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Applying Hsp104 to protein-misfolding disorders1

Shilpa Vashist, Mimi Cushman, and James Shorter

Abstract: Hsp104, a hexameric AAA+ ATPase found in yeast, transduces energy from cycles of ATP binding and
hydrolysis to resolve disordered protein aggregates and cross-b amyloid conformers. These disaggregation activities are
often co-ordinated by the Hsp70 chaperone system and confer considerable selective advantages. First, renaturation of
aggregated conformers by Hsp104 is critical for yeast survival after various environmental stresses. Second, amyloid
remodeling by Hsp104 enables yeast to exploit multifarious prions as a reservoir of beneficial and heritable phenotypic
variation. Curiously, although highly conserved in plants, fungi and bacteria, Hsp104 orthologues are absent from metazoa.
Indeed, metazoan proteostasis seems devoid of a system that couples protein disaggregation to renaturation. Here, we re-
view recent endeavors to enhance metazoan proteostasis by applying Hsp104 to the specific protein-misfolding events that
underpin two deadly neurodegenerative amyloidoses. Hsp104 potently inhibits Ab42 amyloidogenesis, which is connected
with Alzheimer’s disease, but appears unable to disaggregate preformed Ab42 fibers. By contrast, Hsp104 inhibits and
reverses the formation of a-synuclein oligomers and fibers, which are connected to Parkinson’s disease. Importantly,
Hsp104 antagonizes the degeneration of dopaminergic neurons induced by a-synuclein misfolding in the rat substantia
nigra. These studies raise hopes for developing Hsp104 as a therapeutic agent.
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Résumé : La Hsp104, une ATPase à domaine AAA+ hexamérique chez la levure, transduit l’énergie des cycles de liaison
et d’hydrolyse de l’ATP pour décomposer les agrégats de protéines et ponter les conformères de b-amyloı̈des. Ces activités
de désagrégation sont souvent coordonnées par le système de chaperon Hsp70 et confèrent des avantages sélectifs considé-
rables. D’abord, la renaturation de conformères agrégés par la Hsp104 est critique à la survie des levures après des stress
environnementaux variés. Deuxièmement, le remodelage de l’amyloı̈de par la Hsp104 permet à la levure d’exploiter les
prions multiformes comme source de variation phénotypique bénéfique et transmissible. Curieusement, même s’ils sont
hautement conservés chez les plantes, les champignons et les bactéries, les orthologues de la Hsp104 sont absents chez les
métazoaires. En effet, l’homéostasie des protéines (protéostasie) chez les métazoaires semble dépourvue d’un système qui
couple la désagrégation des protéines à la renaturation. Nous passons ici en revue les tentatives récentes visant à augmen-
ter la protéostasie des métazoaires en utilisant la Hsp104 lors de différents événements spécifiques impliquant un mauvais
repliement de protéines qui sont à la base de deux amyloı̈doses neurodégénératives mortelles. La Hsp104 inhibe fortement
l’amyloı̈dogenèse impliquant A b42, lié à la maladie d’Alzheimer, mais elle semble incapable de désagréger les fibres de
A b42 préformées. Au contraire, la Hsp104 inhibe et renverse la formation d’oligomères et de fibres d’a-synucléine, liés
au Parkinson. Fait important, la Hsp104 antagonise la dégénération des neurones dopaminergiques induite par le mauvais
repliement de l’a-synucléine dans la substance noire chez le rat. Ces études suscitent l’espoir de développer la Hsp104
comme agent thérapeutique.

Mots-clés : protéine AAA+, Hsp104, prion, amyloı̈de, oligomère.

[Traduit par la Rédaction]

The protein-misfolding problem

The successful functioning of all cells is dependent on
proper protein folding. Functional native structure is en-
coded by primary sequence (Anfinsen 1973; Englander et

al. 2007). However, native structures are dynamic systems
constructed by complex networks of mutually supportive,
weak interactions that cannot be readily established simulta-
neously during folding (Bartlett and Radford 2009; Eng-
lander et al. 2007). Consequently, folding energy landscapes
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can be rugged and pose challenges to successful folding
(Bartlett and Radford 2009). Polypeptides can become
trapped in non-native intermediate states or go astray into
off-pathway conformations. Even once folding is completed,
co-operative structural units of functional native structure
unfold and refold iteratively (Englander et al. 2007). Addi-
tionally, mutations or decreased transcriptional or transla-
tional fidelity can yield primary sequences less able to
achieve functional native structure (Dobson 2003; Lee et al.
2006). Thermal, oxidative, or chemical stress can also pro-
foundly subvert protein folding (Parsell and Lindquist
1993). Thus, proteins may fail to fold or fail to remain cor-
rectly folded, making them prone to aggregation. The highly
crowded macromolecular environment that cells must main-
tain further exacerbates this risk (Dobson 2003; Ellis and
Minton 2006). Therefore, sophisticated protein homeostasis
(proteostasis) networks have evolved to ensure that protein
biogenesis is successful and that polypeptides effectively ac-
quire, maintain, and (if necessary) reacquire their functional
native structure (Balch et al. 2008; Powers et al. 2009).

