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Abstract

The amyloid-based yeast prions are folded in-register parallel beta sheet polymers. Each prion can 

exist in a wide array of variants, with different biological properties resulting from different self-

propagating amyloid conformations. Yeast has several anti-prion systems, acting in normal cells 

(without protein overexpression or deficiency). Some anti-prion proteins partially block prion 

formation (Ssb1,2p - ribosome-associated Hsp70s), others cure a large portion of prion variants 

that arise (Btn2p, Cur1p, Hsp104 - a disaggregase, Siw14p, Upf1,2,3p - nonsense-mediated decay 

proteins) and others prevent prion-induced pathology (Sis1p - essential cytoplasmic Hsp40). Study 

of the anti-prion activity of Siw14p, a pyrophosphatase specific for 5-diphosphoinositol-

pentakisphosphate (5PP-IP5), led to the discovery that inositol polyphosphates, signal transduction 

molecules, are involved in [PSI+] prion propagation. Either inositol hexakisphosphate or 5PP-IP4 

(or 5PP-IP5) can supply a function that is needed by nearlyall [PSI+] variants. Because yeast 

prions are informative models for mammalian prion diseases and other amyloidoses, detailed 

examination of the anti-prion systems, some of which have close mammalian homologs, will be 

important for development of therapeutic measures.

“Prion” has come to mean “infectious protein” without the need for an essential nucleic acid 

component. Most yeast prions are based on amyloid forms of normally soluble proteins in 

which the amyloid form cannot carry out the normal function of the protein, and so a 

phenotype appears that is similar to mutants in the gene for the prion protein (1, 2)). 

However, some yeast prions have novel toxicity not seen for the chromosomal gene mutants 

(3). Amyloid is a filamentous polymer of hundreds to thousands of molecules, largely of a 

single protein, a sort of linear crystal. Beta sheet dominates amyloid structures, with the beta 

strands perpendicular to the long axis of the filaments (reviewed in (4)). There are about 10 

yeast prions known, most of them based on self-propagating amyloid formation (Table 1). 

The exception is the [β] prion, which is vacuolar protease B that can proteolytically activate 

its own inactive precursor (5).

The most studied yeast prions, each amyloid-based, are [PSI+], a prion of Sup35p, which is 

a subunit of the translation termination apparatus; [URE3], a prion of Ure2p, a regulator of 

nitrogen catabolism; and [PIN+]/[RNQ+], a prion of Rnq1p, a protein of unknown function 

(Table 1). Each prion protein has a domain that largely determines the prion properties, and 

roughly comprises the part of the protein that actually forms the beta sheets of the amyloid. 

Of course, these ‘prion domains’ have functions in the normal form of the protein, so the cell 

cannot so easily dispense with the risk of prions (see below) by losing these domains.
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Yeast prions are non-chromosomal genes, and, like chromosomal genes, can have ‘alleles’ or 

‘prion variants’, which are a variety of self-propagating amyloid forms, all amyloids of the 

same protein sequence, but with differing amyloid conformations (6, 7). These prion variants 

are each rather stable, implying there must be a mechanism by which protein conformation 

can be templated. The folded in-register parallel beta sheet architecture that has been shown 

for the infectious amyloid of the prion domains of Sup35p, Ure2p and Rnq1p (8–11) has led 

to a model (Fig. 1) explaining the conformational templating of prion variant information 

(2).

The classic mammalian prion, the cause of the transmissible spongiform encephalopathies 

(TSEs, Creutzfeldt-Jakob disease in humans, scrapie in sheep, Mad Cow disease, Chronic 

wasting disease of deer) is based on amyloid formation by the PrP protein, a cell surface 

GPI-anchored protein (12). Although the TSEs are uniformly lethal diseases, deletion of the 

gene encoding PrP produces, at most, a subtle phenotype (13). Thus, the amyloid is not 

simply inactivating the protein, but is positively toxic.

The common human amyloidoses, including Alzheimer’s disease, Parkinson’s disease, type 

2 diabetes and amyotrophic lateral sclerosis, have, increasingly, shown signs of being prions. 

Animal models of Alzheimer’s disease show infectious properties (14, 15), and patients who 

succumbed to CJD due to accidental infection with pituitary-derived growth hormone 

injections often showed postmortem evidence of Alzheimer’s disease at a very early age 

(16).

