl150
http://www.ncbi.nlm.nih.gov/pubmed/16816391
http://www.ncbi.nlm.nih.gov/pubmed/9650232
https://doi.org/10.1034/j.1600-0463.2002.100105.x
http://www.ncbi.nlm.nih.gov/pubmed/12064254
https://doi.org/10.1006/geno.1993.1006
http://www.ncbi.nlm.nih.gov/pubmed/8094373
http://www.ncbi.nlm.nih.gov/pubmed/7926780
https://doi.org/10.1099/0022-1317-75-5-989
http://www.ncbi.nlm.nih.gov/pubmed/7909834
https://doi.org/10.1099/0022-1317-76-10-2577
http://www.ncbi.nlm.nih.gov/pubmed/7595361
https://doi.org/10.1099/0022-1317-76-3-509
http://www.ncbi.nlm.nih.gov/pubmed/7897344
https://doi.org/10.1099/0022-1317-76-8-2097
http://www.ncbi.nlm.nih.gov/pubmed/7636494
https://doi.org/10.1371/journal.pgen.1007085


14. Shibuya S, Higuchi J, Shin RW, Tateishi J, Kitamoto T. Codon 219 Lys allele of PRNP is not found in

sporadic Creutzfeldt-Jakob disease. Annals Neurol. 1998; 43: 826–828. https://doi.org/10.1002/ana.

410430618 PMID: 9629853

15. Hizume M, Kobayashi A, Teruya K, Ohashi H, Ironside JW, Mohri S, et al. Human prion protein (PrP)

219K is converted to PrPSc but shows heterozygous inhibition in variant Creutzfeldt-Jakob disease

infection. J Biol Chem. 2009; 284: 3603–3609. https://doi.org/10.1074/jbc.M809254200 PMID:

19074151

16. Jeong B-H, Lee K-H, Kim N-H, Jin J-K, Kim J-I, Carp RI, et al. Association of sporadic Creutzfeldt-Jakob

disease with homozygous genotypes at PRNP codons 129 and 219 in the Korean population. Neuroge-

netics. 2005; 6: 229–232. https://doi.org/10.1007/s10048-005-0016-y PMID: 16217673

17. Nozaki I, Hamaguchi T, Sanjo N, Noguchi-Shinohara M, Sakai K, Nakamura Y, et al. Prospective 10-

year surveillance of human prion diseases in Japan. Brain. 2010; 133: 3043–3057. https://doi.org/10.

1093/brain/awq216 PMID: 20855418

18. Young C, Cox BS. Extrachromosomal Elements in A Super-Suppression System of Yeast. I. A Nuclear

Gene Controlling The Inheritance of the Extrachromosomal Elements. Heredity. 1971; 26: 413–422.

19. Doel SM, McCready SJ, Nierras CR, Cox BS. The dominant PNM2- mutation which eliminates the psi

factor of Saccharomyces cerevisiae is the result of a missense mutation in the SUP35 gene. Genetics.

1994; 137: 659–670. PMID: 8088511

20. Geoghegan JC, Miller MB, Kwak AH, Harris BT, Supattapone S. Trans-dominant inhibition of prion

propagation in vitro is not mediated by an accessory cofactor. PLoS Pathog. 2009; 5: e1000535. https://

doi.org/10.1371/journal.ppat.1000535 PMID: 19649330

21. Lee CI, Yang Q, Perrier V, Baskakov IV. The dominant-negative effect of the Q218K variant of the prion

protein does not require protein X. Protein science 2007; 16: 2166–2173. https://doi.org/10.1110/ps.

