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Propagation of yeast prions requires normal abundance and 
activity of many protein chaperones. Central among them is 
Hsp70, a ubiquitous and essential chaperone involved in many 
diverse cellular processes that helps promote proper protein 
folding and acts as a critical component of several chaperone 
machines. Hsp70 is regulated by a large cohort of co-chaperones, 
whose effects on prions are likely mediated through Hsp70. 
Hsp104 is another chaperone, absent from mammalian cells, 
that resolubilizes proteins from aggregates. This activity, which 
minimally requires Hsp70 and its co-chaperone Hsp40, is essen-
tial for yeast prion replication. Although much is known about 
how yeast prions can be affected by altering protein chaperones, 
mechanistic explanations for these effects are uncertain. We 
discuss the variety of effects Hsp70 and its regulators have on 
different prions and how the effects might be due to the many 
ways chaperones interact with each other and with amyloid.

Yeast Prions

Yeast prions are believed to propagate as amyloid forms of 
cellular proteins. Amyloid is a fibrous aggregate of a single type 
of protein in which each monomer in the fiber has a similar non-
native fold that allows uniform linear stacking. Amyloid propagates 
by recruiting the soluble form of the protein and converting it 
into the same misshapen conformation as it adds to the end of 
the fiber. Although inheritable prion entities are widely believed 
to be amyloid fibers (an assumption we make to simplify our 
discussion), they have been termed propagons1 because it is not 
yet clear whether some other oligomeric intermediate or byproduct 
of amyloid propagation represents the actual infectious elements. 
The most widely studied yeast prions [URE3], [PSI+] and [PIN+]/
[RNQ1+] are altered forms of the proteins Ure2p, Sup35p and 
Rnq1p, respectively.2-7 Each has a region rich in polar residues 
referred to as a prion domain as it confers prion behavior. Purified 
Ure2p and Sup35p have high propensity to assemble into amyloid 

spontaneously and their prion domains form an amyloid core 
leaving the remaining portion of the protein properly folded.8-10 
The modular property of prion domains suggests this independence 
of domain structures is a general characteristic.7,11-13 The depletion 
of most of the soluble native protein into insoluble prion aggregates 
can confer a phenotype useful for monitoring the prion.

Despite having a highly organized structure, amyloid is an 
aggregate of misfolded protein so it is not surprising that protein 
chaperones strongly influence prion propagation in yeast. In order 
to be maintained in a growing yeast population, prions must grow, 
replicate and be transmitted to daughter cells. In vitro, purified 
Sup35p, Ure2p and Rnq1p spontaneously assemble into infec-
tious forms of amyloid, and once formed the amyloid catalyzes its 
own assembly from soluble protein.14-17 Likewise, once a prion is 
present in a yeast cell, continued growth of prion polymers prob-
ably occurs without assistance from chaperones. Transmission 
of prions occurs very efficiently from mother to daughter and 
between mating partners, and this step is also thought to be spon-
taneous through diffusion of cytoplasmic propagons, of which 
there can be hundreds per cell.18 Sonicating in vitro reactions 
accelerates amyloid assembly by fragmenting fibers, which gener-
ates more “seeds.” While growth or transmission of prions can be 
influenced by altering chaperone abundance or activity, replication 
of yeast prions, which is believed to be associated with fragmenta-
tion, depends critically on normal chaperone function.

Essential Role of Hsp104/70/40 Machinery for Prion 
Replication

Hsp104 is a hexameric ring-shaped AAA+ ATPase that resolu-
bilizes proteins from aggregates by extruding proteins through 
its central channel. It was identified in a search for proteins that 
inhibited [PSI+] propagation when expressed at elevated levels.19 
Paradoxically, deleting the non-essential Hsp104 also eliminated 
[PSI+]. Subsequent studies showed that Hsp104 acts in prion 
propagation by extruding monomers from prion fibers,20,21 which 
destabilizes them allowing them to break into pieces that each 
can act as a template for continued prion propagation.23,100 This 
activity is required for propagation of the known amyloidogenic 
prions (see Fig. 1).

