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Although propagation of Saccharomyces cerevisiae prions requires Hsp104 protein disaggregating activity,
overproducing Hsp104 “cures” cells of [PSI™*] prions. Earlier evidence suggests that the Hsp70 mutant Ssal-21
impairs [PSI*] by a related mechanism. Here, we confirm this link by finding that deletion of STII both
suppresses Ssal-21 impairment of [PSI"] and blocks Hsp104 curing of [PSI"]. Hsp104’s tetratricopeptide
repeat (TPR) interaction motif was dispensable for curing; however, cells expressing Stil defective in Hsp70
or Hsp90 interaction cured less efficiently, and the Hsp90 inhibitor radicicol abolished curing, implying that
Stil acts in curing through Hsp70 and Hsp90 interactions. Accordingly, strains lacking constitutive or
inducible Hsp90 isoforms cured at reduced rates. We confirm an earlier finding that elevating free ubiquitin
levels enhances curing, but it did not overcome inhibition of curing caused by Hsp90 defects, suggesting that
Hsp90 machinery is important for the contribution of ubiquitin to curing. We also find curing associated with
cell division. Our findings point to crucial roles of Hsp70, Stil, and Hsp90 for efficient curing by overexpressed
Hsp104 and provide evidence supporting the earlier suggestion that destruction of prions by protein disag-

gregation does not adequately explain the curing.

Saccharomyces cerevisiae prions are self-replicating mis-
folded forms of normal cellular proteins. They are believed to
propagate as amyloid, which is a highly ordered fibrous aggre-
gate. What triggers prion formation is uncertain, but in order
to be maintained in an expanding yeast population, prions
must grow, replicate, and be transmitted to daughter cells
during cell division. Growth occurs when soluble protein joins
the fiber ends and is converted into the prion form (30, 52, 58).
Replication is associated with fragmentation of prion poly-
mers, which generates new prions from preexisting material
(37, 50). Transmission is believed to occur by passive diffusion
of prions with cytoplasm (57).

Although it is uncertain to what extent cellular factors in-
fluence growth or transmission of prions, it is clear that the
Hsp104 disaggregation machinery is necessary for prion repli-
cation (10, 17, 55, 70). Hsp104 is a hexameric AAA+ chaper-
one that protects cells from a variety of stresses by resolubi-
lizing proteins from aggregates (24, 25, 53). With help from
Hsp70 and Hsp40, it extracts monomers from aggregates and
extrudes them through its central pore (24, 41, 68). This ma-
chinery could act in prion replication by extracting monomers
from amyloid fibers (29, 68), which would destabilize the fibers,
causing them to break into more numerous pieces that each
can continue to propagate the prion.

Paradoxically, overexpressing Hsp104 very efficiently “cures”
cells of the [PSI*] prion, which is composed of the translation
termination factor Sup35 (10). A widely held view of this cur-
ing is that elevating the cellular protein disaggregation activity
causes complete destruction of prions. However, elevating
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Hsp104 has little or no effect on most other amyloidogenic
prions (15, 16, 38, 47, 54, 66), although it can be inferred to
cure [MCA] prions in cells also propagating a prion of an
Mcal-Sup35 fusion (49). Together, these results suggest that
prions of Sup35, and perhaps those of Mcal, are particularly
sensitive to Hspl04 disaggregation activity. Alternatively,
something in addition to or other than a simple increase in
protein disaggregation is involved in the curing.

Although protein disaggregation activity of Hspl104 is re-
quired for both thermotolerance and prion propagation, we
and others have identified mutations in Hspl04 that affect
these processes separately (27, 32, 39, 60). The ability of
Hsp104 to thread proteins through its central pore, however, is
required for both processes (29, 41, 68), so this distinction in
Hsp104 function could be due to differences in how Hsp104
interacts with amorphous aggregates of thermally denatured
proteins and highly ordered prion aggregates or with cofactors
that interact with the different prions as substrates. In any
scenario, efficiency and specificity of Hsp104 function are af-
fected by interactions with other components of the disaggre-
gation machinery, in particular the Hsp70s and Hsp40s, which
are believed to interact first with substrates to facilitate action
of Hsp100 family disaggregases (2, 71, 72).

Increasing expression of either ubiquitin (Ub) or Ssb, an
Hsp70 that has roles in protein translation and proteasome
degradation, enhances Hsp104 curing of [PSI*] (3, 11, 12).
Predictably, reducing expression of either of them reduces
curing efficiency. The mechanisms underlying these effects are
unknown, but the combined effects of Ssb and Ub are additive,
suggesting that they act in different pathways. The role of Ub
is indirect, as Sup35 is neither ubiquitylated nor degraded
during curing. Whether other chaperones are involved in the
effects of Ub on curing has not been investigated.

Earlier we isolated a mutant of the Hsp70 Ssal, designated
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Ssal-21, that weakens and destabilizes [PSI"] propagation
(33). We later isolated several Hsp104 mutants that suppress
this antiprion effect (29). The Hsp104 mutants retain normal
functions in thermotolerance, protein disaggregation, and
prion propagation, but when overexpressed, they are unable to
cure [PSI"], even in wild-type cells. These findings argue
against a specific hypersensitivity of [PSI"] to disaggregation
and support the notion that something distinct from or in
addition to complete destruction of prions is involved in the
curing. They also imply that Ssal-21 and elevated Hsp104
inhibit [PSI"] prions by similar mechanisms. A prediction from
this conclusion is that other suppressors of Ssal-21 will also
inhibit curing of [PSI"] by overexpressed Hsp104. Indeed, we
find here that alterations that suppress Ssal-21 inhibition of
[PSI'] do interfere with curing of [PSI"] by overexpressed
Hsp104. We also provide evidence that Hsp90 has a critical
role in this curing and that the ability of Ub to enhance curing
depends on proper function of Hsp90 machinery.