Prions [PSI+] and [URE3] are diseases of yeast.

A majority of the variants of [PSI+] or [URE3] arising are severely toxic or lethal ((3), 

reviewed in (2)). Even the mildest variants of these prions are rare in wild strains (17, 18). 

Evidently, the loss of translation termination or of proper nitrogen regulation is detrimental, 

but yeast prion toxicities not due to loss of the normal prion protein’s function are also 

common among a random collection of variants (3). To prevent these diseases, one expects 

to find ‘anti-prion’ systems, cellular components that prevent prion formation, cure prions as 

they arise or prevent their toxicity once they have arisen. Evidently, such systems are not 

completely effective, as toxic prions do arise and propagate, but we shall see that an array of 

proteins are devoted to this task.

What is an ‘anti-prion system’?

Overproduction or deficiency of a variety of cellular components, particularly chaperones, 

can lead to the curing of yeast prions. Examples include overproduced Hsp104 (19), Hsp40s 

(20, 21), transcription factors and ribosomal protein Rrp0 (21), Sse1p (22), Hsp42 (23) and 

the ribosome-associated Hsp70s Ssb1,2 (24). Deficiency of Hsp104 (19), Ssa1p (25) or 

Ssa2p (26), Sis1p (27, 28), Cpr7p (29), Swa2p (30), Fes1p or Sse1p (22) can also cure 

prions. These studies have revealed many of the requirements for prion propagation, 

conditions that affect prion stability, and have led to the discovery of anti-prion systems. 

However, not all such manipulations reflect the action of anti-prion systems, as the artificial 

amplification or elimination of protein expression may not naturally occur. By ‘anti-prion 
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system’ we mean components that cure prions in a normal cell, a cell in which no proteins 

are deleted or overproduced. This phenomenon has been shown by allowing prions to arise 

in a strain lacking the component being tested, and then replacing the missing gene. If prions 

that arose in its absence are cured by restoring the normal level of the protein, this protein is 

assumed to be part of an ‘anti-prion system’.

Anti-prion action of Btn2p and Cur1p.

In a screen for proteins whose overexpression cures the [URE3] prion, paralogs Btn2p and 

Cur1p were detected (31). Overexpressed Btn2p was found to collect the prion aggregates of 

Ure2p in one place in the cell, a place that coincided with Btn2p itself. It was suggested that 

Btn2p sequestered the Ure2p prion aggregates in one place so that on cell division, one of 

the daughter cells would get the lump of Ure2p amyloid and the other would often get no 

amyloid and so be cured of the prion (31)(Fig. 2). Subsequent work showed that 

overexpressed Btn2p could also cure an artificial prion (32), and that Btn2p’s aggregate-

sequestering abilities were not limited to prion aggregagtes, but worked on a variety of non-

prion aggregates as well (32, 33).

Btn2p also acts as a protein-sorting gene, involved in retrieval of specific ‘cargo proteins’ 

from the late endosomes to the Golgi (34). However the relation of this activity to its role in 

collecting aggregates is, at this time, obscure.

Cur1p overproduction was as effective as Btn2p in curing [URE3], but no co-localization of 

Cur1p with Ure2p aggregates could be observed (31). Btn2p was found to be located 

adjacent to the nucleus (the latter marked by the tRNA:pseudouridine synthase Pus1-GFP), 

while Cur1p was located inside and throughout the nucleus. Btn2p did not need Cur1p to 

cure [URE3], nor did Cur1p need Btn2p. However, curing by Btn2p requires Hsp42 (23), a 

small heat shock protein previously shown to capture non-prion aggregates (35). Hsp42 

overproduction also cures [URE3], in a process requiring Cur1p (23). Whether normal levels 

of Hsp42 cure some [URE3] variants has not yet been reported. Btn2p also collects non-

prion aggregates to a non-nuclear site (33). Another group reports Btn2p is in the nucleus, to 

which it attracts non-prion aggregates (36). Hsp42 also collects non-prion aggregates to a 

peripheral site (35, 36).