Curiously, [PSI+] is the only native yeast prion eliminated 
efficiently by elevating expression of Hsp104.5,19,63,101,102 

Nevertheless, this curing effect has been widely viewed as resulting 
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of cellular protein folding and disaggregation machines.30,33-35 
Hsp70 has a role in all aspects of protein “quality control” including 
synthesis, translocation across membranes, protection from aggre-
gation during conditions of cellular stress, recovery from aggregates, 
and facilitating degradation or sequestration of irrecoverably 
misfolded or aggregated proteins.36-38 Hsp70 acts by binding 
and releasing exposed hydrophobic stretches of incompletely 
folded proteins (see Fig. 2). This cycle relies on conformational 
changes regulated by ATP hydrolysis and ADP/ATP exchange. 
ATP-bound Hsp70 has low substrate affinity and rapid exchange, 
while ADP-bound Hsp70 binds substrate with high affinity and 
slow exchange. Thus, ATP hydrolysis helps Hsp70 trap substrates 
while ADP release and rebinding of ATP allows substrate release. 
Binding of partially folded proteins masks hydrophobic surfaces 
to prevent aggregation or keep proteins extended during trans-
location. Cycling between low and high affinity states provides 
opportunities for incompletely folded proteins to fold properly 
when released, or to be re-bound. Eukaryotes typically encode 
several Hsp70 paralogs. S. cerevisiae encodes six canonical cytosolic 
Hsp70s, four of the essential Ssa subfamily (Ssa1p-Ssa4p) and two 
of the ribosome-associated Ssb subfamily.39-41

Hsp70 has very slow intrinsic ATP hydrolysis and ADP 
release, which provide key points for regulation of its reaction 
cycle. Accordingly, Hsp70 function is intimately associated with 
co-chaperones that regulate its function at these steps and recruit 
it to various sub-cellular locations or chaperone machineries.37 The 
most abundant and obligatory regulators are Hsp40s, which bind 
substrate with specificity overlapping that of Hsp70 and stimu-
late Hsp70 ATP hydrolysis. This combination of activities allows 
Hsp40 to present substrates to Hsp70 and coordinate Hsp70 
ATP hydrolysis with substrate binding.42,43 S. cerevisiae encodes 
over a dozen Hsp40 homologs, the major ones being Ydj1p and 
Sis1p. Among the others, Apj1p was identified as antagonizing 

from complete dissolution of prion aggregates by increased 
Hsp104 disaggregating activity. However, several Hsp104 mutants 
that function normally in [PSI+] propagation and protein disag-
gregation cannot cure cells of [PSI+] when overexpressed, showing 
that Hsp104 disaggregation activity is not enough to eliminate 
the prion.20 Other possibilities are that Hsp104 possesses an 
Hsp70/40-independent amyloid severing activity that inactivates 
infectivity of Sup35p amyloid specifically,22 although increasing 
Hsp104 in vivo increases size of prion polymers,23 or that elevating 
Hsp104 when it is not normally induced somehow specifically 
inhibits transmission of [PSI+] prions during cell division.1,24 
Evidence showing a role of Hsp104 in restricting inheritance of 
damaged proteins, and an involvement of the actin cytoskeleton 
in this process and in [PSI+] propagation are consistent with this 
latter idea.25-29

While the protein resolubilizing activity of Hsp104 is required 
for its function in prion propagation,20 Hsp70 and its obligatory 
Hsp40 partner are necessary for Hsp104 and similar AAA+ chap-
erones to resolubilize proteins from aggregates.30-32 Thus, although 
Hsp104 functions as a primary factor involved in prion replica-
tion, Hsp70 and Hsp40 likely play critical roles in this process 
as components of the Hsp104 machinery. The binary Hsp70/40 
system can cooperate to refold proteins from small aggregates so 
it is possible that these chaperones can influence prion replication 
independently of Hsp104. The degree to which the Hsp70 effects 
on prions are mediated by an effect on the Hsp104 machinery is 
not yet clear. Regardless of the answer, it is evident that Hsp70 is 
a focal point influenced by many factors that affect prion propaga-
tion (see Figs. 1 and 2).