072954607 PMID: 17766375

22. Paludi D, Thellung S, Chiovitti K, Corsaro A, Villa V, Russo C, et al. Different structural stability and tox-

icity of PrP(ARR) and PrP(ARQ) sheep prion protein variants. J Neurochem. 2007; 103: 2291–2300.

https://doi.org/10.1111/j.1471-4159.2007.04934.x PMID: 17919292

23. Eiden M, Soto EO, Mettenleiter TC, Groschup MH. Effects of polymorphisms in ovine and caprine prion

protein alleles on cell-free conversion. Vet Res. 2011; 42: 30. https://doi.org/10.1186/1297-9716-42-30

PMID: 21324112

24. Kochneva-Pervukhova NV, Paushkin SV, Kushnirov VV, Cox BS, Tuite MF, Ter-Avanesyan MD. Mech-

anism of inhibition of Psi+ prion determinant propagation by a mutation of the N-terminus of the yeast

Sup35 protein. EMBO J. 1998; 17: 5805–10. https://doi.org/10.1093/emboj/17.19.5805 PMID: 9755180

25. Kaneko K, Zulianello L, Scott M, Cooper CM, Wallace AC, James TL, et al. Evidence for protein X bind-

ing to a discontinuous epitope on the cellular prion protein during scrapie prion propagation. Proc Natl

Acad Sci USA. 1997; 94: 10069–10074. PMID: 9294164

26. Crozet C, Lin Y-L, Mettling C, Mourton-Gilles C, Corbeau P, Lehmann S, et al. Inhibition of PrPSc for-

mation by lentiviral gene transfer of PrP containing dominant negative mutations. J Cell Sci. 2004; 117:

5591–5597. https://doi.org/10.1242/jcs.01484 PMID: 15494372

27. Atarashi R, Sim VL, Nishida N, Caughey B, Katamine S. Prion strain-dependent differences in conver-

sion of mutant prion proteins in cell culture. J Virol. 2006 ed. 2006; 80: 7854–7862. https://doi.org/10.

1128/JVI.00424-06 PMID: 16873242

28. Kishida H, Sakasegawa Y, Watanabe K, Yamakawa Y, Nishijima M, Kuroiwa Y, et al. Non-glycosylpho-

sphatidylinositol (GPI)-anchored recombinant prion protein with dominant-negative mutation inhibits

PrPSc replication in vitro. Amyloid. 2004; 11: 14–20. PMID: 15185494

29. Perrier V, Kaneko K, Safar J, Vergara J, Tremblay P, Dearmond SJ, et al. Dominant-negative inhibition

of prion replication in transgenic mice. Proc Natl Acad Sci USA. 2002; 99: 13079–13084. https://doi.org/

10.1073/pnas.182425299 PMID: 12271119

30. Furuya K, Kawahara N, Yamakawa Y, Kishida H, Hachiya NS, Nishijima M, et al. Intracerebroventricular

delivery of dominant negative prion protein in a mouse model of iatrogenic Creutzfeldt-Jakob disease

after dura graft transplantation. Neurosci Lett. 2006 ed. 2006; 402: 222–226. https://doi.org/10.1016/j.

neulet.2006.03.062 PMID: 16759805

31. Toupet K, Compan V, Crozet C, Mourton-Gilles C, Mestre-Francés N, Ibos F, et al. Effective gene ther-

apy in a mouse model of prion diseases. PLOS One. 2008; 3: e2773. https://doi.org/10.1371/journal.

pone.0002773 PMID: 18648643

32. Kobayashi A, Teruya K, Matsuura Y, Shirai T, Nakamura Y, Yamada M, et al. The influence of PRNP

polymorphisms on human prion disease susceptibility: an update. Acta Neuropathol. 2015; 130: 159–

