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Background

Reed Wickner launched the yeast prion field in 1994 when he 
showed the non-Mendelian genetic element [URE3] propagated 
as an infectious form of the Ure2 protein.1 At the same time he 
proposed that another genetic element, [PSI+], propagated as a 
prion of the Sup35 protein. His discovery of the genetic identities 
of [URE3] and [PSI+] provided a simple and satisfying explana-
tion for a large body of puzzling data regarding these elements. 
It also established yeast as a system for studying amyloid and the 
prion-like behavior of proteins.

The yeast system has since provided much insight into vari-
ous aspects of prion biology. Having the advantages of facile and 
powerful genetics and molecular biology, the fungal prion field 
was first to confirm the prion hypothesis by demonstrating that 
proteins alone can act as infectious agents.2-6 Meeting the genetic 
criteria for yeast prions defined by Wickner, several other yeast 
proteins also have been found to be capable of behaving as infec-
tious proteins. Like their mammalian counterparts, the basis of 
the prion phenotype is the propensity of these proteins to misfold 
and form highly ordered fibrous aggregates called amyloid.

Since prions are improperly folded proteins, it is not surprising 
that alterations in abundance or function of protein chaperones 
and co-chaperones strongly influence yeast prion propagation. 
Many of these factors were identified on the basis of how their 
overexpression or depletion affects prion phenotypes. Molecular 
chaperones and co-chaperones overlap functionally, interact 
in complex ways, and their expression is feedback regulated. 
Therefore, it is difficult to know how altering abundance of 
any one of them influences cellular chaperone activity overall or 
whether any influence on prions can be attributed solely to the 
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The yeast system has provided considerable insight into 
the biology of amyloid and prions. Here we focus on how 
alterations in abundance or function of protein chaperones 
and co-chaperones affect propagation of yeast prions. In spite 
of a considerable amount of information, a clear understanding 
of the molecular mechanisms underlying these effects remains 
wanting.
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effects of increasing or eliminating a specific activity of a particu-
lar chaperone. Moreover, the ways different prions respond to the 
same chaperone alterations are highly variable, even though all 
yeast prions so far characterized possess similar core structures.7-9 
Given this complexity, it is easy to see why our understanding 
of the molecular mechanisms underlying most of these effects is 
limited.

What triggers appearance of yeast prions is uncertain, but 
once present they can propagate very stably under normal growth 
conditions. In order to persist in a growing population, yeast pri-
ons must grow, replicate and be transmitted to daughter cells 
(Fig. 1). Although it is widely accepted that yeast prion repli-
cation requires fragmentation of prion polymers by the action 
of the Hsp104 disaggregation machinery, to what extent chaper-
ones might influence growth or transmission of prion polymers 
is much less clear.

Hsp104

Protein chaperones were first reported to be involved in yeast 
prion propagation when Yury Chernoff and colleagues showed 
that exogenously increasing Hsp104 abundance eliminates 
[PSI+].10 This study also showed that stable [PSI+] propagation 
depends on normal uninduced levels of Hsp104. This require-
ment of Hsp104 is shared by the other amyloid-like yeast pri-
ons. However, none of these others are eliminated similarly by 
elevated Hsp104.11-14 Although this example of prion curing is 
unique to [PSI+], it has been the basis of many findings regard-
ing the involvement of several other factors in prion propagation.

Agreement in the field about the mechanism underlying the 
general requirement of Hsp104 for prion replication is that the 
disaggregation machinery acts directly on prion fibers to sever 
them, thereby generating new prion seeds from preexisting 
material.15-17 Hsp104 is a hexameric chaperone that resolubilizes 
proteins from aggregates by extruding them through an axial 
channel of the hexamer.18 This disaggregation reaction, which 
depends on Hsp70 and Hsp40, plays the major role in restoring 
viability after cells are exposed to severe stress (Fig. 2A).19-21 The 
efficiency of substrate threading by the Hsp104 machinery cor-
relates directly with strength of [PSI+] propagation, indicating 
that this threading activity is also required for prion replication.22 
Prion replication presumably occurs when Hsp104 machinery 
extracts monomers from a prion fiber, causing the fiber to become 
unstable and break into independently propagating prions  
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supports [PSI+] propagation like wild type Hsp104, indicating 
it acts normally on Sup35p prions as substrates. Hsp104T160M 
also functions normally in thermotolerance and reactivation 
of thermally denatured luciferase in vivo.22 Overexpressing 
Hsp104T160M, however, does not affect [PSI+], implying that 
something in addition to these Hsp104 functions are required to 
cure cells of [PSI+].