Hsp70 and its Regulators

Hsp70s are universally conserved and essential chaperones. 
They facilitate protein folding directly and act as key components 
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Figure 1. Chaperone assisted prion replication. Prion polymers (shown as stacks of rectangles) grow by addition of monomers (shown as ovals) to the 
ends. Monomers are converted into the prion conformation when they join the polymer. Fragmentation of an individual polymer by chaperone action 
results in formation of two polymers, each of which can grow and continue the cycle. Hsp70/40 probably acts directly on polymers, facilitating Hsp104 
interaction. Hsp104 extracts monomers from the polymers by extruding them through its central channel, which results in destabilization and fragmenta-
tion of the polymer. Hsp70/40 might also act where peptide exits Hsp104 to help extrude monomers and assist refolding. Many co-chaperones that 
are known to regulate Hsp70 influence prion propagation, possibly by affecting this reaction. Chaperones might also influence prion propagation by 
affecting rate of incorporation of monomers into polymers.
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with Hsp70. Consistent with this view, binding of Ssa1p and its 
co-factors Sse1p and Sis1p to Sup35p in vitro is enhanced when 
they are combined. Hsp104 was also identified among the less 
abundant proteins co-purifying with Sup35p preferentially from 
[PSI+] cells, suggesting that some Hsp70 and co-chaperone effects 
on prion phenotype, particularly with respect to prion replication, 
could be due to alterations of the disaggregation machinery. These 
studies provide evidence that the influence of altered expression of 
these chaperones on prions is due to alteration of growth or repli-
cation of prions by direct interactions of the chaperones.

Several groups have addressed this possibility by monitoring 
action of chaperones on amyloid and on the kinetics of assembly 
of Sup35p and Ure2p, or their prion-determining regions, into 
amyloid.54-57 Overall the biochemical data showing fragmenta-
tion of amyloid or inhibition of amyloid assembly are consistent 
with binding interactions of the different chaperones with ex 
vivo soluble and prion forms of proteins. However, results from 
different groups conflict and some conclusions based on data from 
in vitro experiments are not consistent with phenotypic effects 
shown from genetic studies. These discrepancies illustrate the diffi-
culty in recapitulating the complex interplay of chaperones in vivo 
using purified components, and the actual mechanisms of how 
chaperones alter prion propagation remain uncertain.

Insights Provided by Hsp70 Mutations

We isolated a mutant of the Hsp70 Ssa1p with the L483W 
substitution, designated Ssa1-21p, in an unbiased screen for 
cellular factors that inhibit [PSI+].58 Residue L483 is in the 
substrate-binding domain (SBD) away from the binding pocket 
but near the ATPase domain interface. Although it is a universally 
conserved residue, the mutation has no detectable effect on stress 
tolerance or cell growth under all conditions tested, suggesting it 
affects a specific and non-essential Hsp70 activity. To gain insight 
into how the mutation alters Hsp70 function we mutagenized wild 
type Ssa1p to identify additional mutations that caused a similar 
anti-prion effect, and Ssa1-21p to identify second-site mutations 
that restore normal prion propagation despite the presence of 
L483W.50,59 All of the new prion-inhibiting mutations were in the 
ATPase domain, suggesting regulation of chaperone activity was 
more important than direct substrate interactions for the inhibi-
tory effect, an interpretation supported by a subsequent screen.60 
Locations of the second-site mutations indicated they suppress 
anti-prion effects of L483W by reducing ATP hydrolysis through 
inhibiting interaction with Hsp40 or TPR co-chaperones, or by 
weakening substrate trapping. These mutations also suppress the 
other [PSI+]-inhibiting mutations, implying that all the Hsp70 
mutations that impair [PSI+], regardless of the domain in which 
they are located, do so by a similar mechanism that involves altera-
tion of the Hsp70 reaction cycle to favor the ADP-bound state 
(see Fig. 2).

Subsequent genetic analysis confirmed this conclusion showing 
that prion propagation could be inhibited by altering NEF and 
TPR regulators of Ssa1p in a way that accelerates Hsp70 ATP 
hydrolysis or slows ADP release.50 For example, either increasing 
ATPase by increasing abundance of Sti1p or decreasing ADP 

[PSI+] when  overexpressed.44 Efficient cycling of Hsp70 also 
requires nucleotide exchange factors (NEFs), which accelerate ADP 
release and subsequent rebinding of ATP so Hsp70 can release 
substrate. Fes1p and Sse1p (Hsp110) are the major cytosolic S. 
cerevisiae NEFs.45-47 Additionally, the tetratricopeptide repeat 
(TPR)-containing Hsp90 co-chaperones Sti1p (Hop1) and Cns1p 
stimulate Hsp70 ATPase, and Cpr7p affects Hsp70 function in an 
uncertain way.48-50 This large number of Hsp70 regulators allows 
many combinations of interactions that can affect Hsp70 activity 
in distinct ways to fine-tune its function (see Fig. 2).