170. https://doi.org/10.1007/s00401-015-1447-7 PMID: 26022925

A common mechanism of DN prion inhibition

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007085 October 30, 2017 20 / 24

https://doi.org/10.1002/ana.410430618
https://doi.org/10.1002/ana.410430618
http://www.ncbi.nlm.nih.gov/pubmed/9629853
https://doi.org/10.1074/jbc.M809254200
http://www.ncbi.nlm.nih.gov/pubmed/19074151
https://doi.org/10.1007/s10048-005-0016-y
http://www.ncbi.nlm.nih.gov/pubmed/16217673
https://doi.org/10.1093/brain/awq216
https://doi.org/10.1093/brain/awq216
http://www.ncbi.nlm.nih.gov/pubmed/20855418
http://www.ncbi.nlm.nih.gov/pubmed/8088511
https://doi.org/10.1371/journal.ppat.1000535
https://doi.org/10.1371/journal.ppat.1000535
http://www.ncbi.nlm.nih.gov/pubmed/19649330
https://doi.org/10.1110/ps.072954607
https://doi.org/10.1110/ps.072954607
http://www.ncbi.nlm.nih.gov/pubmed/17766375
https://doi.org/10.1111/j.1471-4159.2007.04934.x
http://www.ncbi.nlm.nih.gov/pubmed/17919292
https://doi.org/10.1186/1297-9716-42-30
http://www.ncbi.nlm.nih.gov/pubmed/21324112
https://doi.org/10.1093/emboj/17.19.5805
http://www.ncbi.nlm.nih.gov/pubmed/9755180
http://www.ncbi.nlm.nih.gov/pubmed/9294164
https://doi.org/10.1242/jcs.01484
http://www.ncbi.nlm.nih.gov/pubmed/15494372
https://doi.org/10.1128/JVI.00424-06
https://doi.org/10.1128/JVI.00424-06
http://www.ncbi.nlm.nih.gov/pubmed/16873242
http://www.ncbi.nlm.nih.gov/pubmed/15185494
https://doi.org/10.1073/pnas.182425299
https://doi.org/10.1073/pnas.182425299
http://www.ncbi.nlm.nih.gov/pubmed/12271119
https://doi.org/10.1016/j.neulet.2006.03.062
https://doi.org/10.1016/j.neulet.2006.03.062
http://www.ncbi.nlm.nih.gov/pubmed/16759805
https://doi.org/10.1371/journal.pone.0002773
https://doi.org/10.1371/journal.pone.0002773
http://www.ncbi.nlm.nih.gov/pubmed/18648643
https://doi.org/10.1007/s00401-015-1447-7
http://www.ncbi.nlm.nih.gov/pubmed/26022925
https://doi.org/10.1371/journal.pgen.1007085


33. Lukic A, Beck J, Joiner S, Fearnley J, Sturman S, Brandner S, et al. Heterozygosity at polymorphic

codon 219 in variant creutzfeldt-jakob disease. Arch Neurol. 2010; 67: 1021–1023. https://doi.org/10.

1001/archneurol.2010.184 PMID: 20697057

34. Noguchi-Shinohara M, Hamaguchi T, Kitamoto T, Sato T, Nakamura Y, Mizusawa H, et al. Clinical fea-

tures and diagnosis of dura mater graft associated Creutzfeldt Jakob disease. Neurology. 2007; 69:

360–367. https://doi.org/10.1212/01.wnl.0000266624.63387.4a PMID: 17646628

35. Yamada M, Noguchi-Shinohara M, Hamaguchi T, Nozaki I, Kitamoto T, Sato T, et al. Dura mater graft-

associated Creutzfeldt-Jakob disease in Japan: clinicopathological and molecular characterization of

the two distinct subtypes. Neuropathology. 2009; 29: 609–618. https://doi.org/10.1111/j.1440-1789.