MATERIALS AND METHODS

Strains, media, and plasmids. Yeast strains are all derived from 779-6A (mata
karl-1 SUQS ade2-1 his3A202 leu2Al trplA63 ura3-52) (34). Deletions of
HSPI104, HSPS2, HSCS2, and STII were created by transforming strain 779-6A
by using KanMX disruption cassettes that were PCR amplified from yeast dele-
tion strains (ATCC) (31). 1/2YPD (0.5% yeast extract, 2% peptone, 2% glucose)
is a rich medium that contains a limiting but undefined amount of adenine.
YPAD is similar but contains 1% yeast extract and excess (400 mg/liter) adenine.
SD (synthetic defined) medium contains 2% glucose, 7 g/liter yeast nitrogen base
(YNB; Difco), and the appropriate nutritional supplements to maintain selection
for plasmids and prions. Cells were grown at 30°C unless indicated otherwise.

Plasmids pRS313, pRS314, pRS315, and pRS316 are single-copy HIS3-,
TRPI-, LEU2-, and URA3-based vectors, respectively (65). Plasmid pMR26, for
overexpressing Hsp104, is pRS314 with HSP104 driven by the CUP! promoter. It
was constructed by inserting a BamHI-Sacl fragment containing HSP104 plus a
130-bp 3’ sequence from pGCH17 (29) into p316CupNGMC digested by the
same enzymes. Plasmid p316CupNGMC is pRS316 with a SUP35-GFP gene
encoding the fusion protein NGMC under the control of the CUPI promoter
(62). Plasmid pMR80 (Pcyp,::HSP104AN147) was constructed similarly by the
use of pGCH23 (29) as the source of HSPI04ANI47. Plasmid pMRS81
(Pcup1::HSP104AC4) was constructed by performing site-directed mutagenesis
on pMR26 to change Hsp104 codons 905 and 906 to TAA. Plasmid pMR40 is
pRS314 with Hspl04AC4 under the control of its own promoter. Plasmid
pMR115 is pRS316 with SSEI and 500 bp of 5'- and 3’-flanking DNA on a
BamHI fragment. Plasmid pC210 for expressing Ssal was described earlier (61).

Plasmids containing STI1, stil(C49Y), stiI ATPRI, sti1(G325D), stil(T5261),
and sti] ATPR2 were described previously (67). Plasmid pMR86 is pRS416 con-
taining the GPD promoter, a Hisq tag for N-terminal fusion, and the CYCI
terminator. It was constructed by first annealing oligonucleotides to create a
6HIS sequence flanked by Spel and BamHI. This was inserted into Xbal/BamHI-
digested p416-GPD (48). STII and the stil1(C49Y), stil(G325D), and sti1(T526I)
mutant genes were PCR amplified and inserted into BamHI-Xhol-digested
pMRS86 to give pMR87 through pMRY0, respectively. Plasmid pMR29 is a
multicopy HIS3-based vector (pRS423 [65]) containing UBI4 plus a 500-bp 5’
and 3’ sequence inserted in the BamHI site.

Monitoring [PSI*]. The [PSI "] prion propagates as self-replicating aggregates
of the translation termination factor Sup35. Our ade2-1 strains cannot grow
without exogenous adenine and are red when adenine is limiting due to the
accumulation of a metabolite of the adenine biosynthetic pathway. When [PSI™]
is present, depletion of Sup35 into prion aggregates causes reduced translation
termination efficiency, allowing suppression of ade2-1 by the SUQS5 tRNA in our
strains (14), which confers adenine prototrophy and white colony color. When
[PSI"] propagation is weakened, less Sup35 is depleted, and cells display an
intermediate (pink) colony color and weak or temperature-sensitive growth with-
out adenine. Unstable [PSI "] propagation (i.e., loss of [PSI"] during mitosis) is
seen as an appearance of red [psi~] clones in a population of [PSI"] cells.

Prion curing by Hsp104 overexpression. The most commonly used method of
overexpressing Hsp104 is galactose induction, but deleting Stil delays galactose-
induced transcription (20). We therefore used copper (100 pM CuSO,) to
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activate the CUPI promoter for Hsp104 overexpression. Copper induced Hsp104
efficiently and to similar degrees in all our strains (see Results). Hsp104,
Hsp104AN147, and Hspl04AC4 were overexpressed using plasmids pMR26,
pMRS80, and pMRS8], respectively. Cells containing the overexpression plasmid
were first grown overnight in SD (made with copper-free YNB) without trypto-
phan or adenine to select for the plasmid and for [PSI*], which safeguards
against potential leakiness of the CUPI promoter. Starter cultures were diluted
into SD lacking tryptophan and containing 400 mg/liter adenine and 100 pM
CuSO, to an optical density at 600 nm (ODyg) of 0.05 and incubated at 30°C
with shaking. Cells were diluted into fresh medium to maintain logarithmic
growth. Growth of cultures was monitored by ODgs, and in all experiments,
generations were defined as doublings of ODy. Periodically, culture aliquots
were diluted and spread onto 1/2YPD to quantify culture density and monitor
the appearance of [psi~] (entirely red) colonies. Most experiments were carried
out through four to six generations because the interval where the rate of curing
was most linear was between cell divisions 2 and 8.

Analysis of Stil-interacting proteins. Stil-containing complexes were isolated
as described previously (21). Briefly, stiA cells carrying Hisg-tagged STI1 wild-
type or mutant alleles on plasmids pMR87 to pMR90 were grown overnight in
SD medium lacking uracil to an ODg, of 2. Cells were harvested, suspended in
lysis buffer, and broken by agitation with glass beads. Equal amounts of total
protein, determined using the bicinchoninic acid (BCA) assay (Pierce), were
incubated with Ni-nitrilotriacetic acid (NTA) resin and washed first with lysis
buffer and then extensively with lysis buffer plus 0.1% Tween 20 and 35 mM
imidazole. Stil-containing complexes were eluted with lysis buffer plus 500 mM
imidazole and analyzed by Coomassie staining/SDS-PAGE and Western blotting
for Stil and Hsp90.