Even before translation is complete, molecular chaperones
associate with the growing polypeptide chain to ensure a
folding-competent state (Kramer et al. 2009). Following
translation, molecular chaperones help prevent misfolding
and aggregation and assist polypeptides in acquiring their
native state (Young et al. 2004). For example, proteins that
enter the yeast secretory pathway are triaged through a ser-
ies of sequential checkpoints that monitor folding status and
determine conformational fitness for transport to subsequent
destinations (Vashist and Ng 2004). Any terminally mis-
folded proteins are targeted for degradation by the ubiqui-
tin–proteasome pathway (Varshavsky 2005; Vembar and
Brodsky 2008). However, aggregated proteins are more re-
sistant to proteasomal degradation (Bence et al. 2001), but
can be catabolized by autophagy (Cuervo 2008). Finally, so-
phisticated disaggregases reverse protein aggregation. Disag-
gregation can be coupled to protein degradation (Cohen et
al. 2006) or renaturation (Doyle and Wickner 2009; Glover
and Lum 2009; Shorter 2008; Weibezahn et al. 2005).

Once individuals reach post-reproductive age, these pro-
teostatic safeguards invariably decline and errors in protein
folding can arise with devastating effects (Cohen et al.
2006; Cuervo 2008; Morimoto 2006; Skovronsky et al.
2006). One pernicious and recurring problem is that the
functional native structure is not always the lowest free-en-
ergy form (Englander et al. 2007). Rather, many proteins,
regardless of primary sequence, can spontaneously access a
generic, b-sheet-rich polymeric form of even lower free en-
ergy, termed amyloid (Dobson 2003).

Amyloid: pathogenic, protective, or
beneficial

Amyloidogenesis of specific proteins is connected with
several debilitating disorders, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD),
type II diabetes, prion diseases, and various cardiovascular
and systemic amyloidoses (Caughey and Lansbury 2003;
Kholová and Niessen 2005; Skovronsky et al. 2006; Taylor
et al. 2002). There are no effective treatments for any of
these disorders. Moreover, a major risk factor for these spe-

cific diseases is aging. As life spans increase through im-
provements in medicine and public health, these disorders
will inevitably become among the most prevalent and recal-
citrant impediments to living longer, more fulfilling lives.

All amyloids adopt a ‘‘cross-b’’ conformation in which
the strands of the b-sheets run orthogonal to the fiber axis
(Nelson and Eisenberg 2006; Sunde and Blake 1997; Sunde
et al. 1997). The extreme stability of this fold, which resists
disruption by proteases, detergents, chaotropes, and high
temperatures, makes amyloid extremely difficult to clear
(Eisenberg et al. 2006; Knowles et al. 2007; Smith et al.
2006). Moreover, the ends of amyloid fibers recruit other
copies of the same protein and rapidly induce them to form
a complementary cross-b structure. Once initiated, this self-
templating process can rapidly convert entire populations of
a given protein to the amyloid fold (Lansbury and Caughey
1995; Nelson and Eisenberg 2006). Steric effects often cause
proteins to lose functionality once sequestered in the amy-
loid state (Baxa et al. 2002). This loss of function can con-
tribute to pathogenesis in some disorders (Forman et al.
2004). Furthermore, amyloids can deplete other cellular
components that co-precipitate (Chen et al. 2005). In sys-
temic amyloidoses, amyloid deposition can be so extensive
that tissue architecture becomes mechanically disrupted
(Merlini and Westermark 2004).

In other diseases, the quantity of amyloid deposits can be
minimal and inclusion formation can correlate with cell sur-
vival (Arrasate et al. 2004; Dobson 2003). This has led to
proposals that despite being a space-occupying lesion, the
amyloid form may be relatively benign and reflect a defense
mechanism to sequester more toxic soluble species (Buc-
ciantini et al. 2002; Kayed et al. 2003). Indeed, soluble
oligomers that form during the characteristic lag phase of
amyloidogenesis are often highly toxic and share a generic
conformation, distinct from fibers, irrespective of primary
sequence (Bucciantini et al. 2002; Haass and Selkoe 2007;
Kayed et al. 2003; Lashuel et al. 2002; Lesné et al. 2006).
These shared facets of amyloidogenesis suggest that effec-
tive therapeutics might have widespread applicability (Skov-
ronsky et al. 2006). Despite these similarities, a major
unsolved issue is how amyloidogenesis of specific proteins
determines the selective cell death that differentiates various
neurodegenerative amyloidoses (Skovronsky et al. 2006).