2008.00987.x PMID: 19659940

36. Somerville RA, Birkett CR, Farquhar CF, Hunter N, Goldmann W, Dornan J, et al. Immunodetection of

PrPSc in spleens of some scrapie-infected sheep but not BSE-infected cows. J Gen Virol. 1997; 78:

2389–2396. https://doi.org/10.1099/0022-1317-78-9-2389 PMID: 9292029

37. Hope J, Wood SC, Birkett CR, Chong A, Bruce ME, Cairns D, et al. Molecular analysis of ovine prion

protein identifies similarities between BSE and an experimental isolate of natural scrapie, CH1641. J

Gen Virol. 1999; 80: 1–4. https://doi.org/10.1099/0022-1317-80-1-1 PMID: 9934675

38. Foster JD, Parnham D, Chong A, Goldmann W, Hunter N. Clinical signs, histopathology and genetics of

experimental transmission of BSE and natural scrapie to sheep and goats. Vet Rec. 2001; 148: 165–

171. PMID: 11258721

39. Houston F, Goldmann W, Chong A, Jeffrey M, González L, Foster J, et al. Prion diseases: BSE in

sheep bred for resistance to infection. Nature. 2003; 423: 498–498. https://doi.org/10.1038/423498a

PMID: 12774113

40. Andreoletti O, Morel N, Lacroux C, Rouillon V, Barc C, Tabouret G, et al. Bovine spongiform encepha-

lopathy agent in spleen from an ARR/ARR orally exposed sheep. J Gen Virol. 2006; 87: 1043–1046.

https://doi.org/10.1099/vir.0.81318-0 PMID: 16528056

41. Ronzon F, Bencsik A, Lezmi S, Vulin J, Kodjo A, Baron T. BSE inoculation to prion diseases-resistant

sheep reveals tricky silent carriers. Biochem Biophys Res Comm. 2006; 350: 872–877. https://doi.org/

10.1016/j.bbrc.2006.09.137 PMID: 17049491

42. Jacobs JG, Bossers A, Rezaei H, van Keulen LJM, McCutcheon S, Sklaviadis T, et al. Proteinase K-

resistant material in ARR/VRQ sheep brain affected with classical scrapie is composed mainly of VRQ

prion protein. J Virol. 2011; 85: 12537–12546. https://doi.org/10.1128/JVI.00448-11 PMID: 21917981

43. Langeveld JPM, Jacobs JG, Hunter N, van Keulen LJM, Lantier F, van Zijderveld FG, et al. Prion Type-

Dependent Deposition of PRNP Allelic Products in Heterozygous Sheep. J Virol. 2015; 90: 805–812.

https://doi.org/10.1128/JVI.02316-15 PMID: 26512080

44. Buschmann A, Biacabe A-G, Ziegler U, Bencsik A, Madec J-Y, Erhardt G, et al. Atypical scrapie cases

in Germany and France are identified by discrepant reaction patterns in BSE rapid tests. J Virol Meth-

ods. 2004; 117: 27–36. https://doi.org/10.1016/j.jviromet.2003.11.017 PMID: 15019257

45. Buschmann A, Lühken G, Schultz J, Erhardt G, Groschup MH. Neuronal accumulation of abnormal

prion protein in sheep carrying a scrapie-resistant genotype (PrPARR/ARR). J Gen Virol. 2004; 85:

2727–2733. https://doi.org/10.1099/vir.0.79997-0 PMID: 15302966

46. Orge L, Galo A, Machado C, Lima C, Ochoa C, Silva J, et al. Identification of putative atypical scrapie in

sheep in Portugal. J Gen Virol. 2004; 85: 3487–3491. https://doi.org/10.1099/vir.0.80246-0 PMID:

15483267

47. Luhken G, Buschmann A, Groschup MH, Erhardt G. Prion protein allele A136 H154Q171 is associated

with high susceptibility to scrapie in purebred and crossbred German Merinoland sheep. Arch Virol.

2004; 149: 1571–1580. https://doi.org/10.1007/s00705-004-0303-1 PMID: 15290381

48. Madec J-Y, Simon S, Lezmi S, Bencsik A, Grassi J, Baron T. Abnormal prion protein in genetically resis-

tant sheep from a scrapie-infected flock. J Gen Virol. 2004; 85: 3483–3486. https://doi.org/10.1099/vir.

0.80220-0 PMID: 15483266
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