Biochemical Analysis of Amyloid Formation and Chaperone 
Interactions

Studies using a candidate approach or co-purification of Sup35p 
or Rnq1p showed that Ssa and Ssb Hsp70s and their Ydj1p, Sis1p 
and Sse1p co-chaperones individually or cooperatively bind pref-
erentially to the prion form of Sup35p.51-53 Although many of 
the purified chaperones bind Sup35p independently, the most 
abundant protein(s) co-purifying from [PSI+] cells is Ssa1/2p 
(indicated this way since Ssa1p and Ssa2p are nearly identical and 
distinguishing if either or both were present was not determined), 
suggesting that Hsp70 interacts directly with Sup35p in vivo and 
that its co-factors might associate with prions through interaction 

Figure 2. Hsp70 reaction cycle and its regulation by co-chaperones. 
When ATP is bound to the nucleotide-binding domain (light gray) the 
substrate-binding domain (dark gray) is in an “open” conformation and 
rapidly exchanges substrate, which is indicated as a short hydrophobic 
segment of a larger protein. Hydrolysis of ATP to ADP (downward arch-
ing arrow) induces a conformational change in the substrate-binding and 
C-terminal domains that traps substrate. Exchange of nucleotides (upward 
arrow, ADP release allows rebinding of ATP) restores the open conforma-
tion and release of substrate. ATP hydrolysis is rate limiting and is stimu-
lated by Hsp40s, Sti1 and Cns1. ADP release is enhanced by nucleotide 
exchange factors (NEFs). How Cpr7 influences Hsp70 is unknown but 
its effects on [PSI+], which are additive with those of Sti1, are consistent 
with Cpr7 stabilizing the ADP-bound state. Altering the cycle to favor the 
ADP-bound state (e.g., stimulating ATP hydrolysis or inhibiting nucleotide 
exchange) impairs [PSI+].
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We recently showed the Ydj1p J-domain, which mediates interac-
tions with Hsp70 and is needed for Ydj1p to stimulate Hsp70 
ATPase, is sufficient for eliminating [URE3]. This result indi-
cates that Ure2p binding by Ydj1p is dispensable for curing and 
suggests that regulation of Hsp70 by Ydj1p is crucial for the 
curing process. In agreement with these conclusions the J-domain 
mutant Ydj1-H34Q, which can dimerize and bind substrate but 
cannot functionally interact with Hsp70, does not cure [URE3]. 
Additionally, although elevating Sis1p or other Hsp40s has no 
effect on [URE3], the J-domains alone of Sis1p and another 
Hsp40, Jjj1p, do cure [URE3], which is consistent with overlap-
ping functions of many yeast Hsp40 J-domains.64,65,70 Together, 
the data suggest that Ydj1p has a unique, non-J-domain Hsp40 
activity and that it cures [URE3] by affecting prion replication 
through an interaction with Hsp70.

Overexpressing Ydj1p also cures some but not all variants of 
[PIN+]71 and it co-immuno-precipitates with the prion form of 
Rnq1p.72,73 As with [URE3], deleting Ydj1p does not affect propa-
gation of typical [PIN+] prions.73 Ydj1p binding to Rnq1p might 
protect cells from prion toxicity, as overexpression of the Rnq1p 
prion domain is lethal to [PIN+] cells lacking Ydj1p. Binding of 
Ydj1p to Rnq1p requires Ydj1p farnesylation, but how the farnesyl 
chain influences Hsp40 function is unclear. It could be involved in 
regulation of Ydj1p substrate binding by altering Ydj1p conforma-
tion, in direct interaction with Rnq1p prion folding intermediates, 
or in regulation of other cellular factors that might influence 
[PIN+].73,74

Overexpressing Ydj1p also antagonizes artificial versions of 
[PSI+] prions. For example, variants of [PSI+

PS], a hybrid prion 
with the S. cerevisiae Sup35p prion domain replaced by the analo-
gous domain of Pichia methanolica Sup35p, are cured by increased 
Ydj1p with different efficiencies.11 Ssa1p also has modest curing 
activity on both [PSI+

PS] and [URE3],11,75 and anti-prion effects 
are considerably enhanced when Ssa1p and Ydj1p are simulta-
neously overexpressed, suggesting Ydj1p also cures these prions 
indirectly through its action on Hsp70. As with Ure2p, combining 
Ydj1p and Ssa1p blocks fibrilization of purified Sup35p and 
Sup35-NM.55,56 When overexpressed, however, neither Ydj1p 
nor Ssa1p, alone or in combination, cures cells of typical [PSI+] 
prions so the significance of this interaction with Sup35p in vivo 
is uncertain.