Recent findings support this interpretation. Recessive muta-
tions in the Hsp70 co-chaperone Sis1p that block the curing indi-
cate that a specific Sis1p activity is needed to cure cells of [PSI+],28 
and factors that are not known to play a role in Hsp104 mediated 
thermotolerance or resolubilization of denatured proteins are also 
crucial for the curing. Reducing ubiquitin (Ub) levels reduces 
the curing, while increasing Ub enhances it.29,30 Sup35p is not 
ubiquitylated under either of these conditions, suggesting that 
Ub-mediated regulation or turnover of an unknown component 
is important for the curing process. The Hsp90 chaperone sys-
tem, which serves as a post-translational regulator of many cel-
lular processes, is also important for the curing mechanism.30,31 
Increasing Hsp90 abundance does not affect curing by overex-
pressed Hsp104.32 However, although neither deleting Hsp70/
Hsp90 coordinating co-chaperone Sti1p nor chemical inhibition 
of Hsp90 affect [PSI+] propagation, either treatment strongly 
inhibits the curing.30,31 Evidence suggests cell division is also 
required for the curing,30 which argues against curing by com-
plete disaggregation since even a non-dividing cell overexpressing 
Hsp104 would be able to eliminate the prion if Hsp104 could 
simply dissolve it. Together these findings are difficult to recon-
cile with the conclusion that [PSI+] curing by overexpression of 
Hsp104 occurs simply by complete resolubilization of prion tem-
plates by Hsp104.

Hsp70 and its Co-Chaperones

Hsp70 and its obligate co-chaperone Hsp40 cooperate to bind 
exposed hydrophobic surfaces on partially folded proteins  
(Fig. 2A). This activity helps proteins adopt and maintain native 
conformation, provides a primary response to stress by prevent-
ing aggregation of misfolded proteins, and plays an essential role 
in many cellular processes such as translation and membrane 
transport.33 Many co-chaperones other than Hsp40 also regulate 
Hsp70 activity. These co-chaperones might influence activity of 
the Hsp104/Hsp70/Hsp40 machinery through their effects on 
Hsp70.

An influence of Hsp70 on yeast prions was first identified in 
a candidate gene approach when overexpression of the Hsp70 
Ssa1p was shown to inhibit Hsp104 curing of [PSI+].32 Since 
balancing abundance of components of the same machinery 
might be expected to improve machinery function, this finding 
might not have been anticipated if curing was thought to be due 
to increased disaggregation. Increasing expression of Ssa1p also 
enhances aggregation of Sup35p in [PSI+] cells,34 which again is 
counterintuitive given the important role of Hsp70 in prevent-
ing protein aggregation. Possible explanations for the inhibition 
of Hsp104 curing are that increasing Ssa1p abundance promotes 
prion aggregation or protects prion fibers by binding them and 

(Fig. 2B). This replication process is crucial for stable prion prop-
agation because if the number of prions per cell does not double 
in the time it takes cells to divide, then cells lacking the prion 
will arise in the population as eventually there will be more cells 
than prions.

The dependency of yeast prions on Hsp104 machinery for 
fragmentation implies that prion fibers are generally too sturdy 
to break often enough on their own to keep pace with cell divi-
sion. [PHI+], an exceptional hybrid prion that does not require 
Hsp104 to propagate stably, possibly confirms this notion.23 
[PHI+] is formed of Sup35p containing a substitution in part of 
its prion-determining region. This modified Sup35p assembles 
into shorter than normal fibers in vitro, suggesting it might be 
fragile enough to break adequately without assistance from the 
Hsp104 machinery.

Although the mechanism of how the Hsp104 machinery 
acts in prion replication is well defined, our understanding of 
the molecular mechanisms underlying the many other ways that 
Hsp104 and other factors influence prion propagation is very 
limited. For example, mechanistic explanations of how overex-
pressed Hsp104 cures cells of [PSI+] and why the other prions 
are insensitive to this treatment remain unresolved. Data from in 
vitro and in vivo studies lead to different conclusions about how 
this curing occurs. Consistent with observations of how changes 
in Hsp104 abundance affect [PSI+], low amounts of Hsp104 pro-
mote nucleation and growth of Sup35p amyloid fibrils in vitro, 
but higher amounts block growth.24 These higher amounts also 
“exterminate” mature Sup35p amyloid fibrils, destroying their 
ability to induce [PSI+] when used to transfect yeast. In line with 
the specificity of [PSI+] curing, high amounts of Hsp104 had a 
similar destructive effect on Ure2p amyloid fibrils, but the result-
ing material retained residual infectivity to induce [URE3].25 
Invoking a simple mass action effect of increased disaggregation 
activity, the authors proposed that overexpressing Hsp104 cures 
cells of [PSI+] by completely dissolving Sup35p fibrils.

