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ABSTRACT. Protein chaperones help proteins adopt and maintain native conformations and play vital
roles in cellular processes where proteins are partially folded. They comprise a major part of the cellular
protein quality control system that protects the integrity of the proteome. Many disorders are caused when
proteins misfold despite this protection. Yeast prions are fibrous amyloid aggregates of misfolded proteins.
The normal action of chaperones on yeast prions breaks the fibers into pieces, which results in prion
replication. Because this process is necessary for propagation of yeast prions, even small differences in
activity of many chaperones noticeably affect prion phenotypes. Several other factors involved in protein
processing also influence formation, propagation or elimination of prions in yeast. Thus, in much the same
way that the dependency of viruses on cellular functions has allowed us to learn much about cell biology,
the dependency of yeast prions on chaperones presents a unique and sensitive way to monitor the functions
and interactions of many components of the cell’s protein quality control system. Our recent work
illustrates the utility of this system for identifying and defining chaperonemachinery interactions.
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ABBREVIATIONS. NEF, nucleotide exchange factor; CTD, C-terminal domain; NBD, nucleotide-
binding domain

INTRODUCTION

Amyloid-based yeast prions propagate as
self-assembling fibers of single types of pro-
tein. The commonly studied prions [URE3] and

[PSIC] are composed of the cellular proteins
Ure2 and Sup35, respectively.1 They propagate
in the cytosol and are transmitted between cells
with cytoplasm during cell division or cell
fusion (i.e. mating). To persist in an expanding
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yeast population, prions must reproduce to keep
pace with cell division. To do so, they must
continually grow and be fragmented into more
numerous self-propagating pieces. Growth can
occur spontaneously by addition of soluble pro-
tein to fiber ends.2,3 Replication by fragmenta-
tion of fibers requires action of the Hsp104-
driven protein disaggregation machinery,
which includes the Hsp70 system comprised of
Hsp70 and its co-chaperones of the Hsp40 (J-
protein) and nucleotide exchange factor (NEF)
families.4–10

A major role of this disaggregation machin-
ery is to preserve viability of cells exposed to
stresses that cause protein denaturation by
restoring solubility of aggregated proteins.11

Hsp104 works with the Hsp70 system to extract
proteins from aggregates, extruding them one at
a time through the central channel of the
Hsp104 hexamer.12–15 This machinery acts in a
similar way to extract protein monomers from
prion fibers, which causes the fibers to break in
a way that allows the resulting pieces to con-
tinue self assembly (Fig. 1A).9,16

Hsp70 binds and releases exposed hydropho-
bic peptides on unfolded proteins in an ATP-
regulated reaction cycle controlled primarily by
Hsp40 and NEF family co-chaperones.17

Hsp40s bind similar hydrophobic substrates and

have a J-domain that interacts with and activates
the ATPase domain of Hsp70. These activities
help coordinate Hsp70 ATP hydrolysis with
substrate binding. NEFs then facilitate release
of ADP, which allows rebinding of ATP and
release of substrate to reinitiate the cycle.

Because yeast prions depend on the disag-
gregation machinery, they cannot propagate in
cells lacking Hsp104 or in which activity of
this machinery is compromised.4,18,19 There is
extensive functional redundancy among the
Hsp70, Hsp40 and NEF family components of
this machinery (Table 1), which provides a
large number of combinations that could poten-
tially tune the activity of the disaggregation
reaction in many ways. Even transient or subtle
alterations in the activity of many of these fac-
tors, including several of the J-protein and
nucleotide exchange factor families, can signif-
icantly affect how efficiently prions propa-
gate.4,7,20–26 These effects could reflect
alterations in such tuning. Moreover, compen-
satory alterations in activity of the same or dif-
ferent chaperones or co-chaperones can offset
such effects.21,27 Since small changes in effi-
ciency of prion propagation can be reflected in
differences of readily observable prion pheno-
types, prions provide a sensitive way to monitor
the status of chaperone activity. Furthermore,

