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a b s t r a c t

Molecular chaperones of the Hsp70/40 family protect against the accumulation of mutated or misfolded
proteins in part by facilitating their degradation. In the polyglutamine (polyQ) diseases, mutant proteins
containing expanded polyQ repeats accumulate in intracellular inclusions and cause neurodegeneration.
Although the ubiquitin–proteasome system and chaperones all help protect against accumulation of such
toxic proteins, their precise roles are still unclear. Here we observed that the polyQ-expanded mutant
ataxin-1 [82Q] was rapidly and selectively degraded in yeast while the wild-type protein [30Q] was sta-
ble. The selective degradation of the mutant ataxin-1 required proteasomes, but did not require Ydj1p, an
Hsp40 homolog, which is involved in the disaggregation and/or breakdown of a number of misfolded pro-
teins. However, another chaperone Hsp104 promoted degradation of mutant ataxin-1 without influenc-
ing the solubility or breakdown of short-lived cell proteins generally. Thus Hsp104-dependent
degradation of mutant ataxin-1 may account for the ability of this chaperone to reduce toxicity caused
by polyQ-repeat proteins.

� 2009 Published by Elsevier Inc.
Introduction

Eukaryotic cells utilize multiple strategies to prevent the intra-
cellular accumulation of unfolded mutant proteins: selective deg-
radation by the ubiquitin–proteasome system (UPS), elimination
of protein aggregates by autophagy and refolding by molecular
chaperones [1]. Cytoplasmic chaperones, particularly Hsp70 and
Hsp40 family members, also promote the rapid degradation of cer-
tain aberrant proteins [2,3]. Despite these protective mechanisms,
in polyQ diseases such as Huntington disease (HD) and spinocere-
bellar ataxia (SCA), the mutant proteins containing expanded pol-
yQ repeats accumulate in intracellular inclusions and cause
neurodegeneration [4]. The inclusions in the affected neurons from
patients with HD and SCA contain not only the mutant polyQ pro-
teins but also ubiquitin, proteasome subunits and molecular chap-
erones. The presence of ubiquitin and proteasome subunits
suggests either that the mutant proteins in the inclusions are being
continually degraded or that there is a failure of the cells’ degrada-
tive apparatus to digest the mutant proteins [1,4].

There is growing evidence that over-expression of molecular
chaperones can retard the pathogenesis of polyQ diseases and/or
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inclusion formation [4–10]. For example, over-expression of
Hsp70 and/or Hsp40 can suppress the neurodegeneration and the
aggregate formation caused by polyQ-repeat proteins [6,7]. Expres-
sion of another type of hexameric chaperone, Hsp104, a member of
the AAA family of ATPases, can also modulate aggregation of polyQ
proteins and reduce their toxicity in Caenorhabditis elegans and
mammalian cells [8–10]. It is noteworthy that mammals do not
contain Hsp104 or similar chaperones. Interestingly, the aggrega-
tion of polyQ domain of huntingtin in yeast is also dependent on
the presence of prion proteins, whose propagation requires the
function of Hsp104 [11]. By contrast Hsp104, together with
Hsp70 family members (Ssa proteins) and an Hsp40 (Ydj1p), can
reduce polyQ-induced toxicity in yeast presumably by facilitating
the disaggregation of misfolded proteins [8,12]. In addition,
Hsp104 deletion also is important for the ER-associated degrada-
tion of a model substrate in yeast [13].

These findings raised the possibility that Hsp104 not only influ-
ences the aggregation of polyQ proteins but also directly promotes
the degradation of these misfolded proteins. To test this possibility,
we have compared the stability of the wild-type [30Q] and polyQ-
expanded mutant [82Q] forms of human ataxin-1 in yeast.
Evidence is presented here that the proteasomal degradative path-
way in yeast cells has the capacity to selectively hydrolyze the
mutant ataxin-1 [82Q] proteins and that this process differs from
the breakdown of most short-lived yeast proteins in requiring
Hsp104 but not Ssa proteins or Ydj1p.
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Materials and methods

Yeast strains and plasmids. Yeast strains used in this study were
W303a (MATa, ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1,
ura3-1, [psi+], ssd1-d), YS483 (MATa, ade2-1, can1-100, his3-11,15,
leu2-3,112, trp1-1, ura3-1, [psi+], ssd1-d, hsp104:b:LEU2), W303-1b
(MATa, ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1, ura3-1),
ACY17b (MATa, ade2-1, can1-100, his3-11,15, leu2-3,112, trp1-1,
ura3-1, ydj1-2::HIS3, LEU2::ydj1-151) and JN284 (MATa, his7, leu2,
ura3, ise1). The yeast expression plasmids carrying human atax-
in-1 (wild-type and mutant) under the control of GAL1 promoter
– provided by Prof. Huda Zoghbi (Baylor College of Medicine) –
were constructed by inserting human ATXN1 (SCA1) coding region
into SpeI and SalI sites of p416 Gal1 or p423 Gal1 vector (ATCC).
The yeast expression plasmid carrying wild-type Hsp104 under
the control of GAL1 promoter was a gift from Prof. Susan Lindquist
(Whitehead Institute, MIT).