To determine whether normal levels of Btn2p or Cur1p could cure some [URE3] variants, 

we isolated [URE3]s in a btn2Δ cur1Δ double mutant, and restored normal levels of both 

proteins by mating with an isogenic wild-type strain. Surprisingly, nearly all of the [URE3] 

variants were cured in the diploids, and the frequency of spontaneous [URE3] generation is 

elevated five-fold in the btn2Δ cur1Δ double mutant (23). The few variants not cured by 

restoring Btn2p and Cur1p were those with a high prion seed/propagon number, consistent 

with Btn2p’s sequestration mechanism (Fig. 2) (23). Normal levels of either Btn2p or Cur1p 

could cure these low propagon [URE3] variants, but overexpression was needed to cure 

variants with a high number of amyloid lumps.

Because overproduction of Sis1p, an Hsp40 chaperone required for propagation of [URE3] 

and [PIN+] (among others) (27, 28), suppresses Btn2p and Cur1p overproduction curing, 
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and both Btn2p and Cur1p associate with Sis1p in vivo, it was proposed that Btn2p and 

Cur1p overproduction cure [URE3] by sequestering Sis1p (32, 37). This proposal for Btn2p 

does not explain the association of Btn2p with Ure2p aggregates in the course of curing (31, 

38), the specificity for low-propagon variants of [URE3], and the fact that the very low 

abundance Btn2p or Cur1p (together or individually) cure many [URE3] variants without 

overproduction in the face of vastly higher amounts of Sis1p (23). Nor does it account for 

the failure of overproduced Btn2p or Cur1p to cure [PIN+] (31), whose requirement for 

Sis1p resembles that of [URE3] (27). Deletion of the nuclear localization signal of Btn2p is 

reported to prevent its curing [URE3] (32), but other deletions eliminating the same NLS 

were reported by others not to prevent [URE3] curing (31). Rather, the overproduced Sis1p 

may be sequestering Btn2p (or Cur1p) and preventing their prion curing action, the reverse 

of the proposed mechanism. Btn3p is a Btn2p-binding protein that has just this action, 

inhibiting curing of [URE3] by overproduced Btn2p as well as the protein-sorting actions of 

Btn2p (38).

Thus, Btn2p and Cur1p are anti-prion components, acting at their normal levels to cure the 

[URE3] prion. Neither protein cures the [PSI+] prion, even if overproduced (31).

An anti-[PSI+] activity of Hsp104.

Deficiency of the disaggregating chaperone Hsp104 results in loss of all amyloid-based 

yeast prions (19, 39). Hsp104, working with Hsp70s and Hsp40s (40, 41), cleaves filaments 

by removing a monomer from the middle of the fiber (42, 43), thereby generating new prion 

seeds (reviewed by (39)). Overproduction of Hsp104 also cures the [PSI+] prion (19).

The prion-curing activity of Hsp104 is distinct from its prion – propagating activity in 

several ways. First, the overproduction-curing activity only works on [PSI+], not on any 

other yeast amyloid-based prions, all of which require Hsp104 for propagation. Second, 

deletion of or mutations (such as hsp104T160M) in the N-terminal domain of Hsp104 

completely eliminate the prion-curing activity without affecting the [PSI+]-propagation 

activity of the protein (42). Third, the overproduction curing activity requires the activity of 

the co-chaperone Sti1p (44, 45), a TPR repeat containing protein that interacts with the 

EEVD or DDLD C-terminal sites on the Hsp70, Hsp90 or Hsp104 chaperones, but Sti1p is 

not needed for [PSI+] propagation (46). Partial inhibition of Hsp90 by radicicol or mutation 

also block curing of [PSI+] by overproduction of Hsp104, but did not affect propagation of 

[PSI+] (44).

Using an approach similar to that developed to study Btn2p and Cur1p curing, [PSI+] 

variants were isolated in an hsp104T160M host and transferred to isogenic wild type or 

hsp104T160M strains by cytoduction (cytoplasmic mixing). Over half of the [PSI+] variants 

were efficiently transferred to the hsp104T160M recipient and propagated stably, but were 

quickly lost in a wild type host (47). Detailed analysis showed that normal levels of wild 

type Hsp104 cured a majority of [PSI+] variants arising in the hsp104T160M mutant (47). 

Like Hsp104 overproduction curing, curing by normal levels of the protein required Sti1p 

and Hsp90 activity. The frequency of [PSI+] arising in the hsp104T160M mutant was ~13 

fold higher than in the isogenic wild type strain (47). Remarkably, Hsp104, whose filament 
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cleaving activity is indispensable for [PSI+] propagation, removes most of the [PSI+] prions 

arising in a normal cell by a different activity of the same protein.