Accumulating evidence, however, suggests that amyloid is
not invariably benign. In a mouse model of AD, b-amyloid
plaques can appear extremely rapidly and are critical media-
tors of pathology (Meyer-Luehmann et al. 2008). Another
danger is that amyloid might slowly release toxic misfolded
species. Indeed, natural lipids can destabilize amyloid fibers,
leading to liberation of toxic oligomers (Martins et al.
2008). Another issue originates from the tendency of amy-
loidogenic proteins to fold into multiple structurally distinct
amyloid forms, or strains, which confer distinct phenotypes
(Legname et al. 2006; Safar et al. 1998; Tanaka et al.
2006). Beyond sharing the cross-b amyloid conformation,
little is known about the underlying atomic structures of
these distinct strains or how structural polymorphism enci-
phers distinct phenotypes or disease states. However, it is
clear that depending on the environmental conditions (e.g.,
pH, temperature) distinct strains can form, which are distin-
guished by distinct intermolecular contacts between fiber
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protomers and different lengths of primary sequence seques-
tered in cross-b structure (Krishnan and Lindquist 2005;
Tessier and Lindquist 2007; Toyama et al. 2007). Impor-
tantly, different strains of Ab40 fibers, which are connected
with AD, and polyglutamine (polyQ), which are connected
to HD, confer different levels of toxicity (Nekooki-Machida
et al. 2009; Petkova et al. 2005). Some strains are relatively
benign, whereas others are highly toxic (Nekooki-Machida
et al. 2009; Petkova et al. 2005). Intriguingly, the more toxic
polyQ strains harbor more flexible loops and turns, and ex-
pose a higher fraction of glutamine residues (Nekooki-Ma-
chida et al. 2009). Moreover, in a mouse model of HD, the
most affected brain regions contained higher levels of the
cytotoxic strain, whereas in less affected regions more be-
nign strains predominated (Nekooki-Machida et al. 2009).
Local microenvironmental differences including expression
levels or proteostatic buffers might generate strain biases. It
will be critical to determine how strain variation correlates
with affected brain regions in other neurodegenerative amy-
loidoses. Identifying which species are toxic and which are
benign will be key to the development of potential targeted
therapies.

Benign amyloid conformers have been harnessed during
evolution for adaptive purposes (Fowler et al. 2007; Shorter
and Lindquist 2005b). For example, Pmel17 amyloids are
critical for melanosome biogenesis (Berson et al. 2003;
Fowler et al. 2006) and many peptide hormones in pituitary
secretory granules are packaged as amyloids that slowly re-
lease active monomers upon secretion (Maji et al. 2009).
The self-templating nature of CPEB amyloids might func-
tion in long-term memory formation (Si et al. 2003). In
yeast, multiple proteins can form infectious amyloids,
termed prions, which confer heritable phenotypes and selec-
tive advantages under diverse environmental conditions (Al-
berti et al. 2009; Griswold et al. 2009; King and Masel
2007; Shorter and Lindquist 2005b; True and Lindquist
2000; Tyedmers et al. 2008). In these cases, the proteostasis
network ensures that benign amyloid conformers assemble at
the expense of toxic intermediates (Douglas et al. 2008;
Shorter and Lindquist 2004; Treusch et al. 2009). An accu-
rate understanding of how amyloids have been exploited for
beneficial purposes may yield key insights into how to
safely eliminate toxic amyloid fibers and preamyloid
oligomers.

To date, there are no cures or effective treatments for any
of the neurodegenerative amyloidoses that afflict human-
kind. Currently prescribed therapies remain palliative in na-
ture, and do not antagonize the underlying causative
continuum of amyloid forms or cytotoxic oligomers. A key
therapeutic advance will be the ability to enhance proteosta-
sis, such that entire spectra of toxic amyloid strains and pre-
amyloid oligomers are eliminated, while beneficial amyloids
are left intact. Here, we entertain the possibility of enhanc-
ing mammalian proteostasis with an AAA+ protein from
yeast, Hsp104, which can rapidly dissolve amyloid conform-
ers and preamyloid oligomers (Shorter 2008). First, how-
ever, we consider the mechanistic basis of Hsp104 activity.

Hsp104: a protein disaggregase
Hsp104 enhances yeast survival ~10,000-fold after a vari-

ety of environmental stresses that induce protein misfolding
and subsequent aggregation (Sanchez and Lindquist 1990;
Sanchez et al. 1992). Orthologues in plants (Hsp101) and
bacteria (ClpB) confer similar advantages (Queitsch et al.
2000; Squires et al. 1991). These advantages stem from the
ability of Hsp104 (and orthologues) to synergize with Hsp70
and Hsp40 to rapidly resolve chemically or thermally dena-
tured protein aggregates and return proteins to native struc-
ture and function (Fig. 1) (Cashikar et al. 2005; Glover and
Lindquist 1998; Goloubinoff et al. 1999; Mogk et al. 1999;
Parsell et al. 1994b; Parsell et al. 1993; Weibezahn et al.
2004). Hsp70 and Hsp40 help present aggregated substrates
to Hsp104, and likely assist substrate refolding after release
from the aggregate (Glover and Lindquist 1998; Tessarz et
al. 2008). This rapid renaturation of proteins obviates the
large energetic cost of protein degradation and de novo syn-
thesis that would be required to eliminate and replace the
aggregated protein.