Western analysis. Cells collected by centrifugation were suspended in 100 mM
Tris-HCI (pH 6.8), 4% SDS, and 10% glycerol and broken by agitation with glass
beads for 1 min. Lysates were then boiled for 10 min in a water bath and cleared
by centrifugation, and total protein concentrations were determined using the
BCA assay (Pierce). Ten milligrams of total protein was separated on 4 to 20%
Tris-HCI Criterion SDS-PAGE gels (Bio-Rad) and transferred to polyvinylidene
difluoride (PVDF) membranes, which were probed with antibodies to Stil, a gift
from David Toft (Mayo Clinic, MN), or Hsp104, a gift from John Glover (Uni-
versity of Toronto). Hsp90 was detected using a C-terminal-specific antibody (a
gift from David Toft), which reacts with both Hsc82 and Hsp82, and Stressgen
antibody SPA-840, which reacts only with Hsp82. Hsp70 antibody was from
Stressgen (SPA-822), and Ssel antibodies were gifts from Jeff Brodsky (Univer-
sity of Pittsburgh) (28) and Bernd Bukau (University of Heidelberg) (56).

RESULTS

Mutations that suppress Ssal-21 inhibition of [PSI*] also
suppress Hsp104 curing of [PSI*]. We monitor [PSI*] in our
strains by red/white colony color on media with limiting ade-
nine (see Materials and Methods). In this system, [psi~ ] cells
are red, and [PSI "] cells are white. Transient overexpression of
Hsp104 causes cells to lose [PSI"] so that red [psi~] colonies
appear in [PSI"] populations (10) (Fig. 1A). The Hsp70 mu-
tant Ssal-21 inhibits [PSI"] propagation, causing a weak and
unstable prion phenotype, seen as a pink color of [PSI"] col-
onies, and frequent appearance of red [psi~ ] colonies (33) (Fig.
1A, lower center panel). We previously identified several mu-
tations in the amino-terminal domain of Hsp104 that do not
affect its normal functions in prion propagation or protein
disaggregation but restore wild-type [PSI'] propagation in
cells expressing Ssal-21 (29). These Hsp104 mutants are also
defective in curing [PSI"] when overexpressed, suggesting that
Ssal-21 impairs [PSI"] by a mechanism related to that caused
by elevating Hsp104. To test this interpretation, we determined
if other alterations that suppress prion inhibition by Ssal-21
also interfere with the curing of [PSI"] by overexpression of
Hsp104.

We showed earlier that deleting the tetratricopeptide repeat
(TPR)-containing Hsp70/Hsp90 cochaperone Stil (Hopl in
mammals) has little effect on [PSI"] in wild-type cells but
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FIG. 1. Stil mediates Ssal-21 inhibition of [PSI"] and is critical for
curing of [PSI™] by Hsp104 overexpression. (A) The upper left panel
shows wild-type (wt) cells that overexpressed Hsp104 for ~5 genera-
tions and then were spread onto 1/2YPD plates and grown for 2 to 3
days at 30°C. White colonies are [PSI"], and red colonies arose from
cells that lost [PST"]. The lower left panel shows hspl04A cells express-
ing Hsp104 or Hsp104AC4 (as indicated) from a plasmid, which pro-
duces roughly 3-fold more Hsp104 than chromosomally expressed
Hsp104, grown similarly but on defined medium with limiting (8 mg/
liter) adenine. Instability of [PSI"] caused by the modestly elevated
Hspl04 is detectable as red sectoring in otherwise white colonies.
Overall color and sectoring frequency of cells expressing the different
Hsp104 proteins are indistinguishable. Wild-type and SSA4/-2/ mutant
cells (center panels) or the same combined with deletion of ST11
(sti1A; right panels) were spread onto 1/2YPD and incubated as de-
scribed above to illustrate [PSI"] phenotypes. All panels are represen-
tative 2.5-cm squares from plates, except those on the lower left, which
are magnified X2 relative to others. Images were made by scanning
plates by the use of an HP ScanJet 6300C document scanner. Color
and contrast of the assembly of images were optimized using Adobe
Photoshop 7.0 software. (B) Appearance of [psi~| cells in growing
cultures is shown as a function of generations (monitored as doubling
of ODg). All cultures were grown in medium containing 100 pM
CuSO, to induce expression from the CUPI promoter and then spread
onto 1/2YPD plates and incubated as described above. Wild-type cells
carried plasmids without HSP104 (control), with wild-type HSP104
(104), or with HSPI04AC4 (104AC4). The stilIA cells over-
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TABLE 1. Rates of Hsp104 curing of [PST "]

Strain % [psi~] cells/generation
Wild type plus empty VECtOT .....ccouvuvirireviririiririirieines <0.001
Wild type plus Hsp104 9.0+0.3
Wild type plus HSplO4ACA.........coviviviiiiiiriee 8.9 = 0.6
stil A mutant plus Hsp104 02+0.2
hsc82A mutant plus Hspl04 ......ccoeviiiiiiniiiiiicld 03+0.2

41+0.2

hsp82A mutant plus Hsp104

“ Hsp104 (or Hsp104AC4 where indicated) proteins were overexpressed from
copper-inducible alleles on pMR26 and pMRS8I1, respectively. Cells removed
periodically from cultures grown for four to six generations were spread onto
1/2YPD to determine the proportion of [psi~] (entirely red) colonies. At each
time point, 500 to 1,500 colonies were assessed. Values are averages of the results
for at least three experiments * standard deviation (n = 3 to 19). Generations
were measured as doublings of culture ODg. No [psi~] colonies were detected
in cultures that did not overexpress Hsp104 (first row).

restores a normal [PST"] phenotype in SS41-21 cells, a finding
confirmed here (Fig. 1A, right panels). Stil interacts with both
Hsp70 and Hsp90 to bridge them and facilitates substrate
transfer from Hsp70 to Hsp90 in a folding pathway for a variety
of client proteins (9, 67). Here, we find that deleting ST1/
caused a considerable inhibition in the curing of [PSI*] by
overexpressed Hspl04 (Fig. 1B and Table 1). The reduced
curing of s#iIA cells was not due to reduced Hsp104 expression
(Fig. 1C and 2C). These data show that Stil is required for
efficient prion curing.

While our paper was in revision, a paper reporting a similar
conclusion was published (46). There are two differences be-
tween our two studies. Although the strains they used origi-
nated in our laboratory and are isogenic to ours, their sti/A
deletion strain carried a disruption allele that apparently was
constructed separately. Additionally, that study used galactose
induction for overexpressing Hsp104. We used copper induc-
tion because galactose-induced transcription from the galac-
tose promoter is delayed in sti/A cells (20). Apparently, this
delay does not significantly influence prion curing, and deplet-
ing Stil inhibits curing similarly when Hsp104 expression is
induced with galactose (46). Together, our independent find-
ings corroborate the conclusion that Stil plays an important
role in curing of [PSI"] by Hsp104 overexpression.