Siw14p and inositol polyphosphate control of [PSI+] prion propagation.

A general screen was devised that did not depend on overproduction curing, but could detect 

components which at their normal levels could cure some [PSI+] variant (48). This screen 

detected SIW14, and detailed analysis showed that about half of [PSI+] variants arising in an 

siw14Δ strain were cured by replacing the normal gene, expressed from its own promoter. 

Thus, SIW14 qualifies as an anti-prion gene, which in normal cells cures a portion of [PSI+] 

variants arising (48).

SIW14 encodes a pyrophosphatase specifically attacking 5- pyrophosphate inositol 

pentakisphosphate (5PP-IP5) (49). The inositol polyphosphates (see Fig.3) are important 

signalling molecules, affecting polyphosphate accumulation, vesicle trafficking, telomere 

shortening, DNA repair, phosphatase regulation, response to certain stress conditions, and 

other functions (50, 51). In siw14Δ mutants, the amount of 5PP-IP5 is substantially elevated 

(49), suggesting that elevation of this and/or other inositol polyphosphates is favorable for 

[PSI+] propagation. Confirming this hypothesis, it was found that loss of Arg82p, encoding 

the inositol multikinase that phosphorylates the 6 and 3 positions (52, 53), was needed for 

propagation of all of 24 random [PSI+] variants tested (48). Detailed examination of various 

mutants blocked in the inositol polyphosphate pathway (Fig. 3) showed that IP6, 5PP-IP4 

and presumably 5PP-IP5 are each sufficient to support [PSI+] propagation (48). Evidence 

suggesting that 1PP-IP5 inhibits [PSI+] propagation was also reported. The loss of [PSI+] in 

arg82Δ strains was not abrogated by a mutation of Hsp104 eliminating its [PSI+]-curing 

activity, implying that these are two distinct systems (48). [URE3] was also not affected by 

arg82Δ.

The “environmental stress response” is a transcriptional program induced by exposure to 

heat, oxidation or hyperosmotic conditions, and requiring inositol pyrophosphates (54). 

However, this system is inoperative in kcs1Δ vip1Δ double mutants, but [PSI+] propagates 

well in such strains. Moreover, the requirement for inositol polyphosphates for [PSI+] 

propagation was observed without any of the known stress conditions that induce this 

transcriptional response (48).

The mechanism by which inositol polyphosphates control [PSI+] prion propagation remains 

unclear at this time. Possible targets identified as binding specifically to affinity columns for 

IP6 and 5PP-IP5 included Ssb1p, Ssb2p, Hsp26 and Sse1p (55). While each of these proteins 

are known to affect [PSI+], there is as yet no clear evidence for a role in inositol 

polyphosphate effect.

Nonsense-mediated mRNA decay proteins cure [PSI+] prions arising in 

their absence.

The same screen that found the inositol pyrophosphate cleaving pyrophosphatase had an anti 

– prion action, selected the UPF genes, encoding components of the nonsense-mediated 
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mRNA decay pathway (NMD) (56). Upf1p, Upf2p and Upf3p form a complex that binds to 

Sup35p and Sup45p, and screens mRNAs during translation, inducing rapid degradation of 

those whose termination codon is located early in the open reading frame (57, 58). The upf 
mutants show increased frequencies of spontaneous and induced [PSI+] formation, and 

nearly all of the [PSI+] variants arising are cured by merely restoring normal levels of these 

proteins (56). A [PSI+] variant isolated in a upf1Δ strain (called [PSI+u1s] for Upf1p 

sensitive) is stable in a upf2Δ or upf3Δ strain, suggesting that it is the Upf1-2-3 complex that 

is important here. Detailed mutation analysis of UPF1 and UPF2 show that there is no clear 

correlation of ability to cure [PSI+u1s] and either NMD activity or translation termination 

efficiency, or any of the ATPase, helicase or other activities of the encoded proteins, but that 

the ability of the proteins to interact with Sup35p and to form the Upf1-2-3 complex is 

crucial (56).