Sis1p

Sis1p is an essential cytosolic Hsp40 whose association with 
Rnq1p in [PIN+] cells led to the identification of its role in prion 
propagation.51 Sis1p also possesses a unique Hsp40 activity in that 
it is the only cytosolic Hsp40 required for propagation of [PIN+], 
[PSI+] and [URE3].64,76 The non-essential G/F region confers 
Sis1p functional specificity, and this region is necessary for Sis1p 
function in [PIN+] propagation.51,77 Purified Sis1p binds specifi-
cally to a region of Rnq1p outside the prion-determining domain, 
and this binding is important for [PIN+] propagation.72,78 
Whether the G/F region influences this binding is unknown. 
However, [RPS+], a hybrid prion formed from Sup35p with its 
prion domain replaced by that from Rnq1p, also requires the 

release by deleting Fes1p weakens [PSI+] phenotype, while deleting 
Sti1p or increasing Fes1p improves it (see Fig. 2). Thus, perturbing 
the Hsp70 reaction cycle in a similar way, either directly by muta-
tion or indirectly by altering its regulators, has the same anti-prion 
effect. The TPR co-chaperones Cns1p and Cpr7p also affect 
prions in this system in predictable ways, showing that all of these 
co-chaperones affect prions through their ability to regulate Hsp70. 
The data suggest that enhanced binding of the soluble or insoluble 
form of Sup35p by Ssa1p interferes with prion replication. Further 
studies showed Ssa1-21p does not affect fiber fragmentation but 
promotes accretion of individual fibers into large aggregates or 
interferes with recovery of propagons from such aggregates.61

In line with the genetic results, biochemical analysis showed 
intrinsic ATP hydrolysis of Ssa1-21p is elevated ten-fold.62 It is 
unexpected that such a large change of this essential protein does 
not confer a growth or thermo-tolerance phenotype. It is probable 
that Hsp70 activity is regulated more stringently in vivo and that 
prions are particularly sensitive to the specific alteration of Hsp70 
function. Additional surprises were that second site suppressing 
mutations that restore [PSI+] phenotype do not restore normal 
ATP hydrolysis, and that other prion-impairing Ssa1p mutants 
have nearly normal hydrolysis rates. Moreover, L483W is in the 
SBD, and the other mutants with normal ATPase activity are 
altered in the ATPase domain, although some of these latter muta-
tions are in locations expected to affect functional interactions 
with co-factors that influence ATPase. Together with data showing 
that the mutations cause conformational changes in Ssa1p, the 
results suggest L483W inappropriately stimulates ATPase by 
altering conformation at the inter-domain interface, and the 
ATPase domain mutations affect regulation of ATP hydrolysis by 
co-factors or ATPase signaling to the SBD in ways that promote 
substrate binding. These studies are consistent with the observa-
tion that the prion-impairing effects are not caused by altering 
direct interaction of Hsp70 with substrate as much as by altering 
the regulation of this interaction, and by extension, the complexes 
of which Hsp70 is a component.

Ydj1

Among the yeast prions [URE3] is most sensitive to Ydj1p 
expression level. Although [URE3] does not require Ydj1p, 
overexpression of Ydj1p weakens [URE3] phenotype and causes 
gradual loss of [URE3] from dividing cells.63-65 Ydj1p binds to 
soluble Ure2p with or without its prion domain, and when added 
with purified Ure2p it inhibits formation of Ure2p amyloid in a 
concentration dependent manner.57,66 It was therefore believed 
that Ydj1p cured cells of [URE3] by binding soluble Ure2p and 
preventing fibril formation. However, when Ydj1p is added after 
Ure2p polymerization begins it does not affect amyloid formation. 
Moreover, cells overproducing Ydj1p have longer prion polymers.67 
If this increased polymer size was due simply to faster growth, then 
elevating Ydj1p would not weaken [URE3] phenotype. Thus, in 
vivo Ydj1p seems to interfere with fragmentation of Ure2p poly-
mers rather than with polymer assembly.