The TPR interaction motif of Hsp104 is dispensable for
[PSI*] curing. A conserved carboxy-terminal acidic motif
(EEVD) on Hsp70 and Hsp90 mediates their physical interac-
tions with TPR-containing cochaperones (59). Hsp104 con-
tains a similar carboxy-terminal motif (DDLD) that mediates
physical interactions with Stil and other TPR-containing
Hsp90 cochaperones (1) but is dispensable for its function in
thermotolerance (42). To determine if the effects of TPR pro-

express wild-type HSP104. To maintain continuous growth, cultures
were diluted into fresh medium when the ODy, reached 1 to 2. No
|psi~] colonies appeared among over 900 colonies from the control
cultures at any of the time points. Values are averages of the results for
three independent experiments =+ standard error of the mean (SEM).
(C) Western analysis of the abundance of Hsp104 and Hsp104AC4 in
cells used for the experiment in panel B from cultures grown for
roughly 10 generations. Bottom panel (load) shows a portion of the
membrane used for the blot stained by amido black as a loading and
transfer control.
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FIG. 2. Both TPR domains of Stil are important for prion curing
by overexpressed Hsp104. (A) Domain structure of Stil and mutants
used in this study. Numbers above the diagram indicate the amino acid
residue position; asterisks indicate the locations of point mutations
indicated on the left. Deleted regions are indicated with horizontal
lines. DP, aspartate-proline region. (B) Rates of prion curing were
determined in cultures overexpressing Hsp104 for four or five gener-
ations. Strains to the right of the wild type (wt; carries empty vector)
are stil A with an empty vector or a vector encoding the indicated Stil
protein. Values are averages of the results for three independent
experiments *+ standard deviation. (C) Western analysis of abundance
of proteins indicated on the left in cells from experiments shown in
panel B that were grown for four generations. All strains were exposed
to copper and carry either an empty vector (—) or pMR26 for expres-
sion of Hsp104 (+), as indicated above each lane. Lower panel (load)
is a portion of the blotted membrane stained by amido black as a
loading and transfer control.

teins on the curing were through direct interactions with
Hsp104, we overexpressed Hsp104 that lacks the DDLD motif,
designated Hsp104AC4. Hsp104AC4 cured [PSI'] like wild-
type Hsp104 did (Fig. 1B and Table 1), indicating that a direct
interaction between the Hsp104 C-terminal motif and TPR
cochaperones is not required for, nor detectably influences, the
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curing of [PSI"]. This was not surprising since the interaction
of Hsp104 with Stil and other TPR-containing cochaperones
in vivo is detected only when cells are grown on a nonferment-
able carbon source (i.e., conditions requiring respiration [1]),
which we do not use here. We further found that cells lacking
chromosomal HSPI04 and expressing wild-type Hsp104 or
Hsp104AC4 from the HSP104 promoter on a single-copy plas-
mid propagated [PSI"] similarly (Fig. 1A, lower left panel),
which indicates that the C-terminal motif is not necessary for
Hsp104 function in prion propagation and implies that
Hsp104AC4 cures prions by the same mechanism as that used
by Hsp104 rather than by inactivating endogenous Hsp104.

Both TPR domains of Stil are required for efficient curing
of [PST*] by excess Hsp104. Fig. 2A shows a diagram of the
domain structure of Stil, which has different TPR domains
that mediate interactions with different chaperones. TPR1 in-
teracts with Ssal and Hsp104, and the longer TPR2 domain,
which is subdivided into TPR2a and TPR2b, mediates physical
and functional interactions primarily with Hsp90 (1, 21, 22, 67).
By assessing various domain deletions and point mutations of
Stil, we earlier showed that Stil can regulate Hsp70 and Hsp90
separately in vivo (67). In this system, Stil lacking TPR2
(StilATPR?2) can regulate Ssal effects on [PSI "], but it cannot
regulate essential Hsp90 functions. In contrast, Stil lacking
TPRI1 (StilATPR1) does not regulate Ssal effects on [PSI™]
but can regulate essential functions of Hsp90. This earlier work
shows that it is possible to alter TPR1 and TPR2 of Stil in ways
that specifically affect functions of Ssal and Hsp90, respec-
tively.

We expressed wild-type and mutant S771 alleles from plas-
mids in s#i/A cells to determine if specifically inhibiting the
ability of Stil to regulate Hsp70 or Hsp90 affected curing. Cells
expressing StilATPR1 or Stil(C49Y), which have impaired
regulation of Hsp70, were cured by overexpressed Hsp104 at a
rate 6-fold lower than were cells expressing wild-type Stil
(Fig. 2B). The rate of curing of [PSI'] in cells expressing
StilATPR2, which interacts normally with Hsp70 with regard
to [PSI"] propagation, was reduced 40-fold (Fig. 2B), pointing
to an even more prominent role for Hsp90 in the curing. All of
the Stil mutants were expressed at levels similar to or above
that of Stil in wild-type cells, and Hsp104 was induced to
similar levels in all the strains (Fig. 2C). To address the role of
TPR2 in more detail, we tested curing of cells expressing Stil
mutants Sti1(G325D) (in TPR2a) and Stil(T526I) (in TPR2b),
which have no effect on [PSI"] but disrupt the ability of Stil to
regulate Hsp90 function (67). Cells expressing Stil(G325D)
and Stil(T526I) were cured roughly 2- and 40-fold less effi-
ciently, respectively, than those expressing wild-type Stil (Fig.
2B). These results are consistent with our earlier data showing
that G325D and T5261 had the same proportional effect on
essential Hsp90 function (67). They also indicate that TPR2
function with regard to curing is destroyed by the T5261 sub-
stitution and show that while Stil-Hsp90 interaction is dispens-
able for [PSI*] propagation, it is crucial for the curing of
[PST"] by Hsp104.