Upf1p is known to associate with Sup35p in extracts of wild-type or [PSI+] strains (59), and 

using Upf1-RFP and Sup35-GFP, the association was confirmed in vivo (56). The prion 

aggregates appear to deplete the rest of the cytoplasm of Upf1p, suggesting that some of the 

nonsense-suppression phenotype of [PSI+] cells is a result of preventing NMD and the 

known nonsense-suppression effect of Upf protein deficiency. In addition, purified Upf1p at 

decinormal concentrations inhibited amyloid formation by Sup35p in vitro, but had no effect 

on amyloid formation by Ure2p at ten-fold levels (56).

The normal direct binding of Upf monomers and the Upf1-2-3 complex to Sup35p may 

compete with the amyloid filaments for Sup35p monomers sufficiently well that many prion 

variants fail to propagate. Alternatively, the binding of the Upf1-2-3 complex to the amyloid 

filaments may block the fiber growth points sufficiently to allow other cellular systems to 

dismantle the prions (56) (Fig. 4). The Upf proteins are evolved primarily to carry out 

nonsense-mediated mRNA decay, but their clear anti-prion activity, presumably specific for 

[PSI+], may reflect a general notion, namely, that normal protein-protein interactions 

(between Upfs and Sup35p) can be expected to inhibit (or even reverse) the pathologic 

protein-protein interactions between Sup35p monomers in forming amyloid. Seeking ways 

to strengthen these normal interactions may provide an approach to treatment of amyloid/

prion diseases.

Like the Upf effected discussed above, the elevated frequency of [PSI+] generation induced 

by overproduction of Sup35p (60) is prevented by overproduction of the other subunit of the 

translation termination factor, Sup45p (61). However, it is not clear that Sup35p is ever 

naturally overexpressed, and it would be difficult to test whether normal levels of Sup45p 

can cure any [PSI+] prions because Sup45 is essential.

Ssb chaperones of the Hsp70 family inhibit [PSI+] prion generation.

Ssb1p and Ssb2p are paralogous ribosome-associated chaperones that assist the proper 

folding of nascent proteins (62, 63). Deletion of SSB1 and SSB2, (or ZUO1 or SSZ1, other 

components of the ribosome-associated complex) results in a ten-fold increase in the 

frequency with which [PSI+] arises spontaneously, suggesting that Ssb1p and Ssb2p play a 

role for proteins analogous to DNA repair proteins (64–67). Restoration of Ssb proteins to a 
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ssb1 ssb2 double mutant does not cure the [PSI+]s formed in their absence, unlike other 

systems discussed above. However, overexpression of Ssb1p can cure [PSI+] (68). The Ssb’s 

apparently act at normal levels to prevent the generation of [PSI+], presumably by their 

normal role in facilitating proper folding of nascent proteins.

Do proteases inhibit [PSI+] prion generation?

It has recently been reported that mutants lacking protease B (or protease A, needed for 

protease B maturation) have 2–3 fold higher rates of [PSI+] generation (69). This effect is 

correlated with the appearance in extracts of wild type strains of a shortened form of 

Sup35p, lacking the first 38 residues of the prion domain. This could be viewed as an anti-

prion system. However, it remains to be shown that the Sup35p cleavage happens inside the 

cells, and that the small difference in [PSI+] generation is not due to a chance difference in 

[PIN+] variants between the strains (70).

Sis1p chaperone of the Hsp40 family prevents lethality of otherwise mild 

[PSI+] variants.

Over half of the [PSI+] variants arising in a wild type cell are toxic or lethal, as discussed 

below, but many do not have any obvious effect on growth (‘mild’ variants) (3). Sis1p is an 

abundant essential Hsp40 that has been shown to be more required for propagation of 

[URE3], [PIN+], [PSI+] and [SWI+] than it is for cell growth (27, 28). Sis1p has a role in 

Hsp104-overproduction curing of [PSI+], but it also is important in preventing the toxicity of 

[PSI+] variants that are mild in wild type strains (71). The C-terminal domain of Sis1p is not 

essential for cell growth, or for the propagation of [PSI+], but its deletion makes a ‘mild’ 

[PSI+] variant (of strong phenotype but not very pathogenic in a wild-type host) be lethal 

(71). The experiments clearly showed that the prion was not lost in the host with deleted 

Sis1p C-terminal domain, but when [PSI+] was present, the cells could not grow. The 

mechanism of the toxicity is not yet clear.