Interaction of Ydj1p with Ssa Hsp70 is critical for protein 
translocation and other processes important for cell growth.68,69 
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These data show that despite their nearly identical structures Ssa1p 
and Ssa2p have distinct activities, and suggest that propagation of 
the different prions relies on different Hsp70 functions.

Unlike the opposing effects Ssa1p and Ssa2p have on [URE3], 
increasing expression of any of the four Ssa proteins inhibits curing of 
[PSI+] by overexpressed Hsp104 and increases frequency of appear-
ance of [PSI+] when Sup35p prion domain is overexpressed.52,85 
These data point to a general [PSI+]-promoting activity of Ssa 
protein by antagonizing Hsp104 or enhancing assembly of Sup35p 
amyloid, although biochemical data suggest Ssa1p antagonizes 
amyloid formation. As an exception, certain variants of [PSI+] that 
form atypically larger aggregates respond oppositely to increases in 
abundance of Ssa1p and Hsp104. Efficient propagation of these 
prion variants under non-selective conditions requires increased 
Hsp104, which was interpreted to mean they are less susceptible 
to disaggregation by the Hsp104 machinery and thus require 
increased Hsp104 activity.86,87 Increasing Ssa1p was proposed to 
adversely affect propagation of these variants by further enhancing 
aggregation, which leads to increased destabilization. A very recent 
report shows that prions of a Sup35-GFP fusion protein can be 
cured by overexpressing Ssa1p.88 What makes the GFP fusion 
protein prion sensitive to inhibition by Ssa1p, unlike the native 
Sup35p prion used to induce its formation, was not investigated, 
but it is possible it also forms larger than normal prion aggregates. 
In contrast to the Ssa proteins, increasing or depleting Ssb Hsp70 
subfamily protein shows Ssb protein consistently as a [PSI+] prion 
antagonist.89,90

One observation from these studies is that under different condi-
tions the same Hsp70 can inhibit or promote propagation of 
the same prion. Since individual chaperones are components of 
complex machineries, and some even regulate expression of others, 
care should be used in interpreting data from overexpression studies 
as being due to simple mass action effects of increasing a particular 
enzymatic activity. In fact, with regard to Hsp104 and Hsp40 the 
effects of overexpression are inconsistent with a direct effect of 
the elevated chaperone activities on prion aggregates. Opposing 
effects could reflect differences in how a single elevated protein 
alters different machineries that influence processes of nucleation, 
assembly and fragmentation of prion polymers. As chaperones are 
involved in many cellular processes, the effects on prions could be 
through alteration of cellular processes, possibly connected to the 
normal functions or interacting partners of the prion protein, that 
specifically affect propagation of certain prions.

We developed a more simplified system to assess function of 
any individual Hsp70 by constructing yeast strains lacking all the 
Ssa proteins. We found that certain Hsp70s from primates and 
plants support both cell growth and prion propagation, and that 
they varied widely in these abilities.84,91 In line with phenotypes 
of cells lacking individual Ssa proteins, [PSI+] is normal in cells 
expressing only Ssa1p and somewhat weaker in cells expressing 
only Ssa2p. Although Ssa3p does not support growth as well as 
Ssa1/2p, [PSI+] is stronger in cells expressing only Ssa3p. [PSI+] 
is considerably weak but stable in cells expressing Ssa4p, which is 
weakest at supporting cell growth. In contrast, [URE3] was strong 
but mitotically unstable in Ssa1p-expressing cells, normal in cells 

Sis1p G/F region while [PSI+] does not. These results show that 
although the Rnq1p prion domain lacks the Sis1p binding site, 
it specifies function of the Sis1p G/F region for propagation of 
[PIN+] and [RPS+]. Ssa1p also interacts with Rnq1p, and the Sis1p 
G/F region is believed to aid cooperation between Sis1p and Ssa1p 
in substrate interactions. The interaction of Sis1p and Ssa1p with 
Rnq1p occurs only in [PIN+] cells,51 and elimination of the ability 
of Sis1p to stimulate Hsp70 ATPase also inhibits [PIN+]. Together 
these data suggest that Sis1p operates as an Hsp70 co-chaperone 
with respect to [PIN+] propagation.64,72,76