Hsp104 is a modular protein comprising an N-terminal
domain, a first AAA+ nucleotide-binding domain (NBD1),
a distinctive coiled-coil middle domain, a second AAA+ nu-
cleotide-binding domain (NBD2), and a short C-terminal do-
main (Doyle and Wickner 2009). Like many AAA+
proteins, Hsp104 is only active once it forms hexamers,
which requires ADP or ATP binding to NBD2 (Parsell et
al. 1994a; Schirmer et al. 1998; Schirmer et al. 2001).
Cryo-electron microscopy and single particle reconstruction
demonstrate that Hsp104 hexamers possess a 3-tiered hex-
americ ring structure that envelops a large central channel
(Wendler et al. 2007; Wendler et al. 2009). Homology mod-
els of Hsp104 based on the atomic structure of the T. ther-
mophilus orthologue, tClpB protomer (Lee et al. 2003), have
been fitted into the cryo-EM reconstructions. A small ring of
N-terminal domains form the top tier, whereas expanded
rings of NBD1 and NBD2 form the middle and lower tiers,
respectively (Fig. 1) (Wendler et al. 2007; Wendler et al.
2009). The prominent middle domain, which consists of 2
antiparallel coiled-coil motifs reminiscent of a 2-bladed pro-
peller (Lee et al. 2003), interposes in subunit packing by in-
tercalating between NBD1 and NBD2 (Wendler et al. 2007;
Wendler et al. 2009). This hexameric model of Hsp104 dif-
fers significantly from a hexameric model proposed for
tClpB, where the coiled-coil domains are proposed to pro-
trude laterally from the surface of the hexameric ring (Lee
et al. 2007; Lee et al. 2003). Potential reasons for these dif-
ferences are discussed in detail elsewhere (Wendler and Sai-
bil 2010).

Several lines of evidence suggest that Hsp104 and ortho-
logues disaggregate substrates by coupling ATP binding and
hydrolysis to the translocation of polypeptides from the ag-
gregate surface across the central channel to solution (Lum
et al. 2008; Lum et al. 2004; Schlieker et al. 2004; Weibe-
zahn et al. 2004; reviewed in Shorter and Lindquist, 2005a).
However, we are only at the inception of understanding the
mechanistic and structural basis of this activity. Hsp104 ini-
tially engages misfolded substrates when NBD1 is in an
ATP-bound conformation (Bösl et al. 2005; Schaupp et al.
2007). Simultaneous elimination of ATPase activity at both
NBDs abolishes disaggregase activity (Doyle et al. 2007b;
Shorter and Lindquist 2004). Both NBDs catalyze ATP hy-
drolysis co-operatively and allosteric communication occurs
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within and between NBD1 and NBD2 (Cashikar et al. 2002;
Doyle et al. 2007b; Hattendorf and Lindquist 2002; Schaupp
et al. 2007; Schirmer et al. 2001). In the absence of sub-
strate, NBD1 makes the major contribution to ATPase activ-
ity (kcat * 76 min–1, KM * 170 mmol�L–1, nh = 2.3,) but has
a lower affinity for nucleotide compared with NBD2 (kcat *
0.27 min–1, KM * 4.7 mmol�L–1, nh = 1.6) (Hattendorf and
Lindquist 2002). Yet, it seems likely that these patterns
need to be subtly altered to elicit disaggregation. Decelera-
tion of ATPase activity at NBD1 but not at NBD2, or vice
versa, facilitates disaggregation (Doyle et al. 2007a; Doyle
et al. 2007b; Schaupp et al. 2007). Why the hydrolysis pat-
tern must be decelerated asymmetrically to elicit disaggrega-
tion remains an open question requiring further study.
However, it seems likely that this alteration has allosteric se-
quelae that enable Hsp104 to simultaneously bind, unfold,
and translocate substrates. Without this deceleration, sub-
strate binding is likely too transient to be productive
(Fig. 2a).

In the absence of Hsp70 and Hsp40, dissolution of dena-
tured aggregates can be triggered by artificially choreo-
graphing the requisite mode of ATPase cycling with
specific mixtures of ATP and ATPgS, a slowly hydrolyzable
ATP analogue (Fig. 2b) (Doyle et al. 2007a; Doyle et al.
2007b). Alternatively, mutation of conserved AAA+ motifs
(Walker A, Walker B, or sensor-1) at one NBD to slow
ATP hydrolysis at that site can also elicit disaggregase or
substrate unfolding activity in the absence of Hsp70 and
Hsp40 (Fig. 2c) (Doyle et al. 2007a; Doyle et al. 2007b;
Schaupp et al. 2007). However, Hsp70 and Hsp40 are usu-
ally required to present denatured aggregated substrates to
Hsp104 (Glover and Lindquist 1998; Tessarz et al. 2008;
Weibezahn et al. 2004), and likely play some role in co-or-

dinating the requisite mode of Hsp104 ATPase cycling
(Fig. 2d) (Doyle et al. 2007a; Doyle et al. 2007b). In some
cases, the substrate itself (e.g., amyloid) can impose the
requisite changes (Fig. 2e) (Doyle et al. 2007b; Shorter and
Lindquist 2004). Collectively, these data suggest that a co-
operative division of labor among the 12 AAA+ domains
drives protein disaggregation. One subset slowly hydrolyzes
ATP to facilitate substrate binding, whereas another subset
rapidly hydrolyzes ATP to promote substrate unfolding and
translocation.