Measurement of ataxin-1 degradation in yeast. The degradation of
ataxin-1 in yeast was determined either by radiolabeling and
following the loss of labeled proteins or by the promoter shut-off
assay. To label cell proteins, rapidly growing yeast cells (induced
to express ataxin-1 for 6–10 h) were labeled for 15 min with
200 lCi of 35S-methionine (Easy-Tag EXPRESS: NEN), washed twice
with fresh medium and then further incubated for 3 h in the chase
medium containing cycloheximide and methionine (0.5 mg/ml).
Aliquots of cells collected at different times during the chase peri-
od were re-suspended in IP buffer (50 mM Tris–HCl, pH 7.5;
100 mM NaCl; 5 mM EDTA; 1% Triton X-100) plus protease inhib-
itors (1� Complete-Mini™, 1 mM PMSF and 5 mM NEM). Cells
were then disrupted by vortexing with an equal volume of glass-
beads and centrifuged gently at 500g for 10 min to remove unbro-
ken cells and debris. Aliquots of extract were further centrifuged at
20,000g for 30 min to separate into the soluble (supernatant) and
the particulate (pellet) fractions. The pellets were re-suspended
in the IP buffer plus 0.1% SDS and briefly sonicated. The resulting
extract (or fractions) was incubated with an anti-ataxin-1 antibody
11750 (provided by Prof. Huda Zoghbi) for 2 h and then with pro-
tein A/G-agarose (Oncogene) for an additional 90 min. The immu-
noprecipitated ataxin-1 was separated by 8% SDS–PAGE and then
analyzed with a PhosphorImager.
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Fig. 1. Mutant human ataxin-1 with expanded polyglutamine repeats (82Q) is selectively
plasmids carrying human ataxin-1 (30Q or 82Q) whose expression is under the contro
raffinose until mid-log phase (OD600 = 0.5–1.0) and then transferred to the induction med
measured in the presence or absence of MG132 (50 lM) either by pulse-chase analysis a
shut-off assay. Similar results were obtained in three independent experiments.
For the promoter shut-off assay, yeast cells carrying ataxin-1
were first induced with 2% galactose for 6–10 h to express the pro-
tein and then transferred to the chase medium containing 2% glu-
cose and cycloheximide (0.5 mg/ml) to shut off its expression. The
cells were further incubated for 3 h and an aliquot of cells was col-
lected at every 90 min during this chase period. The content of
ataxin-1 in the cell extract (or fractions) was measured by immu-
noblotting with the anti-ataxin-1 antibody 11750.

Measurement of breakdown of other proteins in yeast. The degra-
dation of Ub-Pro-b-gal and the breakdown of short-lived proteins
(pulse-labeled with 200 lCi of 35S-methionine for 10 min and then
further incubated for up to 30 min in the chase medium containing
cycloheximide and methionine) in the wild-type and Dhsp104 mu-
tant yeast cells was measured as described previously [14].

Results and discussion

To measure the rates of degradation of human ataxin-1 in yeast,
the protein was radiolabeled and the loss of radioactive protein
was analyzed with time. After a 15-min pulse-labeling with 35S-
methionine, the yeast cells expressing ataxin-1 were incubated in
the chase medium containing cycloheximide and a large excess
of methionine to prevent the re-incorporation of radioactive
methionine. After cell lysis and centrifugation at low speeds
(500g) to remove unbroken cells, the radiolabeled ataxin-1 in the
extract was immunoprecipitated with the anti-ataxin-1 antibody.
Wild-type ataxin-1 [30Q] was quite stable and underwent no sig-
nificant degradation several hours after synthesis. By contrast,
the mutant ataxin-1 [82Q] was rapidly degraded with a half-life
of 1–1.5 h (Fig. 1). Next we tested if the ubiquitin–proteasome sys-
tem is responsible for the turnover of mutant ataxin-1 in yeast
cells. Treatment with 50 lM of MG132, a selective inhibitor of pro-
teasomes, completely blocked the degradation of the mutant atax-
in-1 confirming that the proteasome system in yeast recognizes
and rapidly degrades the polyQ-expanded ataxin-1 (Fig. 1). This
complete inhibition by MG132 is noteworthy because in several
cellular models, the degradation of polyQ-expanded huntingtin is
largely through autophagy [1,4,7].