Elevating abundance of a variety of chaperones and cochap-
erones can weaken or destabilize prions, but only Ssel (an
Hsp70 regulator), and to a lesser extent the Hsp70s Ssal to
Ssa4, inhibit Hsp104 curing of [PSI™] (4, 19, 51, 56). We com-
pared the amounts of Ssel and overall Hsp70 expressed in our
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FIG. 3. Curing of cells coexpressing Ssal or Ssel. Curing was done
as described in the legend for Fig. 1, using cells carrying plasmids with
HSP104 (104), SSAI (Al), and SSEI (E1) or the corresponding empty
vectors (ev). Western analysis probing for the chaperones indicated on
the left was done using cultures grown for four generations. Numbers
below the image indicate rates of prion curing (%[psi~] per genera-
tion) for the strains labeled directly above.

strains to determine if any of the inhibitory effects we observed
might be due to induction of high levels of these chaperones.
The levels of these proteins were similar to that of the wild
type, although they seemed to vary somewhat (Fig. 2C). Since
it was reported that a roughly 50% increase in Ssal reduced
curing in typical [PSI*] cultures from 43% cured to 16% cured
(51), even small variations could be meaningful. Some differ-
ences in abundance, however, were opposite of what would be
predicted on the basis of effects on curing. For example, al-
though wild-type cells looked to have more of both Hsp70 and
Ssel than did cells expressing Stil(C49Y), they cured more
efficiently. Thus, although increases in abundance of Ssel or
Hsp70 probably contributed to some of the reduction in curing,
the large reductions in curing we see do not appear to be
explained adequately just by differences in expression of these
factors known to inhibit Hsp104 curing of [PST"].

With regard to effects on curing, it is difficult to know how
meaningful the small differences we see in the abundances of
Hsp70 and Ssel might be, because none of the earlier studies
monitoring Hsp104 curing present similar blotting data to in-
dicate the degree to which induced Ssel or Ssal were elevated.
To get a better idea of how levels of Ssal and Ssel correlate
with inhibition of curing, we tested curing of cells coexpressing
Ssel and Ssal. Cells coexpressing Ssal had an increase in
Hsp70 abundance that was clearly higher (Fig. 3) than that of
cells lacking Stil or expressing mutated Stil (Fig. 2C). Never-
theless, these cells had only a 3-fold reduction in curing rate
(Fig. 3). Similarly, the roughly 10-fold reduction in curing of
the cells coexpressing Ssel was accompanied by an increase in
Ssel abundance that also was clearly greater than that seen for
any of the Stil mutants. The Ssel-overexpressing cells also had
a level of Ssal comparable to that of cells overexpressing Ssal.
Thus, the reduction in the curing of Stil mutants is not ex-
plained simply by increases in Ssal or Ssel. These data are in
line with our interpretation that Stil regulation of Hsp70 and
Hsp90 plays a significant role in the curing of [PSI"] by over-
expressed Hsp104.

Another observation from this experiment was that in the
absence of Ssal or Ssel coexpression, overexpressing Hsp104
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FIG. 4. Stil mutations that suppress Hsp104-mediated curing affect
interaction with Hsp90. Cells lacking chromosomal S77] and carrying
empty vector (cont) or plasmids expressing Hisqs-tagged Stil,
Stil(C49Y), Stil(G325D), or Stil(T5261) were grown as indicated in
Materials and Methods. Stil-containing complexes were purified from
lysates by using metal affinity chromatography. Complexes were sepa-
rated by SDS-PAGE, blotted, and probed with antibodies specific to
Stil (top panel), an antibody raised against the C terminus of yeast
Hsp90 that reacts with both Hsc82 and Hsp82 (Hsc82 + Hsp82) and a
commercially available antibody raised against human Hsp90«a that
recognizes yeast Hsp82 only (Hsp82). The bottom panel (CB) shows a
portion of a Coomassie brilliant blue-stained gel of the purified com-
plexes, with molecular size markers indicated. Identical volumes of
samples were loaded in this gel and in the gels used for the blots. The
arrowhead indicates the position of Stil.

caused a reduction in abundance of Ssal and Ssel. This effect
was a general one that we noticed consistently in our experi-
ments. Since Ssal and Ssel promote [PSI "] appearance and
propagation (19, 51), repressed expression of these factors
might contribute to the curing mechanism.

Stil mutations affect Hsp90 interaction. To determine if the
Stil mutations affecting Hsp90 function altered physical inter-
action of Stil with Hsp90, we evaluated the amount of Hsp90
that copurified with Stil (Fig. 4A). In line with the genetic
results here and in the earlier study (67), both the G325D and
T526I mutations reduced Stil-Hsp90 physical interaction. Un-
expectedly, although the T5261 mutation caused a greater in-
hibition of curing than did G325D, it did not cause a greater
reduction of the Stil-Hsp90 interaction. This discrepancy
might mean that T526I is more important than G325D for
functional consequences of the Stil interaction or that it is
involved in an Hsp90-independent Stil function important for
the curing. Together, these data show that these Stil mutations
disrupted physical interactions with Hsp90.