In vivo, however, SDS resistant Sup35p polymers appear to 
increase in size when Hsp104 is overexpressed.17 Additionally, 
elevating the substrate threading and protein resolubilizing func-
tions of Hsp104 that are required for prion propagation are not 
enough to cause [PSI+] to be eliminated.22,26,27 Hsp104 with a 
point mutation in its amino-terminal domain (Hsp104T160M) 

Figure 1. In order for prions to propagate stably in yeast they must 
grow, replicate and be transmitted efficiently to daughter cells (red 
arrows). Growth occurs when the soluble form of a prion protein (ovals) 
is converted into the prion conformation as it joins the end of a prion 
fiber (stack of rectangles). Replication occurs when prion fibers break 
into more numerous pieces that each can continue to propagate the 
prion conformation. Transmission of prions to daughter cells can occur 
by passive diffusion with cytoplasm.
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them at physiological levels, but also that these highly homolo-
gous Hsp70s each possess unique activities that distinctly influ-
ence some aspect of prion growth, replication or transmission. 
The bases for these differences is not yet known, but given the 
wide range of roles Hsp70s play in the cell they might be indirect. 
Regardless of the explanation, the mechanisms likely involve dif-
ferences in ways the Hsp70s interact with and are regulated by 
co-chaperones.

Several co-chaperones that regulate Hsp70 influence prions 
in various ways.12,38,44-46 S. cerevisiae has 13 cytosolic Hsp40s, 
which promote Hsp70 binding to substrates.47 Overexpressing 
the Hsp40 Ydj1p cures cells of [URE3], but not [PSI+].12 
Mutagenesis of Ydj1p showed its interaction with Hsp70 is both 
necessary and sufficient for the curing.48 Efficiency of this curing 
also depends on interaction of Ydj1p with specific Ssa Hsp70s.49 
Depleting the essential Hsp40 Sis1p causes rapid and efficient 
loss of [URE3] and [PIN+]/[RNQ1] prions, but delayed and 

restricting access to Hsp104.32,34 In support of the latter notion, 
Hsp70 and Hsp40 were found to be associated with Sup35p from 
[PSI+] cells, but not from [psi-] cells.35 This same interpretation 
explained the observations that although strength of [PSI+] phe-
notype is weakened by growth at elevated temperature, which 
induces expression of all three chaperones, normal [PSI+] prions 
are not cured efficiently by such treatment. Weak “strains” of 
[PSI+], however, can be destabilized by a rapid shift to elevated 
temperature.36 Although this instability is presumed to be caused 
by transient imbalance of Hsp104 and Hsp70 abundance due to 
different rates of induction, the mechanisms of how variations of 
Hsp70 abundance influence curing of [PSI+] by elevated Hsp104 
remain speculative.

A mutant Ssa1p, designated Ssa1-21p, destabilizes [PSI+] in a 
manner very similar to that of elevated Hsp104.37 Several Hsp70 
co-chaperones were identified as being important for Ssa1-21p to 
impair [PSI+] propagation.28,38 All of these are also important for 
Hsp104 curing of [PSI+], implying that Ssa1-21p impairs [PSI+] 
by a mechanism similar to that of overexpressed Hsp104.28,30,31 
Although the basis of this impairment has yet to be worked out, 
these findings suggest that Hsp70 and its co-chaperones contrib-
ute importantly to the mechanism of curing by overexpressed 
Hsp104.

Yeast have six canonical cytoplasmic Hsp70s; four of the 
essential Ssa subfamily and two of the ribosome-associated Ssb 
subfamily. Ssa1p and Ssb1p are 64% identical and overlap func-
tionally,39,40 and both subfamilies function by the same generic 
ATP and co-chaperone regulated cycle of binding and releasing 
hydrophobic surfaces on protein substrates. When overexpressed, 
all four Ssa Hsp70s similarly inhibit [PSI+] curing by Hsp104 and 
promote de novo formation of [PSI+].34 Overexpressing Ssb, how-
ever, enhances prion curing by overexpressed Hsp104 and delet-
ing Ssb increases de novo formation of [PSI+].41 These findings 
suggest that despite their high homology, the Ssa and Ssb Hsp70s 
interact with Hsp104 or prions in different ways that determine 
whether Hsp104 influences [PSI+] propagation in a positive or 
negative manner.

Amino acid identity across the Ssa subfamily is greater than 
80%, so the common [PSI+]-promoting effect they have when 
they are overexpressed is not unexpected. However, when indi-
vidual Ssa Hsp70s are expressed at physiological levels as the only 
Ssa Hsp70 in the cell, each of the four Ssa proteins affects the 
strength and stability of [PSI+] differently,42 showing that one 
and the same prion can be affected differently by highly homolo-
gous Hsp70s. In contrast to the effects on [PSI+], [URE3] propa-
gation is impaired by overexpressing Ssa1p.43 Yet, overexpressing 
the 98% identical Ssa2p does not affect [URE3].43 Cells express-
ing individual Ssa proteins also display different [URE3] phe-
notypes, and again, the way three of the four Ssa Hsp70s affect 
[URE3] is opposite to way they affect [PSI+].42 Thus, despite 
possessing the same reaction cycle and interacting similarly with 
substrates, nearly identical Hsp70s influence the same prion in 
different ways, and the ways different prions respond to individ-
ual Hsp70s is different.