How does this co-operative division of labor facilitate
substrate translocation across the central channel? The N-
and C-terminal domains may help bind substrates and cofac-
tors (Barnett et al. 2005; Cashikar et al. 2002; Mackay et al.
2008). However, critical substrate interactions are mediated
by an a-helical insertion in NBD1 and a b-hairpin in
NBD2, located before helix a2 in the ab subdomain in both
NBDs (Lum et al. 2008; Lum et al. 2004; Schlieker et al.
2004; Tessarz et al. 2008; Weibezahn et al. 2004). Short,
highly conserved loops, KYKG in NBD1 and GYVG in
NBD2, project into the channel (Fig. 1) (Wendler et al.
2009). Of particular importance is the tyrosine residue in
these loops, as mutation of this residue to alanine disrupts
substrate interactions and disaggregation activity in vitro
and in vivo (Lum et al. 2008; Lum et al. 2004; Tessarz et
al. 2008). Mutation of the NBD2 loop tyrosine confers the
most drastic effects in vivo and phenocopies deletion of
Hsp104 (Lum et al. 2004). More conservative substitutions
of the NBD2 loop tyrosine, such as phenylalanine and tryp-
tophan, maintain partial functionality (Hung and Masison
2006). Dynamic rearrangements of channel loop tyrosines,
which are proposed to grip substrate, synchronized with AT-
Pase cycling likely provide a series of motions that translo-
cate substrates across the channel.

Recent cryo-EM reconstructions of Hsp104 hexamers in
the presence of ATPgS, ATP, and ADP have provided struc-
tural insight into the conformational changes that facilitate
substrate translocation (Wendler et al. 2009). This study em-
ployed the NBD2 sensor-1 mutant, Hsp104N728A, which is
able to disaggregate denatured aggregates without Hsp70 or
Hsp40 (Doyle et al. 2007b), but is defective in prion disag-
gregation and provides only limited thermotolerance in vivo
(Hattendorf and Lindquist 2002; Shorter and Lindquist
2004). Reconstructions with imposed 6-fold symmetry re-
veal that ATP binding and hydrolysis induce large domain
movements in NBD1 that impart a peristaltic mechanism
for substrate translocation. Upon ATP binding, the NBD1
substrate-binding KYKG motifs move up toward the N-ter-
minal end of the channel and are poised to receive substrate.
Upon ATP hydrolysis, NBD1 generates a large motion that
displaces the KYKG motif from the N-terminal end to the
center of the channel. Simultaneously, the NBD2 substrate-
binding GYVG motifs rotate into the center of the channel
to receive substrate translocated by NBD1. Subsequent ATP
binding to NBD1 then moves the NBD1 KYKG motifs back
up toward the N-terminal entrance, while simultaneously
moving the NBD2 GYVG motifs down toward the C-termi-
nal end of the channel. Thus, the NBD2 GYVG motif is
able to exert a pulling force without ATP hydrolysis by
NBD2. The ADP state of the hexamer suggests that ATP
hydrolysis at NBD2 might induce a dramatic rotation of this

Fig. 1. Protein disaggregation by Hsp104. Hsp104 couples energy
from ATP binding and hydrolysis to dissolve denatured protein ag-
gregates and amyloid fibers. Hsp70 and Hsp40 co-ordinate the dis-
aggregation of denatured protein aggregates, whereas they are less
essential for the dissolution of amyloid structure. Note the 3-tiered
structure of Hsp104, and the substrate-binding Tyr motifs that pro-
ject into the central channel (denoted by small Y-shapes).
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domain that would eject substrate. These interdependent mo-
tions of NBD1 and NBD2 ensure continuous substrate han-
dling during disaggregation (Wendler et al. 2009).

Single particle reconstructions without imposed symmetry
reveal that Hsp104 hexamers are strongly asymmetric in the
presence of ATPgS or ATP (Wendler et al. 2009). Thus, the
NBD1 domain movements are highly likely to proceed in a
sequential rather than concerted or probabilistic manner.
Substrate handover appears to be most compatible with a
clockwise order of ATP hydrolysis in NBD1. The extremely
large size of the channel compared to other AAA+ proteins
might enable the translocation of exposed loops or more
than one polypeptide, rather than having to search for ex-
posed N- or C-termini of individual polypeptides (Hasl-
berger et al. 2008; Wendler et al. 2007). Moreover, Hsp104
hexamers are likely to be highly dynamic and rapidly ex-
change monomers like ClpB hexamers (Haslberger et al.
2008; Werbeck et al. 2008), which might enable recycling
of Hsp104 monomers should disaggregation stall or fail.