We were unable to detect interactions between Stil and
Hsp70 by this method so we used the alternative approach of
purifying Ssal and assessing the amount of wild-type or mutant
Stil that copurified. This method also was unsuccessful. Ap-
parently, Stil-Hsp70 interactions in our strains were not strong
enough to survive the purification conditions. Although our
results do not allow us to conclude whether the C49Y substi-
tution influences the physical interaction of Stil with Hsp70,
this mutation did not affect Hsp90 interaction (Fig. 4), and our
previous data demonstrate that it greatly disrupts essentially all
TPR1-mediated functional interaction between Stil and
Hsp70 in vivo (67).
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FIG. 5. Hsp90 function is important for curing of [PSI*] by overexpressed Hsp104. (A) Sensitivity of strains (all are [PSI"]) to the Hsp90-
specific inhibitor radicicol. Overnight YPAD cultures were diluted to an ODy, of 1.0, and 5-fold serial dilutions were spotted onto plates without
and with (+rad) 25 pg/ml radicicol. Plates were scanned after incubation for 3 days at 30°C. (B) Radicicol blocks curing of [PSI ] by overexpressed
Hsp104. Wild-type cells with plasmid for copper-inducible overexpression of Hsp104 were grown under inducing conditions (100 nM CuSO,) for
1.5 generations, at which time (“add” arrow) the overexpressing culture was split. One culture (closed circles) was untreated, while radicicol (25
wg/ml final concentration) was added to the other (closed triangles). After growing for another 3.5 generations (“remove” arrow), the radicicol-
treated culture was washed, suspended in fresh radicicol-free medium, and grown for another 2.5 generations. Cultures grown without CuSO,, and
either lacking (open circles) or containing (open triangles) radicicol were monitored in parallel. Values are averages of the results for three
independent experiments * standard deviation. (C) Western analysis of chaperones (indicated on left) in cells used in a replicate of the experiment
shown in panel B. The “load” image shows a portion of the blotted membrane stained by amido black. (D) Western analysis of Hsp90 and other
chaperones in hsc82A and hsp82A cells used in curing experiments. The blot in the top image is probed with an antibody that recognizes both
isoforms of Hsp90 (Hsc82 + Hsp82), while the panel beneath it is an identical blot probed with a different antibody reactive only to the inducible
Hsp82 isoform (see also Fig. 3). The lower panels show blots probed for Hsp104, Hsp70, and Ssel, as indicated. All cultures contained 100 pM

CuSOy,; control cells (cont) carry the empty vector.

Inhibiting Hsp90 blocks Hsp104 curing of [PSI*]. Although
reducing Hsp90 abundance does not noticeably affect [PSI™]
propagation (31, 67) and overexpressing Hsp90 does not affect
[PSI"] propagation or curing of [PSI'] by overexpressed
Hsp104 (51), evidence that Hsp90 is important for eliminating
[PST"] when Hsp104 is overexpressed is lacking. Since deplet-
ing both constitutive (Hsc82) and inducible (Hsp82) isoforms
is lethal, we used radicicol, a selective inhibitor of Hsp90
ATPase activity, to test for such an involvement. Exposing
[PSI] cells to radicicol at concentrations ranging from 1 to
200 M has no effect on [PSI"] stability (31). At a concentra-
tion of 25 wg/ml (70 pM), radicicol has little effect on the
growth of our wild-type cells but markedly reduces growth of
cells with compromised Hsp90 machinery function, such as
those lacking Stil (Fig. 5A).

When radicicol was included at this concentration in wild-
type cultures overexpressing Hsp104, cell growth was mini-

mally affected, indicating that elevating Hsp104 does not alter
radicicol sensitivity, but curing of [PSI"] was completely
blocked (Fig. 5B). The effect was fully reversible, as curing was
rapidly restored to a normal rate when cells were subsequently
transferred to medium without radicicol (Fig. 5B, “remove”
arrow). The inhibitory effect of radicicol was not due to re-
duced expression of Hspl104 (Fig. 5C). Radicicol caused an
increase in expression of Hsp104, Hsp70, and Ssel (Fig. 5C,
lane 2), but again, overexpressing Hsp104 moderated this ef-
fect somewhat, so the level of Ssel was not as high when
radicicol was present in Hsp104-overexpressing cells (Fig. 5C,
compare lanes 3 and 4). The radicicol-induced increase was
clearly less than that of cells overexpressing Ssel from a plas-
mid (Fig. 3) from which [PSI*] was cured more efficiently.
Thus, even if the increased amount of Ssel caused by radicicol
contributed to the inhibition of curing, it does not explain the
complete inhibition caused by radicicol. These results also are
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in line with our other data that indicate that Hsp90 plays a role
in the curing of [PSI"] by overexpression of Hsp104.

As in mammalian cells, S. cerevisiae cells bear both consti-
tutive (Hsc82) and inducible (Hsp82) Hsp90 isoforms. Delet-
ing HSCS2 causes a greater reduction in overall abundance of
Hsp90 than does deleting HSPS2 (8), an effect we see in our
strains (Fig. 5D, upper panel). Even though Asc82A cells had
less overall Hsp90 (as Hsp82) than did wild-type cells, they
grew better on plates containing radicicol (Fig. SA). Thus, cells
expressing only Hsc82 are more sensitive to radicicol toxicity
than those expressing only Hsp82. A similar difference in sen-
sitivity of cells expressing Hsc82 or Hsp82 was observed in a
screen for mutants hypersensitive to growth inhibitory effects
of macbecin II, another Hsp90 inhibitor (43). This functional
difference between Hsp90 isoforms appears to be conserved, as
the human stress-inducible Hsp90a is reported to confer less
resistance to radicicol than does the constitutive isoform
Hsp90B (45).

Our results suggest that much, if not all, of the Hsp82 was
still active in the radicicol-treated wild-type cells that failed to
cure, which implies that Hsc82 is more important than Hsp82
for the curing of [PSI"] by overexpressed Hsp104. As a test of
this hypothesis, we overexpressed Hsp104 in the Asc82A and
hsp82A strains. Hsp104 overexpression cured hsc82A cells of
[PSI] very inefficiently (17-fold reduction) but cured hsp82A
cells only 2-fold less well than did wild-type cells (Table 1).
Although the smaller overall amount of Hsp90 in Asc82A cells
might have contributed to the reduced efficiency of curing of
these cells, the difference in Hsp90 abundance between the
hsc82A and hsp82A strains was much smaller than the differ-
ence in curing efficiency. These data are consistent with Hsc82
having a more significant role in the curing than Hsp82.

Additionally, even though Asp82A cells had more Ssel than
did Asc82A cells (Fig. 5D), they cured more efficiently. More-
over, the absolute level of Ssel was much greater in Asp82A
cells than in cells exposed to radicicol or those expressing the
TPR2 mutants (compare Fig. 5D with Fig. 5C and 2C), but
again, the Asp82A cells cured much more efficiently. These data
show that abundance of Ssel had less to do with the reduction
of curing than the alteration of Hsp90 machinery and suggest
that the inhibitory effects of Ssel on curing depend on certain
functions of this machinery.