Multiple anti-prion systems are (another) sign that yeast prions are 

diseases.

There have been several reports of special growth conditions under which yeast prions, 

particularly [PSI+], were advantageous (18, 72, 73), but these have not been reproducible (2, 

73, 74). However, even if a reproducible advantage of some prion were shown, it would be 

essential to show that the yeast ecological niche included the corresponding growth 

condition to an extent that it would justify the risks of developing a lethal yeast prion. 

Moreover, the reported tests considered only the mildest variants of these prions, not the 

more common toxic or lethal variants. The contention that yeast prions contribute to 

evolution of yeast by enhancing the diversity of phenotypes is not tenable if none of the 

phenotypes are reproducibly advantageous.

Sup35p is an essential protein and, suspecting that some [PSI+] variants would so efficiently 

convert the protein to amyloid that lethality would ensue, [PSI+] variants were isolated in a 

strain expressing a minimal amount of the essential part of the molecule, Sup35C, lacking 
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the prion domain, from a counter-selectable plasmid (3). In fact over half of the [PSI+] 

isolates grew extremely slowly on loss of the source of Sup35C, and some were lethal (3). In 

a strain in which deletion of URE2 resulted in no slowing of growth, a majority of [URE3] 

variants were extremely slow growing, with loss of the prion relieving the growth defect. 

These are toxic [URE3]s, harmful because of damage done by the Ure2p amyloid rather than 

by the absence of Ure2p (3). It is likely that similarly toxic [PSI+] variants or lethal [URE3]s 

exist, but that the right permissive condition has not yet been devised.

The rules of meiosis serve evolution of organisms because they demand that an allele 

become more common only because it benefits the host, improving its survival or 

reproductive ability. Infectious agents violate these rules, and can become widespread even 

if they are lethal. Chronic wasting disease, the uniformly lethal prion disease of elk and deer 

is prevalent in many areas of the west because it is infectious. If an infectious element were 

beneficial, it would spread more rapidly because selective advantage and infectivity would 

be working in the same direction instead of in opposition (17). Indeed, [URE3] and [PSI+] 

are rare in wild strains, showing that even the most advantageous [PSI+] or [URE3] variants 

are not advantageous at all (17).

Prion-forming ability of Ure2p and Sup35p is not conserved, but is sporadically distributed 

among species (75, 76), suggesting it is an unavoidable rare side-effect of maintaining the 

known functions of the prion domains of these proteins (77–79). Yeast cells show a stress 

reaction on acquiring even a mild [PSI+] or [URE3] prion (25, 80), suggesting the cells do 

not consider these prions an advantage. The disadvantages of acquiring the [URE3] or [PSI

+] prion are manifested, in part, by the more rapid evolution of the prion domains of Ure2p 

and Sup35p than the rest of the molecule, producing barriers to transmission of the prions, 

even within cerevisiae in the case of [PSI+] (81, 82).

All these facts argue that the known [PSI+] and [URE3] variants are detrimental to cells. 

The existence of multiple anti-prion systems reinforces this argument by bringing testimony 

from the cell itself. Arguments based on the advantages for evolution of more diversity of 

phenotype ignore the fact that there is no shortage of diversity among yeast or any other 

organism. Chromosomal DNA is constantly under assault from without (cosmic rays, X-

rays, UV light, etc.) and from within (transposons, spontaneous C to U change, chemical 

mutagens, polymerase errors, etc.), and the myriad of repair systems are inevitably 

imperfect. Even without new mutations, most populations already contain a vast array of 

alleles that are constantly being reshuffled by recombination, providing new combinations 

for natural selection to act on.

The Ssb proteins lower [PSI+] formation by about 10-fold by affecting generation, Hsp104 

by about 13-fold by curing, Siw14p by about 2-fold by curing, and the Upf proteins about 5 

to 10-fold by curing. If these systems are working independently, the true frequency of [PSI

+] formation must be dramatically higher than is apparent in a wild type strain. Further, this 

work reveals a scope of possible prion variants much wider than is usually met with. 