When Sis1p or Hsp104 expression is repressed, the size of 
Rnq1p polymers increases and the number of [PIN+] propagons 
decreases.76 Both effects appear to be due to altered coopera-
tion of Sis1p with Hsp70 and Hsp104, and imply that Sis1p is 
involved in fragmentation of Rnq1p polymers required for [PIN+] 
prion replication.76 Sup35p polymers in [PSI+] cells also increase 
in size when Sis1p is depleted or when Hsp104 is inhibited.23,64 
Additionally, although a recent study to decipher the functional 
relationship between Sis1p and Hsp104 in [PSI+] propagation does 
not unequivocally distinguish between cause and effect, the data 
strongly suggest a role for Sis1p, in conjunction with its Hsp70 
partner, to deliver prion substrates to the Hsp104 complex.79

A cytotoxic effect of overexpressing intact Rnq1p in [PIN+] 
cells is alleviated by increasing Sis1p abundance just 3-fold.78 
Unexpectedly, increased expression of Sis1p promotes [PIN+] 
assembly rather than inhibiting it. These results led to the proposal 
that Sis1p plays a cytoprotective role by promoting formation of 
Rnq1p amyloid, which reduces accumulation of toxic oligomeric 
intermediates.78 The data therefore point to a dual function for 
Sis1p in [PIN+] propagation whereby Sis1p promotes growth as 
well as fragmentation of prion polymers.

In addition to the specific effects Ydj1p and Sis1p have on yeast 
prions, it is worth noting that these two Hsp40s have opposite 
effects on polyglutamine aggregation and toxicity.80 While Sis1p 
decreases both aggregation and toxicity, Ydj1 increases both. These 
Hsp40s regulate Hsp70 differently81 but whether their effects 
are direct or mediated by Hsp70 was not investigated. Hsp40 
structural domains are interchangeable and expression of hybrid 
proteins has been used to determine domains important for prion-
specific effects.72,82 Such analysis would be useful for identifying 
Hsp40 activities and possible chaperone interaction specificities 
that mediate the effects on polyglutamine.

Prions Respond Differently to Different Hsp70s

In addition to the various ways different Hsp40s and other 
co-chaperones influence prions, highly homologous Hsp70 proteins 
also affect different prions differently. Constitutively expressed 
cytosolic Ssa1p and Ssa2p are 98% identical, and stress-inducible 
Ssa3p and Ssa4p are 88% identical to each other and 80% iden-
tical to Ssa1/2p. Remarkably, elevating expression of Ssa1p cures 
[URE3] but similarly elevating Ssa2p does not, and neither treat-
ment affects [PSI+] stability.75 Additionally, [URE3] is weaker in 
cells lacking Ssa2p, but not in cells lacking Ssa1p,83,84 while [PSI+] 
is weaker in cells lacking Ssa1p but not in cells lacking Ssa2p.20,84 
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and they interact differently with different Hsp70s and in their 
capacity to influence Hsp70 activity. For example, the differ-
ences in ways Sis1p and Ydj1p influence [PIN+] could be because 
they bind different regions of Rnq1p or because they differ in 
ability to regulate Ssa protein activity.73,78,81 Thus, while both 
Hsp70 and Hsp40 recognize prions as substrates, it is likely that 
specific Hsp70/40 combinations determine specificity for effects 
on different prions. These combinations are further amplified 
as different NEFs also affect the system. The curing effect of 
the NEFs Fes1p and Sse1p on [PSI+] and [URE3], respectively, 
appear to be mediated through Hsp70,50,67 as does a requirement 
of Sse1p for induction of [PSI+] when Sup35p is overexpressed.94 
TPR co-chaperones also could affect prions through interactions 
with Hsp90, which has been shown to reduce induction of [PSI+] 
by Sup35p overexpression.94 In considering the distinctions in 
chaperone-prion interactions, it has been suggested that prions can 
be “typed” on the basis of the ways the different chaperones affect 
their propagation.67 However, the large number of combinations 
makes categorizing all the effects tricky, and since each prion has 
certain unique responses to chaperones, correlations are difficult to 
define (see Table 1).