Hsp90 machinery mediates Ub effects on curing. The Ub-
proteasome system (UPS) mutations that reduce levels of free
Ub, such as depletion of the Ub recycling enzyme Ubp6, par-
tially inhibit the curing of [PSI "] by overexpressed Hsp104 (3,
12). Introducing the Ub gene UBI4 on a high-copy-number
plasmid restores the curing of such mutant cells, indicating that
the inhibition of curing is caused by the reduction in free Ub.
In wild-type cells, elevating Ub increases curing efficiency and
strengthens nonsense suppression by [PSI"] in general. Thus,
Ub influences both Hsp104 curing and [PSI"] propagation
(3, 12).

We looked for a link between the UPS and Hsp90 in the
curing by testing if elevating free Ub influenced the curing of
cells with Hsp90 system defects. As expected, high-copy-num-
ber UBI4 increased efficiency of curing of wild-type cells (Fig.
6). However, it did not significantly affect the curing of sti/A,
hsc82A, or hsp82A cells. These results suggest that the positive
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FIG. 6. Ub effects on curing of [PSI"] by Hsp104 overexpression.
Rates of curing of cultures grown for four to six generations were
determined as described in the legend for Fig. 1. Strains (indicated at
bottom) carry empty vector (—) or the same plasmid with UBI4 (+),
which encodes Ub. Values are averages of the results for three inde-
pendent experiments = standard deviation. Student’s ¢ test values are
as follows: wild type, P = 0.0014; others, P = 0.1.

effect that Ub has on prion curing by Hsp104 overexpression
requires normal function of the Hsp90 machinery.

Curing of [PSI*] by excess Hsp104 is associated with cell
division. A widely held view to explain the curing of [PSI"] by
excess Hsp104 is that increasing Hsp104 disaggregation activity
destroys prion templates through a direct mass action effect. If
excess Hsp104 cures [PSI"] by this mechanism in vivo, then it
should be possible to cure nondividing cells. We tested if cur-
ing could proceed in nondividing cells by monitoring the curing
of cells in a culture depleted of a nutrient required for growth
(Fig. 7). After inducing overexpression of Hsp104 in wild-type
cells for 5 h, the culture was harvested by centrifugation,
washed, suspended in the same medium but lacking leucine,
and then split into two equal portions. Leucine was added to
one of these cultures, and both were incubated for another
20 h, during which the culture containing leucine went through
five generations and the leucine-depleted culture doubled only
once. Leucine was then added to the leucine-depleted culture,
whereupon it immediately resumed logarithmic growth at the
normal rate, and both cultures were grown another 10 h.
The appearance of [psi~] cells in both cultures correlated with
the growth of the cultures, showing a clear association between
curing and cell division (Fig. 7A and B). Similar results were
obtained when histidine was depleted. Starved cells overex-
pressed Hsp104 to similar levels as nonstarved cells (Fig. 7C).
These results are consistent with the notion that effective cur-
ing of [PSI*] by overexpressing Hsp104 depends on cell divi-
sion and argue against curing being caused solely by direct
wholesale destruction of prions.

Hsp90 machinery does not affect curing of [PSI*] by
Hsp104 inactivation. Inactivating Hsp104 by adding millimolar
guanidine to growth medium arrests prion seed replication so
that the seeds present at the time of guanidine addition be-
come diluted among the cells in a growing culture, eventually
giving rise to [psi~ | cells when the number of cells becomes
greater than the number of preexisting prions. We tested the
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FIG. 7. Curing of [PSI"] by Hspl04 overexpression is associated
with cell division. Curing of a wild-type culture was done as described
in the legend for Fig. 1 except that the culture was harvested 5 h after
inducing Hsp104 expression and split into two flasks, one containing
identical medium (control; circles) and the other into a similar medium
lacking a required nutrient (leucine or histidine; squares). After incu-
bation for another 20 h, the depleted nutrient was added back to the
second culture (arrow). (A) Growth of cultures is shown as log of CFU
per ml as a function of time. (B) The proportion of [psi~] colonies in
the same culture aliquots used to monitor growth is shown. Values in
panels A and B are averages from the results for three independent
experiments, (two with leucine depleted, one with histidine de-
pleted) = standard deviation. (C) Western analysis of Hsp104 abun-
dance in cells of the same aliquots of starved (+) and unstarved (—)
cultures removed at the indicated time points from the experiment
shown in panels A and B.

possibility that the Hsp90 machinery affects curing caused by
Hsp104 inactivation by growing stilA, hsc82A, and hsp82A cells
in medium containing three millimolar guanidine-HCI, which
inactivates Hsp104 ATPase (24, 26). [PSI'] cells grown in
YPAD were diluted into YPAD containing 3 mM guanidine-
HCI, and the proportion of [psi~] cells in the cultures was
monitored periodically for roughly 12 generations. All of the
mutant strains cured like wild-type cells, having similar lags
before [psi] cells appeared and similar rates of subsequent
curing (Fig. 8). These results show that prion replication was
arrested equally well by guanidine in all the strains and that all
strains had similar numbers of starting seeds. Thus, the Stil
and Hsp90 mutations do not affect the normal function of
Hsp104 in prion propagation or the dependency of [PST"] on
Hsp104 activity.

DISCUSSION

We previously showed that antiprion effects of Ssal-21 re-
quire a curing-competent Hsp104, and we show here that an
extragenic suppressor of Ssal-21 (stiA) also suppresses curing
of [PSI*] by overexpressed Hsp104 in wild-type cells, a result
also found by others (46). Our data confirm an important role
for this Hsp70/90 cofactor in the curing and suggest that
Ssal-21 induces an Hspl04-like prion curing activity even
when Hspl04 is present in low abundance. This explanation
strengthens the link between Ssal-21 and Hsp104 curing ac-
tivities and is consistent with the dominant impairment of
[PSI] propagation by Ssal-21.

We demonstrate that the role of Stil in curing by overex-
pressed Hsp104 is indirect, through functional interactions of
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FIG. 8. Curing of [PSI"] by guanidine inactivation of Hsp104. Cells
grown in YPAD were diluted into similar medium containing 3 mM
guanidine hydrochloride and grown continuously for roughly 12 gen-
erations. Aliquots of cells were removed periodically to determine the
proportion of [PSI*] cells as described in the legend for Fig. 1. The
proportion of [PSI"] cells remaining is shown as a function of gener-
ations.