Throughout the Hsp104 ATPase cycle the coiled-coil middle
domain, which distinguishes Hsp104 and orthologues from
all other AAA+ proteins, appears to play a critical structural
role that facilitates the dramatic rotations of NBD1 and
NBD2 that forcibly drive substrate translocation (Wendler
and Saibil 2010; Wendler et al. 2007; Wendler et al. 2009).

What role the coiled-coil domain might play in substrate
translocation is much less clear in the hexameric model of
tClpB, where the coiled-coil domains radiate laterally from
the surface of the hexamer (Lee et al. 2007; Lee et al.
2003). Functional evidence suggests that helix 3 of the
coiled-coil collaborates with the Hsp70 chaperone system to
shuffle aggregated substrate into the ClpB channel (Hasl-
berger et al. 2007). However, this region is in a similar posi-
tion in the hexameric models of both tClpB and Hsp104
(Haslberger et al. 2007; Wendler and Saibil 2010; Wendler
et al. 2007; Wendler et al. 2009). Further biochemical and
structural studies will be required to evaluate the various
predictions of these models.

Fig. 2. Co-ordination of Hsp104 ATPase activity is required for protein disaggregation. (a) In the presence of ATP, Hsp104 engages dena-
tured aggregates too transiently to initiate disaggregation. (b) In the presence of specific mixtures of ATP and ATPgS (e.g., 3 ATP : 1
ATPgS), Hsp104 is able to productively couple substrate binding to translocation and disaggregation. Only specific ratios of ATP and
ATPgS are effective, and pure ATPgS inhibits activity (Doyle et al. 2007b). (c) In the presence of ATP, specific Hsp104 mutants with
reduced ATPase activity at NBD2, such as N728A or K620T, can productively couple substrate binding to translocation and disaggregation
(Doyle et al. 2007b). Despite this innate ability to disaggregate some disordered aggregates, these mutants fail to disaggregate amyloid and
are unable to synergize with the Hsp70 chaperone system and are defective in vivo (Doyle et al. 2007b; Hattendorf and Lindquist 2002;
Shorter and Lindquist 2004). (d) In the presence of ATP, Hsp70 and Hsp40 ensure productive substrate binding by Hsp104, which leads to
translocation and disaggregation. (e) In the presence of ATP, Hsp104 is able to bind and disaggregate amyloid substrates.
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Hsp104: powerful amyloid-remodeling
activity

In addition to the ability to resolve denatured aggregates,
Hsp104 possesses an unusually powerful amyloid-remodel-
ing activity and couples ATP hydrolysis to the rapid decon-
struction of amyloid fibers composed of yeast prion proteins
Sup35 and Ure2 (Narayanan et al. 2006; Savistchenko et al.
2008; Shorter and Lindquist 2004; Shorter and Lindquist
2006). Importantly, even brief overexpression of Hsp104 is
sufficient to eliminate Sup35 prions (Chernoff et al. 1995).
Dissolution of amyloid structure does not require Hsp70
and Hsp40 (Fig. 1, 2e), although their presence can improve
Hsp104 activity against various amyloids in vitro (Lo
Bianco et al. 2008; Shorter and Lindquist 2008; Sweeny
and Shorter 2008) and in vivo (Higurashi et al. 2008; Tipton
et al. 2008). Hsp104 is also able to resolve preamyloid
oligomers of Sup35 (Shorter and Lindquist 2004; Shorter
and Lindquist 2006), which adopt a generic conformation
shared by many disease-associated amyloidogenic proteins
(Kayed et al. 2003).

Perplexingly, no clear metazoan homologue or analogue
of Hsp104 has been identified. Moreover, no activity that
couples protein disaggregation to renaturation has been iden-
tified in metazoa. Initial attempts to isolate an analogous
disaggregase by biochemical fractionation of mammalian
cytosol have been unsuccessful (Mosser et al. 2004). Crude
whole-animal extracts from Caenorhabditis elegans are able
to slowly disaggregate and degrade Ab42 fibers (Cohen et
al. 2006). However, the factor(s) involved remain unidenti-
fied (Cohen et al. 2006). The search for functional equiva-
lents of Hsp104 has led researchers to test other conserved
AAA+ proteins. One highly conserved candidate, p97
(Meyer and Popp 2008), appears to collaborate with Hsp70
and Hsp40 to refold soluble misfolded conformers (Thoms
2002), but no convincing demonstration of coupled disag-
gregation and renaturation has been forthcoming using
solely pure proteins (Nishikori et al. 2008). p97 appears to
assist in the recovery of luciferase acivity from the insoluble
fraction of HeLa cells after mild heat stress; however,
whether this activity is direct or extends to other substrates
remains unclear (Kobayashi et al. 2007). Despite this curi-
ous hint, it appears that metazoan proteostasis is more cen-
tered on clearing aggregated proteins by autophagy and
other proteolytic systems rather than by disaggregation and
renaturation (Cohen et al. 2006; Cuervo 2008).