Finally, although all amyloid-forming yeast prions tested 
assemble into in-register parallel beta-sheet conformations,95-99 it 
should be pointed out that differences in structural organization 
of polymers formed by different prion proteins, as well as different 
strains of the same prion, could influence their susceptibility to 
being recognized or acted on by chaperones. For example Ure2p 
might form more rigid structures than Sup35p, and thus rely more 
heavily on particular combinations of chaperone components that 
provide strongest fragmentation activity.

Defining the precise molecular mechanisms underlying prion 
propagation is challenging because altering chaperones affects 
prions in very many ways and the complex and often unpredictable 
ways chaperones interact with each other and with substrates in the 
cell make it difficult to simplify. Moreover, chaperones have roles 
in many diverse cellular processes so they can be expected to affect 
prions in indirect ways. Although the complexity is daunting, the 
strict requirement of Hsp104 and it’s well-defined role in prion 
replication provides a basis for inferring that most chaperone 
alterations that influence the prion replication process are likely 
to be mediated through an effect on the Hsp104 machinery. At 
least for [PSI+], solubilization activity of Hsp104, which depends 
on Hsp70 and Hsp40, is critical for prion propagation, implying 
that Hsp104 does not act alone in [PSI+] replication. There is 
only one Hsp104 but many chaperones that influence the Hsp104 
machinery. As a central player and regulatory target, Hsp70 links 
these chaperones to this machine.
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expressing Ssa2p, weak and unstable in cells expressing Ssa3p, and 
weak but more stable in Ssa4p-expressing cells. Thus, for these 
Ssa Hsp70s there is no correlation between ability to support 
growth and prion propagation, and all but Ssa4p have opposite 
effects on the two prions. The former observation could mean 
that the different Ssa proteins have different abilities to perform in 
essential processes that don’t affect prion propagation. The latter 
reveals subtle functional differences among the Hsp70s that might 
be due to differences in specificity of interactions with substrates 
or various co-chaperones. These data also show that despite the 
similar [PSI+] promoting effect of elevating abundance of any of 
these four Hsp70s, when expressed at physiological levels each has 
unique activities that influence prions in both positive and nega-
tive ways.

Prion “strength” and mitotic stability are related to the ratio 
of soluble to insoluble prion protein and the number of prions 
per cell, respectively.92,93 The solubility is determined by rate of 
polymer growth and depends on the speed that soluble protein 
adds to prion polymers and the number of ends that recruit it. 
The number of prions per cell, which determines the number of 
ends, reflects the rate of replication due to fragmentation of prion 
polymers. Therefore, noticeable changes in strength and stability 
phenotypes provide clues to whether growth or replication processes 
are affected.93 Although factors that affect prions can influence 
both growth and replication, these processes can be affected sepa-
rately. For example, the unstable but strong [URE3] phenotype in 
cells expressing only Ssa1p probably reflects reduced prion replica-
tion, which leads to fewer prions per cell and an increased chance 
that daughter cells fail to inherit prions, yet the strong phenotype 
likely indicates normal or even accelerated polymer growth despite 
the reduced number of polymer ends. Conversely, the weak but 
stable phenotype of [URE] cells expressing only Ssa4p could 
reflect reduced growth of prion polymers but normal replication 
that maintains a high number of prions per cell. Here the implica-
tion is that Ssa1p inhibits or functions less efficiently at processes 
involving Ure2p polymer fragmentation, while Ssa4p inhibits 
addition of Ure2p monomers to polymers or is less efficient at 
promoting polymer growth.

Chaperone alterations that lead to inhibition of fragmentation, 
and therefore prion replication, likely occur through an effect 
on the Hsp104 machinery, which could be direct or by limiting 
interaction of Hsp104 with prions as substrates. In prion aggre-
gates purified from [PSI+] cells, a molar ratio of Hsp70 (Ssa1/2p) 
to Sup35p of 1:2 indicates Hsp70 binds along entire Sup35p 
polymers and might help stabilize them.53 Hsp70s also could act 
to promote or inhibit growth of prions by binding at the ends of 
polymers.

The specificity of Hsp70 action on the different prions might 
be direct and determined by differences in affinity of Hsp70s for 
the different prion proteins as substrates, although the homology of 
Ssa1/2p substrate binding domains argues against it. Alternatively, 
as mentioned, many observations suggest Hsp70 effects on prions 
are due more to differences in the way they interact with other 
components of the chaperone machinery than to differences in 
intrinsic Hsp70 activity. Hsp40s also vary in substrate specificity 
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