In yeast, the inactivation of Ssa proteins (Hsp70) and/or of the
cofactor Ydj1p (Hsp40) causes a marked reduction in the rapid
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breakdown of certain misfolded proteins [3,14,15]. To examine
whether the degradation of the mutant ataxin-1 [82Q] also re-
quires these chaperones, we used the temperature-sensitive strain
ydj1-151, in which Ydj1p is rapidly inactivated upon shift to 38 �C.
Even though Ydj1p is essential for the rapid breakdown of a num-
ber of abnormal or short-lived proteins, it was not required for the
degradation of mutant ataxin-1 (Fig. 2A).

Hsp104, another major chaperone in yeast, plays a role in cellular
thermotolerance and catalyzes the disaggregation and refolding of
aggregated proteins with an aid of Hsp70/Hsp40 system [16,17].
Over-expression of Hsp104 can suppress the toxicity of huntingtin
in C. elegans and mammalian cells [9,10]. Interestingly, the deletion
of Hsp104 in yeast blocked the aggregation of mutant huntingtin [8].
In addition, aggregation of the chimeric protein containing polyQ do-
main of huntingtin fused to GFP was dependent on the presence of
prion proteins, which requires the function of Hsp104 [11]. Such
observations may imply that Hsp104 plays a more direct role in
the degradation of polyQ proteins. In fact, we observed that the
breakdown of mutant ataxin-1 [82Q] was completely blocked in
Dhsp104 mutant (Fig. 2B). To verify that such a defect in ataxin-1
degradation is due to the lack of Hsp104, we re-introduced Hsp104
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Fig. 2. Hsp104 is required for the selective degradation of mutant human ataxin-1. (A)
homolog, (B) but does require Hsp104. Plasmids carrying the mutant [82Q] ataxin-1 we
strain of Ydj1p (ACY 17b: ydj1-151) or (B) the wild-type (W303a) and Hsp104-deletion
described in Fig. 1. (C) Transfection of Hsp104 into the Hsp104-deletion strain restores th
the wild-type Hsp104 (under the GAL1 promoter) was introduced into Dhsp104 cells exp
does not affect the degradation of the model substrate ubiquitin-Pro-b-galactosidase (U
into this mutant and measured ataxin-1 degradation. When the level
of Hsp104 was restored to that in wild-type cells, the mutant ataxin-
1 was again rapidly degraded (Fig. 2C). By contrast Dhsp104 mutant
showed no reduction in the rapid breakdown of a model substrate for
UFD pathway, Ub-Pro-b-gal, which requires Ydj1p and Ssa proteins
(Fig. 2D), or in the degradation of short-lived cell proteins in general
(data not shown).

Molecular chaperones may promote degradation of abnormal
proteins by simply maintaining them in a soluble form that is eas-
ily attacked by the cells’ degradative machinery [18]. However
there are also a number of examples where chaperones (especially,
co-chaperones such as CHIP) play more direct role in the degrada-
tion of polyglutamine proteins, perhaps as recognition elements
[4]. To test if Hsp104 promotes the degradation of mutant atax-
in-1 by maintaining them in a soluble form, we compared the sub-
cellular distribution of ataxin-1 in the wild-type and Dhsp104
mutant. After cells were lysed, the extract was centrifuged at
20,000g for 30 min and the relative amounts of ataxin-1 in the sol-
uble (supernatant) and particulate (pellet) fractions were then as-
sayed by immunoblotting. At steady state, the wild-type [30Q] and
mutant [82Q] ataxin-1 showed similar subcellular distributions;
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both were soluble although a significant fraction of each was also
found in the particulate fraction. Surprisingly, there was no differ-
ence in their distribution in the wild-type and Dhsp104 strains
(Fig. 3). The ataxin-1 in the supernatant also remained soluble
upon further centrifugation at 100,000g for an hour (data not
shown). Thus these proteins do not appear to be present in aggre-
gates even in Dhsp104 mutant. Therefore, the failure to degrade the
mutant ataxin-1 in the chaperone-deficient cells is not due to
substrate accumulation in a particulate form.