The ability of Hsp104 to rapidly deconstruct the generic
cross-b structures of yeast prions as well as the shared ge-
neric form of preamyloid oligomers raises the possibility of
applying Hsp104 to metazoan systems to prevent or reverse
various amyloidoses. The ability to reverse amyloid forma-
tion would counter several intractable issues that likely syn-
ergize to various extents in the etiology of various amyloid
disorders: (i) the toxic gain of function of amyloid or prea-
myloid conformers; (ii) the loss of function of the aggre-
gated protein; and (iii) the loss of other essential proteins
that co-aggregate with the disease-associated protein.

Remarkably, despite being a yeast protein, Hsp104 is very
well tolerated in metazoan systems and displays no overt
toxicity. In fact, expression of Hsp104 in various mamma-
lian cell lines confers increased stress tolerance (Dandoy-

Dron et al. 2006; Mosser et al. 2004). Moreover, Hsp104
can synergize with the mammalian Hsp70 chaperone system
to promote the renaturation of aggregated conformers
(Glover and Lindquist 1998; Mosser et al. 2004; Schaupp et
al. 2007). Hsp104 protects against other proteotoxic insults
in a tissue culture setting, including polyQ misfolding (Car-
michael et al. 2000; Perrin et al. 2007) and poly(A)-binding
protein 2 misfolding associated with oculopharyngeal mus-
cular dystrophy (Bao et al. 2002). Furthermore, Hsp104 has
been safely expressed in C. elegans to counter polyQ toxic-
ity (Satyal et al. 2000). Transgenic mice expressing Hsp104
have been successfully generated and appear grossly normal,
indicating that Hsp104 does not interfere with mammalian
development (Dandoy-Dron et al. 2006; Vacher et al.
2005). Moreover, Hsp104 prolonged lifespan of an HD
mouse model by ~20% and reduced polyQ aggregation in
this setting (Vacher et al. 2005). These studies provide clear
precedent for the utility of Hsp104 in enhancing metazoan
proteostasis to counter protein aggregation and amyloido-
genesis. In the remainder of this review, we consider two re-
cent applications of Hsp104 to the amyloidogenic events
that distinguish AD and PD.

Hsp104 and AD
Alzheimer’s disease (AD) is the most common fatal neu-

rodegenerative disorder, afflicting ~27 million people world-
wide and is projected to increase ~4-fold by 2050
(Brookmeyer et al. 2007). Beyond minor symptomatic relief,
there are no effective treatments (Roberson and Mucke
2006). AD is characterized by gross diffuse atrophy of the
brain and neurodegeneration in the cerebral cortex and cer-
tain subcortical regions (Wenk 2003). The defining patho-
logical lesions are extracellular neuritic plaques composed
primarily of amyloid forms of the b-amyloid (Ab) peptides
Ab42 and Ab40 (Glenner and Wong 1984; Iwatsubo et al.
1994; Masters et al. 1985), and intracellular neurofibrillary
tangles composed of amyloid forms of the microtubule-bind-
ing protein tau (Skovronsky et al. 2006). Several treatment
strategies are in clinical trials (Roberson and Mucke 2006)
and several small molecules have been described that can
inhibit (Gestwicki et al. 2004) and sometimes even reverse
Ab42 fibrillization (Wang et al. 2008). Thus far, only the ef-
fects of Hsp104 on Ab42 have been reported (Arimon et al.
2008; Schirmer and Lindquist 1997).

Schirmer and Lindquist first discovered that Hsp104 could
interact with Ab42. Ab42 very potently inhibited Hsp104
ATPase activity (Schirmer and Lindquist 1997). A more re-
cent study found that Ab42 stimulates Hsp104 ATPase ac-
tivity (Arimon et al. 2008). Importantly, Hsp104 very
potently inhibited de novo Ab42 fibrillization, even when
Ab42 was in excess by 1000-fold (Arimon et al. 2008).
Such substoichiometric inhibition suggests that Hsp104 spe-
cifically antagonizes an obligate intermediate that is ‘on
pathway’ for fiber assembly. Indeed, Hsp104 also antago-
nized the conversion of Ab42 oligomers into fibers, and in-
teracted directly with Ab42 monomers and oligomers
(Arimon et al. 2008). Additionally, Hsp104 potently inhib-
ited Ab42 fibrillization assembly seeded by preformed fibers
(Arimon et al. 2008). Consistent with these data, Hsp104 in-
hibited Ab42 fibrillization when added during lag phase or
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assembly phase (Arimon et al. 2008). Curiously, however,
Hsp104 was unable to disassemble Ab42 fibers or oligomers
(Arimon et al. 2008). This deficiency might reflect a need
for Hsp70 and Hsp40, which can assist Hsp104 in disassem-
bly of amyloid (Higurashi et al. 2008; Lo Bianco et al.
2008; Shorter and Lindquist 2008; Sweeny and Shorter
2008; Tipton et al. 2008). Alternatively, the particular strain
of Ab42 fibers that formed under these conditions may be
refractory to Hsp104, or all strains of Ab42 fibers may be
refractory. Nonetheless, the ability of Hsp104 to bind Ab42
monomers and inhibit seeded assembly, coupled to the fact
that amyloids very slowly exchange monomers via a soluble
pool (Carulla et al. 2005), might enable Hsp104 to slowly
shift the equilibrium away from the assembled fibrous state.
Thus, Hsp104 might slowly resolve Ab42 fibers over a time
frame longer than those thus far explored (Arimon et al.
2008).