FIGURE 1. E. coli disaggregation machinery propagates prions in yeast. (A) Yeast prions propa-
gate as amyloid fibers (stacked orange rectangles) that grow when soluble protein (orange circles)
is added to fiber ends. Replication of fibers requires cooperation of the Hsp70 system (Hsp70,
Hsp40 and NEF) with Hsp104 (green), which extracts proteins from the fiber thereby causing the
fiber to break into 2 self-assembling prion fibers. E. coli counterparts of machinery components are
indicated in red. (B) Cells lacking chromosomal Hsp104 (hsp104D) express Hsp104 (104) or E. coli
ClpB from a plasmid, or carry the corresponding empty vector (ev), as indicated on the left. As indi-
cated above, cells also carry plasmids for expressing E. coli Hsp70 DnaK (K), the DnaK NEF GrpE
(E), both (KE) or the empty vectors (¡/¡). Medium shown allows growth only if cells propagate
prions. The combination of ClpB, DnaK and GrpE (BKE) is both necessary and sufficient for prion
propagation when Hsp104 is absent.
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many chaperone alterations that inhibit prion
propagation have imperceptible effects on cell
physiology, so prions also offer a unique way
to uncover variations in chaperone function
that otherwise would be difficult to detect.
Therefore, yeast prions provide not only a use-
ful way to study how chaperones can influence
propagation of amyloid in cells, but also a very
sensitive way to identify and monitor various
aspects of chaperone function and cooperation.

ROLES FOR Hsp104 AND THE Hsp70
SYSTEM IN PRION PROPAGATION

Altering abundance or function of Hsp104
and Hsp70 can have counteracting effects on
formation and propagation of prions, suggest-
ing that a balance of these chaperones is impor-
tant for maintaining both native and prion
forms of prion proteins.28–31 Yet, while many
different point mutations in the Hsp70s Ssa1
and Ssa2 reduce the strength and mitotic stabil-
ity of prions,20,21,32 there is little evidence indi-
cating a direct role of Hsp70 in prion
propagation beyond the finding that Ssa1 binds
preferentially to the prion form of Sup35 in cell
lysates.33 Moreover, data showing anti-prion
effects of Hsp70 alterations can be interpreted
as resulting from indirect effects on the protein
disaggregation process.9,10,25 Thus, altering
Hsp70 could affect prion propagation by
upsetting the balance between the Hsp104 and
Hsp70 activities that are important for
certain disaggregation machinery functions.

Additionally, the noticeable effects that many
Hsp70 co-chaperones have on prions are depen-
dent on their interactions with Hsp70. These
findings indicate that efficient prion propaga-
tion depends on proper regulation of Hsp70,
and raise the possibility that the co-chaperones
also influence prions indirectly by affecting the
Hsp104-based disaggregation machinery.

Using purified components, however,
Hsp104 alone was reported to promote both
assembly and fragmentation of amyloid poly-
mers composed of Sup35 or Ure2.34,35 It also
was reported that ClpB, the bacterial Hsp100
family homolog of Hsp104, was unable to frag-
ment amyloid in similar reactions or to support
propagation of [PSIC] prions in yeast.34,36

These findings led to suggestions that Hsp104
could act unaided to promote prion replication
in yeast and that this activity had evolved
beyond the functions of its bacterial homolog.
If Hsp104 acts alone to propagate prions in
cells, then an important question would be how
Hsp70 and its many co-chaperones are acting
to influence prion propagation so strongly.

Hsp70 REGULATES Hsp104
FUNCTION IN VIVO

Overexpressing Hsp104 is normally benign
because Hsp104 activity is tightly regulated in
vivo. Mutations in the middle (M) region of
Hsp104 can disrupt this regulation and inappro-
priately activate Hsp104, making its overex-
pression toxic.37 More recently, this M region,

Table 1. Redundancy of cytosolic Hsp70 system components

Chaperone family Membersa Function

Hsp70 Ssa1, Ssa2, Ssa3, Ssa4 Bind unfolded parts of proteins; assists protein folding,

translation, translocation, degradation; prevents

protein aggregation

Hsp40 (J-proteins) Ydj1, Sis1 Bind Hsp70 NBD to stimulate Hsp70 ATPase; binds

unfolded parts of proteins to prevent protein

aggregation, presents substrate to Hsp70

NEF Sse1, Sse2 (Hsp110 family); Fes1(HspBP1

family); Snl1 (Bag1 family)

Bind Hsp70 NBD to promote release of ADP, which

allows rebinding of ATP

TPR co-chaperones Sti1, Cns1, Cpr7 Bind Hsp70 C-terminus, stimulates Hsp70 ATPase,

bridges Hsp70 to Hsp90 system

aMajor relevant cytosolic family members.

176 Masison and Reidy



which is conserved among Hsp100 family pro-
teins, was shown to mediate species-specific
interactions with Hsp70 that regulate Hsp100
activity.10,38–40 Replacing the M region of
Hsp104 with that of ClpB allows Hsp104 to
function in place of ClpB in E. coli, while ClpB
with the M-region of Hsp104 can function in
place of Hsp104 in yeast.36,41 Similarly, puri-
fied Hsp100s with the swapped M regions
cooperate with the cross-species Hsp70 system
to reactivate aggregated proteins.36,41,42 Thus,
the in vivo results likely reflect an ability of the
endogenous yeast and bacterial Hsp70 systems
to cooperate with the hybrid Hsp100s through
an interaction with the cognate M regions.