This finding was confirmed by pulse-chase analyses of mutant
ataxin-1 [82Q] in the soluble and particulate fractions. The newly
synthesized molecules in the soluble fraction were lost rapidly
during the first hour and accounted for the great majority of atax-
in-1 degradation (Fig. 4). When degradation was prevented in the
Dhsp104 mutant, the non-degraded ataxin-1 remained largely sol-
uble. The small amount of ataxin-1 in the 20,000g pellet did not
change in the absence of Hsp104 (Fig. 4A). When ataxin-1 degrada-
tion was blocked by MG132 treatment, there was a reproducible
tendency of the non-degraded ataxin-1 to shift with time from
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the soluble to the particulate fraction (evident after 90 min)
(Fig. 4B). A similar accumulation of non-degraded proteins gener-
ally in inclusions or ‘‘aggresomes” has been observed in many
studies with proteasome inhibitors in mammalian cells [19,20].
Since ataxin-1 accumulated in the pellets in wild-type strain but
not in Dhsp104 mutant, Hsp104 may play a role in the aggregation
process. In any case, Hsp104 clearly does not promote ataxin-1
degradation by altering its solubility but instead somehow
enhances the susceptibility of soluble molecules to the ubiqui-
tin–proteasome system. Because these results cannot be simply
reconciled with Hsp104’s ability to disassemble aggregates and
to promote refolding [16,17], our observation may indicate a new
molecular action of Hsp104 facilitating proteasomal degradation
of certain proteins.

The ubiquitin–proteasome system in yeast closely resembles
that in higher eukaryotes and therefore this capacity to selectively
degrade the mutant ataxin-1 is not likely restricted to yeast. In
cultured mammalian cells, polyQ-expanded androgen receptor is
degraded by proteasomes which is enhanced by Hsp70/Hsp40
[21]. In brains from HD patients, proteasomes and ubiquitin are
co-localized with polyglutamine aggregates and proteasome inhib-
itors prevent the clearance of mutant huntingtin in HD mouse
models [22]. Surprisingly, purified eukaryotic proteasomes only di-
gest polyQ sequences very poorly and during degradation release
these highly aggregation-prone sequences for further hydrolysis
by cytosolic peptidases [23]. The degradation of various polygluta-
mine proteins is therefore likely to differ in different cell types
since inclusion formation and pathology caused by the mutant
huntingtin and ataxin-1 occur in different neurons. In addition,
in extracts of HeLa cells, the mutant ataxin-1 appears more resis-
tant to proteasomal degradation than the wild-type protein, de-
spite similar rates of ubiquitin conjugation [24]. Perhaps critical
chaperones necessary for hydrolysis of the mutant ataxin-1 are
present in yeast, but are lacking in the HeLa extract. It is notewor-
thy in this context that no homolog of Hsp104 has yet been found
in higher eukaryotic cells. The loss of this chaperone during evolu-
tion is surprising since if hsp104 is expressed in mammalian cells,
it can inhibit aggregate formation and cell death caused by ex-
panded polyglutamine repeats proteins [10].

It is intriguing that the degradation of mutant ataxin-1 does not
require Hsp40 (and Hsp70), which are important for hydrolysis of
misfolded proteins generally and enhances the degradation of
androgen receptor [21], but instead involves Hsp104, which seems
to function here without Hsp70/Hsp40 as essential cofactors. A
number of groups have reported that high amount of all these
chaperones can suppress the toxic effect of polyQ-repeat proteins
and reduce the appearance of intracellular inclusions [5,7]. The
present findings of Hsp104-mediated degradation may account
for the ability of this chaperone to protect against both the intra-
cellular accumulation and neurodegeneration induced by mutant
huntingtin [8,9]. It remains unclear if the formation of these inclu-
sions contributes to the neurodegeneration or if the formation of
these inclusions represents a cellular defense mechanism that
sequesters the potentially toxic polypeptides and prevents their
interfering with the other cellular processes or triggering neuronal
cell death [4,7]. In the present experimental system, the mutant
ataxin-1 did not affect growth or viability of yeast (data not
shown).

Hsp104 has also been found to be required specifically for the
ER-associated degradation of a misfolded GFP-fusion protein [13].
Probably some unusual structural features of the mutant ataxin-1
and this model substrate lead to specific interactions with
Hsp104. It is noteworthy that cells lacking this chaperone showed
no defect in the degradation of short-lived proteins generally or of
the model substrate Ub-Pro-b-gal. This fusion protein is known to
be degraded by the UFD (ubiquitin fusion degradation) pathway
[25] and its degradation requires Hsp70 (data not shown) and
Hsp40 (Ydj1p) [14]. Thus, this effect of Hsp104 on protein degrada-
tion is specific to certain substrates. It will be important to deter-
mine how Hsp104 promotes either the recognition of the mutant
ataxin-1 or its subsequent hydrolysis by proteasomes, especially
since such information may help us understand not only the turn-
over of polyglutamine proteins in normal cells and their abnormal
accumulation in affected neurons of patients but also an important
new role of Hsp104 in elimination of certain types of abnormal
potentially toxic polypeptides.
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