These findings show not only that overexpressing individual 
Hsp70s can have very different effects on prions than expressing 

Figure 2. Models for the action of protein chaperones in stress protec-
tion (A) and yeast prion propagation (B). (A) Hsp70 (blue) and Hsp40 
(red) prevent aggregation of proteins by binding and masking exposed 
hydrophobic surfaces on partially unfolded proteins. Release of the sub-
strate, catalyzed by nucleotide exchange factors (not shown), provides 
an opportunity for the protein to regain its native conformation. Hsp70 
can also promote degradation of misfolded proteins. Hsp104 (purple), 
assisted by Hsp70 and Hsp40, resolubilizes proteins from aggregates by 
extruding individual polypeptides through its axial pore. The combined 
action of Hsp70, Hsp40 and Hsp104 drives the reaction toward the 
native state. (B) A similar reaction of the Hsp104/70/40 machine as in 
(A) but acting on a prion polymer, which is shown as stacked rect-
angles representing amyloid. Extraction of a monomer from within the 
polymer by the Hsp104/70/40 system destabilizes the fiber, allowing it 
to break into pieces, each of which continues to propagate the amyloid 
structure. The fate of the extracted monomer is uncertain (question 
mark). In order for the prion to be transmitted efficiently to daughter 
cells, new fibers must be created continually by the action of this chap-
erone machinery.
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alterations produce general and predictable effects on prions. 
The only trait that native yeast amyloid-based prions display to 
a similar degree is their dependency on Hsp104 for replication 
(although the nuclear-localized prion of Sfp1p, designated [ISP+], 
has the unusual property of being eliminated by the Hsp104-
inactivating compound guanidine-HCl, but not by deletion of 
the Hsp104 gene).55 Since Hsp70 and Hsp40 assist Hsp104, it is 
possible that effects they have on the different prions are medi-
ated through an effect on Hsp104 function. If so, then the vari-
ous ways Hsp70 and its co-chaperones affect prions could point 
to differences in the ways the different prions rely on this machin-
ery, perhaps determined by variations in amino acid sequence or 
particular configuration of prion polymers. Alternatively, Hsp70, 
Hsp40 and other co-chaperones might influence cellular pro-
cesses that yeast prions rely on for stable propagation. Disrupting 
actin dynamics, for example, strongly influences [PSI+] pheno-
types.56,57 An important challenge is to define more clearly the 
cellular and molecular events that produce the various effects 
that chaperones have on prion propagation. Meeting the chal-
lenge will undoubtedly require determining if Hsp70 and its co-
chaperones affect prions directly or indirectly, and to what extent 
chaperones specifically affect the processes of prion growth, rep-
lication and transmission.
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gradual loss of [PSI+].50 Certain Hsp40 functions of Sis1p are 
required for propagation of [PIN+] and are critical for curing of 
[PSI+] by Hsp104 overexpression.28,44 Yet, these and other Sis1p 
activities are dispensable for normal propagation of [PSI+], sug-
gesting other Hsp40s can substitute for Sis1p to support [PSI+].28 
The proposed role of Sis1p in prion replication is to recruit Hsp70 
and Hsp104 to prion polymers.51 The finding that Sis1p lacking 
its substrate binding region supports normal [PSI+] propagation 
is inconsistent with this proposal.28 Fes1p and Sse1p are nucle-
otide exchange factors that help Hsp70 release substrates.52,53 
Overexpressing Sse1p destabilizes [URE3] and inhibits [PSI+] 
curing by Hsp104, and deleting either Fes1p or Sse1p can destabi-
lize both [URE] and [PSI+].38,45,46,54 Whenever tested, the ability 
of these co-chaperones to regulate Hsp70 was found to be neces-
sary for them to exert their effects on prions. These findings show 
that alterations in proteins that regulate Hsp70 activity influence 
different prions in different ways, that effects of co-chaperones 
on prions are mediated through general and specific interactions 
with Hsp70, and again that chaperone activities important for 
prion propagation and elimination can be distinct.

Despite all this information, the complexity of the ways chap-
erones and co-chaperones interact and regulate each other’s activ-
ities and expression has made it difficult to say with confidence 
how their effects on prions are mediated at a molecular level. 
Adding to the difficulty are the differences in the ways various 
prions and even “strains” of the same prion respond to identi-
cal chaperone alterations. What mechanism would satisfyingly 
explain how structurally related prions can respond oppositely to 
the same chaperone alteration? On the whole, very few chaperone 
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