YEAST PRIONS HELP DEFINE
CHAPERONE MACHINERY

INTERACTIONS

We reasoned that inability of ClpB to inter-
act with the yeast Hsp70 system due to this spe-
cies-specificity for Hsp70-Hsp100 interaction
explained the failure of ClpB to drive protein
disaggregation in yeast. To test this idea we
expressed components of the E. coli Hsp70 sys-
tem in yeast cells with ClpB in place of
Hsp104.10 Adding the E. coli Hsp70 DnaK did
not restore prion propagation, but adding both
DnaK and its NEF GrpE enabled ClpB to sup-
port propagation of [PSIC] prions (Fig. 1B).
[PSIC] does not propagate as efficiently in these
cells as it does in cells expressing Hsp104,
which probably reflects other limitations of the
bacterial disaggregation machinery in the more
complex eukaryotic environment. Neverthe-
less, the fact that ClpB, DnaK and GrpE can
propagate [PSIC] shows conservation of the
ability of this machinery to act on amyloid
substrates.

Because J-proteins are thought to be obliga-
tory co-chaperones for Hsp70, we were sur-
prised that the major bacterial J-protein, DnaJ,
was not necessary for ClpB function in yeast.
To test the possibility that the bacterial chaper-
ones were working with a yeast J-protein,
DnaK was engineered to contain a point muta-
tion (R167H) that specifically disrupts interac-
tion with the conserved histidine-proline-

aspartate (HPD) motif in the J-domain of J-pro-
teins.43 The E. coli machinery with DnaKR167H

in place of wild type DnaK failed to propagate
yeast prions, implying a J-protein is indeed a
necessary component in the disaggregation
reaction for replicating yeast prions, and that a
yeast J-protein must be involved (Fig. 2A).

A useful feature of the R167H mutant is that
a compensatory mutation in the HPD of E. coli
DnaJ (D35N) restores the J-domain interaction
producing a functional Hsp70/J-protein pair.43

By engineering the major yeast Hsp40 J-pro-
teins (Ydj1 and Sis1) to contain the analogous
HPD substitution (D36N), we were able to
direct DnaKR167H to interact specifically with
the modified Hsp40s, even in the presence of
their wild type counterparts (Fig. 2B). We
found that Sis1D36N restores ability of
DnaKR167H to cooperate with ClpB and GrpE
to propagate [PSIC]. Ydj1D36N does not func-
tion in this process, but it cooperates more
effectively than Sis1D36N with the bacterial
chaperones to protect yeast from exposure to
lethal heat. These findings confirm that func-
tions of the disaggregation machinery in vivo
require Hsp40 and that this requirement is
mediated by a physical interaction between the
J-protein and Hsp70 components. They also
show that ClpB, DnaK and GrpE cooperate
specifically with Sis1 to propagate yeast prions,
and with Ydj1 to provide thermotolerance.

This work shows that functions of the disag-
gregation machinery in different cellular pro-
cesses minimally require cooperation of
Hsp100 with Hsp70 and its Hsp40 (J-protein)
and NEF co-chaperones. Since GrpE and ClpB
bind DnaK on an overlapping surface, it is
unlikely they interact with Hsp70 simulta-
neously,40,44 which would limit ways that GrpE
could participate in the disaggregation reaction.
Evidence suggests GrpE is not required before
DnaK engages with ClpB,45 so it might act on
DnaK after substrates are threaded through
ClpB. Regardless of the actual mechanism,
while interactions of the Hsp100, Hsp70 and
NEF components are species-specific, J-pro-
teins, even across life domains, are less dis-
criminate. Yet, despite this promiscuity in their
ability to regulate Hsp70s, different Hsp40s
govern distinctions in the activity of the
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machines with which they interact. The find-
ings are in line with the view that J-proteins
confer such specificity by targeting the chaper-
one machinery to its substrates.40,45,46

YEAST PRIONS HELP IDENTIFY
INTERACTIONS THAT SPECIFY

ACTIVITY OF CHAPERONE
MACHINES

Because yeast, like most organisms, encode
several functionally overlapping Hsp70s, tar-
geting of the disaggregation machinery to dif-
ferent substrates by cytosolic J-proteins could
also occur by recruitment of specific Hsp70s.