Looking for curing in normal cells identifies systems that are working all the time. Of 

course, Hsp104, Btn2p, and Cur1p were found by overproduction curing screens, and later 

proven to work without overproduction, but Siw14p and the Upf’s cannot be found this way 
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as their overproduction does not cure the usual [PSI+] variants. It is possible that other 

components whose overproduction cures yeast prions will be found to be anti-prion elements 

in the sense used here. It is further noteworthy that the extensive studies of [PSI+] and 

[URE3] have revealed mostly non-overlapping sets of proteins involved in their propagation 

and elimination. It would doubtless be useful if a similar level of effort were applied to other 

yeast prions.

With the increasing recognition of the close relation between the human prion diseases, and 

the traditional amyloidoses, the characterization of anti-prion systems is of great importance, 

and may lead to applications in therapy. Just as we harness the cellular and humoral and 

RNAi, etc. systems to prevent human infections, we should try to harness the natural anti-

prion / anti-amyloid systems to combat human prions and amyloidoses. One important 

distinction between the anti-viral/anti-bacterial systems and anti-prion/anti-amyloid systems 

is that the former deal with an external invader, while the latterdeal with a truly endogenous 

danger. Even infections with prions of external origin are using the same potential for 

amyloid formation that is the basis of the spontaneous (endogenous) prion formation cases. 

The elucidation of the anti-prion systems has proceeded largely through studies in yeast, but 

remains in an early stage of understanding.
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Figure 1. 
End-on view of an amyloid filament. The folded, parallel in-register β-sheet architecture of 

infectious amyloids of the prion domains of Sup35p, Ure2p and Rnq1p may explain the 

ability of prion variants to propagate the amyloid conformation. Prion variants are proposed 

to differ in the location of the folds of the β-sheet. Favorable interactions among identical 

amino acid side chains (H-bonding or hydrophobic interactions) require that adjacent 

molecules be aligned (in-register). This forces molecules joining the ends of the filaments to 

have their turns (= folds of the sheet) in the same locations as molecules already in the sheet. 

This constitutes templating of conformation, and can explain how each prion variant is 

stably propagated (2). Modified from ref. (2).
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Figure 2. 
The sequestration model for Btn2p curing of [URE3] (31). The amyloid aggregates of Ure2p 

are collected at one place in the cell so that on cell division, the chance of one of the 

daughter cells receiving no aggregate is enhanced. Modified from (31).
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Figure 3. 
Pathways of biosynthesis and degradation of the soluble inositol poly-/pyro-phosphates (49–

51). Myo-inositol is an isomer of cyclohexane-1,2,3,4,5,6 hexol. Some species help [PSI+] 

propagate, while one other species may block [PSI+] propagation (48). Modified from (48).

Wickner et al. Page 17

Biochemistry. Author manuscript; available in PMC 2020 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Two models for Upf proteins curing of [PSI+u1s] variants: A. In cells missing a Upf protein, 

Sup35p monomers add to the ends of amyloid filaments. B. Upf proteins and the Upf1,2,3 

complex compete with amyloid filaments for Sup35p monomers slowing filament growth. B. 

The Upf1,2,3 complex binds to the ends/growing points of amyloid filaments of Sup35p 

blocking addition of Sup35 monomers (56).
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Table 1.

Yeast and fungal prions

Priori Priori protein Normal form function Ref.

[URE3] Ure2p Nitrogen catabolite repression (1)

[PSI+] Sup35p Translation termination (1)

[PIN+]/[RNQ+] Rnq1p unknown (83–85)

[Het-s] HET-s Heterokaryon incompatibility. The prion form carries out the normal function. (86)

[BETA] Prb1p Vacuolar protease B. Activated (prion) form needed for sporulation and survival in stationary 
phase.

(5)

[SWI+] Swi1p Chromatin remodeling (87)

[OCT+] Cyc8p Transcription co-repressor (88)

[MOT+] Mot3p Transcription factor (89)

[MOD+] Mod5p tRNA isopentenyltransferase (90)
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Table 2.

Anti-prion systems in yeast

Anti-prion protein Target priori Action Mechanism Ref.

Btn2p [URE3] curing Sequester amyloid (23, 31)

Cur1p [URE3] curing unkown (23, 31)

Ssb1,2p [PSI+] block generation assist proper folding (64, 91)

Sis1p [PSI+] block lethality unknown (71)

Hsp104p [PSI+] curing controversial (47)

Siw14p [PSI+] curing lowering inositol 5-pyrophosphates (48)

Upf1,2,3p [PSI+] curing binding Sup35p or blocking amyloid elongation (56)
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