Stil with Hsp70 and, more prominently, Hsp90. Although mu-
tations in Stil that disrupt physical and functional interactions
of Stil with Hsp90 do not affect [PSI"] propagation, they
severely inhibit curing of [PSI"] by overexpressed Hsp104.
These results highlight the distinction in the way Hsp104 func-
tions in prion replication and in prion curing and point to Stil
and Hsp90 as major determinants of this distinction in Hsp104
function with regard to the curing. Our finding that AspS82A
cells are more sensitive than ssc82A cells to radicicol resembles
that of previous work showing a similar difference in sensitivity
to the structurally unrelated Hsp90 inhibitor macbecin II (43).
These and other results that we show here uncover isoform-
specific differences between Hsc82 and Hsp82 with regard to
effects on prions and point to Hsc82 as having a more impor-
tant role than Hsp82 in curing by overexpressed Hsp104. Al-
though these data point to exquisite specificity in functions
important for the curing, the expanding number of chaperone
factors that influence the curing speaks to the complexity of the
curing mechanism and suggests that overexpressed Hspl04
does not act alone to disrupt [PSI"] propagation.

The involvement of Ub adds another level of complexity.
Although alterations that reduce levels of free Ub also ad-
versely affect [PSI"] propagation (12; M. Reidy and D. C.
Masison, unpublished results), a substantial effort failed to
detect ubiquitylated Sup35 or differences in Sup35 stability,
implying that any effect on the prion due to protein turnover is
indirect and not by degradation of Sup35 (3). Since ubiquityl-
ation can regulate protein activity as well as signal protein
degradation (36), the degradation or regulation of an unknown
factor might contribute to the curing mechanism. Alterna-
tively, reducing Ub might simply slow proteasomal degradation
in general, which could lead to higher levels of misfolded
protein substrates that titrate chaperones involved in curing.
Ub is also important for endosome/lysosome trafficking, and a
link between these processes and aggregation of prions and
polyglutamine has been reported (44). The extent to which the
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influence of Ub on curing might involve these processes has
not been investigated in detail. Although increasing Ub en-
hanced the curing of wild-type cells, it did not significantly
affect the curing of cells depleted of Stil or Hsp90, which
uncovers a link between Ub and the Hsp90 machinery in curing
and shows that Stil and Hsp90 are important for mediating the
contribution of Ub to the curing.

The mechanism of prion curing by overexpressing Hsp104
has remained elusive, but a widely held view to explain it is that
increasing Hsp104 dismantles prions until no functional tem-
plates remain to propagate the prion state. This view is based
on the logical assumption that increasing Hsp104 abundance
corresponds to increased disaggregation activity in the cell due
to simple mass action effects, and it is supported by biochem-
ical evidence showing that Hsp104 can break down infectious
Sup35 amyloid into noninfectious material (63, 64). Our in vivo
data presented here, however, are inconsistent with this mech-
anism as the sole explanation for the curing. Although the
factors we identify here that are important for the curing are
involved in protein folding, they have not been implicated as
having a direct role in, or even influencing, Hsp104 protein
disaggregation. Additionally, our earlier findings with an
amino-terminally altered Hsp104 showed that Hsp104’s ability
to confer thermotolerance, to resolubilize proteins from aggre-
gates, and to act in prion replication are together insufficient
for overexpressed Hsp104 to cure cells of the [PSI] prion
(29). The findings by Moosavi et al. (46) that Stil is required
for curing by overexpression of wild-type Hsp104 but not by
overexpression of a dominant negative form of Hsp104, which
cures by the different mechanism of Hsp104 inactivation, led
them to promote the hypothesis that [PSI*] elimination by
Hsp104 overexpression is not simply a consequence of com-
plete dissolution of prion aggregates. They further suggest that
[PSI] curing is through a mechanism distinct from the remod-
eling activity of Hsp104.

Since Hsp104 lacking its amino-terminal domain actually
enhances [PSI"] propagation somewhat, it is unlikely that this
domain is important for direct interactions of Hsp104 with
Sup35 as a prion substrate. The conserved amino-terminal
domain of Hsp100 family proteins of prokaryotic species is also
dispensable for function in thermotolerance (7, 13), suggesting
that this domain has a function beyond stress protection in
other species as well. Prion curing appears to require another
Hsp104 function, dependent upon its amino-terminal domain,
that is active only when Hsp104 abundance is elevated under
conditions where it is not normally induced.

Possibilities for this function of Hsp104 include indirect ef-
fects through an interaction with a specific substrate or cofac-
tor that is involved in a process that [PSI "] prions rely on to be
efficiently replicated or transmitted during cell division or with
other factors that interact specifically with Sup35. Sup35 inter-
acts with components involved in endosome/vacuole dynamics
and cortical actin organization, and exposing cells to the actin
depolymerizing compound latrunculin A can cure them of
[PSI] (5, 6, 23, 44). The interaction between Sup35 and cy-
toskeletal components affects the aggregation of Sup35, and
Hspl04 seems to be important for this interaction (5, 23).
Hsp104 is also involved in actin organization and has a role in
linking actin cytoskeleton and polarisome dynamics with re-
tention of damaged proteins in mother cells during cell division
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(18, 40, 69). Hsp104 also partitions between cytosolic protein
quality control compartments and can influence the recovery
of proteins from them (35). Hsp104’s amino-terminal domain
might be important for [PSI*] curing by directing interactions
of Hsp104 with factors acting in any of these pathways in a way
that interferes specifically with replication or transmission of
[PSI"] prions or that promotes or perturbs interactions of
Sup35 with components involved in these processes. It is also
possible that Hsp104 undergoes posttranslational modifica-
tions influenced by its expression level that might differentially
regulate its activity.

Although curing of [PSI™"] by overexpressed Hsp104 was tied
to cell division, it occurred soon after induction of Hsp104 and
at a low and roughly linear rate (about 10%/cell division). With
90% or so of cells escaping curing each generation, the curing
effect seems relatively inefficient. Whether this pattern reflects
an inherent inefficiency of a particular activity or an efficient
process occurring in only a specific subpopulation of cells in
the culture, such as those of a particular replicative age, re-
mains to be determined.
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