Without addressing this question directly, ear-
lier studies assessing specificity of functions of
Ydj1 and Sis1 structural domains provide some
insight,47–49 although they came to different
conclusions depending on whether the domains
were swapped or deleted. Swapping domains
between Ydj1 and Sis1 showed that the Sis1
substrate-binding region is necessary for essen-
tial Sis1 function, even when attached to the
Ydj1 J-domain.49 Additionally, the C-terminal
substrate-binding regions (CTDs) of Ydj1 and
Sis1 prefer substrates with distinct amino acid
compositions.50 These findings suggest that
Sis1-specific functions are determined by spec-
ificity of substrate binding. However, a trun-
cated Sis1 lacking its substrate-binding domain

FIGURE 2. Prion propagation by the disaggregation machinery requires Hsp40 (J-protein). (A) To
determine if E. coli DnaK (green circle) requires interaction with a yeast Hsp40 (triangles), DnaK
with a mutation (red x, DnaK*) that specifically disrupts interaction with J-proteins, was expressed
with ClpB and GrpE (BK*E) in cells lacking chromosomal Hsp104 (hsp104D). Loss of ability of
BK*E to propagate prions shows an unknown Hsp40 (?) must be cooperating with BKE to promote
prion replication. (B) In order to identify which yeast Hsp40 is involved, a compensatory mutation in
J-proteins (red C) that restores interaction with DnaK* was made in yeast Hsp40s Sis1, Ydj1 and
the E. coli Hsp40 DnaJ (indicated Sis1*, Ydj1* and DnaJ*, respectively). The compensatory muta-
tions direct the interaction of these mutants with DnaK* even in the presence of wild type versions
of the endogenous Hsp70s (circles) and Hsp40s (triangles). Each Hsp40 mutant was expressed
separately with BK*E in hsp104D cells. Only Sis1* cooperates with BK*E to restore prion replica-
tion. Medium shown allows growth only if cells propagate prions.
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supports growth in place of intact Sis1, suggest-
ing Sis1-specific functions are determined more
by Hsp70 regulation than by substrate
binding.47,48

Having established a yeast system for distin-
guishing J-protein functions using the bacterial
disaggregation machinery, we swapped con-
served domains of Ydj1 and Sis1 and used full-
length hybrid proteins directed to interact with
DnaKR167H to identify which regions of these
Hsp40s conferred their functional distinctions.
Their ability to cooperate with ClpB in prion
propagation relied primarily on the CTD of
Sis1, while thermotolerance required the CTD
of Ydj1.51 We also confirmed that Sis1 and
Ydj1 also specify functions of the endogenous
Hsp104 machine for prion propagation and
thermotolerance, respectively, and that these
differences were similarly mediated primarily
by the Hsp40 CTDs. These findings were reca-
pitulated when we tested the ability of purified
chaperones to reactivate denatured protein in
reactions that depend specifically on Sis1 or
Ydj1, which strengthens the conclusion that
substrate binding by J-proteins can direct activ-
ity of the same machinery in different pro-
cesses. We further showed the CTDs support
Hsp40-specific growth requirements and that
the CTD of Ydj1 determines the essential role
of Ydj1 for the function of the Hsp90 machin-
ery in activation of galactose-induced transcrip-
tion.51,52 Thus, the targeting of different
chaperone machines to particular substrates is
specified more by interaction of J-proteins with
the substrates than with a specific Hsp70.

While these findings clarify specific activi-
ties and interactions of various chaperones that
are required for them to perform effectively in
some of their cellular roles, the complexity
arising from genomic amplification of chaper-
one families leaves much to decipher. For
example, despite their near identity and overall
functional interchangeability, the Ssa1 and
Ssa2 Hsp70s have distinct functions that are
revealed by noticeable differences in pheno-
types of [PSIC] and [URE3] prions.53,54 The
basis of this distinction is only partially charac-
terized, but it also underlies differences in their
functions in an unrelated vesicle-mediated pro-
tein degradation pathway.55 Uncovering the

particular interactions underlying these func-
tional distinctions will help us understand how
exquisitely subtle changes in structure can pro-
vide functional diversity and fine tuning of the
chaperone machinery. Prions also might help
studies of certain role-specific Hsp70s and co-
chaperones that are designated for specific cel-
lular processes. For example, specific J-proteins
and Hsp70s associated with ribosomes cooper-
ate to assist folding of nascent polypeptides,
and alterations of these chaperones affect prion
appearance or propagation.56–59 Further work
with this system could provide new insight into
the functions of these chaperones. Prions are
also affected by TPR-containing co-chaperones
that bind the C-terminus of Hsp70 to regulate
its activity and recruit it to other chaperone
machines.21,27,60–63 Finally, many other factors
involved in a variety of cellular processes such
as the Btn2/Cur1 system, protein trafficking,
sorting and compartmentalization, ubiquitin/
proteasome system and actin dynamics also
influence yeast prion phenotypes.64–68 Yeast
prions should also provide a unique and sensi-
tive tool to study functions of these protein
quality control systems.
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