These findings are promising; however, all experiments
presented were performed in vitro and no complementary in
vivo approaches were adopted. Extension to cell culture and
animal models is needed for validation. Neuroblastoma cell
lines have been widely used to assess the toxicity of Ab fi-
bers and oligomers (Kayed et al. 2003; Petkova et al. 2005),
and this system might be easily adapted to test whether the
Hsp104-Ab42 interactions buffer toxicity to cultured neu-
rons. Another issue is that the majority of Ab42 fibers are
extracellular in AD, which may make them challenging tar-
gets for Hsp104. However, intraneuronal Ab42 is also found
in AD and may contribute to disease progression (Grundke-
Iqbal et al. 1989; LaFerla et al. 2007; Wertkin et al. 1993).
Hsp104 might be efficacious against intraneuronal pools of
misfolded Ab42.

Hsp104 and PD
There are no efficacious treatments for Parkinson’s dis-

ease (PD), the most common neurodegenerative movement
disorder, which afflicts several million people worldwide
(Dorsey et al. 2007). PD is due to a severe and selective
devastation of dopaminergic neurons from the substantia ni-
gra pars compacta, although neuropathology extends into
other regions of the brain (Braak et al. 2003). Intracellular
inclusions termed Lewy bodies and Lewy neurites, com-
posed of amyloid forms of the small pre-synaptic protein a-
synuclein (a-syn), are the signature lesion of PD (Spillantini
et al. 1997). Although PD is most frequently a sporadic dis-
order, mutations in a-syn (e.g., A30P, A53T, E46K) and du-
plication or triplication of the wild-type gene are linked with
early-onset PD in rare familial forms of the disease (Moore
et al. 2005). a-Syn function is uncertain, but may play a key
regulatory role in dopamine release from synaptic vesicle
pools (Gitler and Shorter 2007; Larsen et al. 2006). Pure a-
syn readily accesses amyloid forms in vitro that bear re-
markable similarities to a-syn fibers isolated from synu-
cleinopathy patients (Crowther et al. 2000; Spillantini et al.
1998).

Hsp104 potently inhibited fibrillization of a-syn and PD-
linked variants (A30P, A53T, and E46K) in vitro (Lo
Bianco et al. 2008). Moreover, Hsp104 coupled ATP hydrol-
ysis to the disassembly of toxic oligomers composed of a-
syn A30P (Lo Bianco et al. 2008). Hsp104 also coupled

ATP hydrolysis to the disassembly of a-syn fibers (Lo
Bianco et al. 2008). Disassembly was enhanced by the mam-
malian Hsp70 chaperone system, and in particular by the
specific combination of Hsc70 and Hdj2 (Lo Bianco et al.
2008). All a-syn variant fibers were effectively disas-
sembled, except for the E46K PD-linked mutant (Lo Bianco
et al. 2008). This might indicate that a-syn E46K forms a
different strain of amyloid. Indeed, a-syn E46K fibers tend
to form compact bundles and meshwork arrays not observed
with wild-type a-syn (Choi et al. 2004; Greenbaum et al.
2005). Nonetheless, this battery of remodeling activities sug-
gested that Hsp104 might effectively buffer a-syn toxicity in
vivo.

The development of PD therapies has been hindered by a
lack of animal models that successfully recreate the progres-
sive and selective degeneration of dopaminergic neurons and
formation of phosphorylated a-syn inclusions. However, a
rat PD model based on the lentiviral-mediated expression of
human a-syn A30P in the substantia nigra is able to recapit-
ulate these features (Lo Bianco et al. 2002; Lo Bianco et al.
2004). Thus, Hsp104 and a-syn A30P were expressed simul-
taneously in the rat substantia nigra using the lentiviral de-
livery system. Remarkably, Hsp104 reduced formation of
phosphorylated a-syn A30P inclusions and prevented nigros-
triatal dopaminergic neurodegeneration (Lo Bianco et al.
2008). Thus, Hsp104 is able to buffer a-syn A30P toxicity
in the physiological arena of the mammalian substantia ni-
gra.

Although these results are promising, several questions re-
main. First, it has not yet been possible to express Hsp104
after a-syn has already aggregated, a situation that might
mimic more closely a potential treatment. Thus, whether
Hsp104 can reverse a-syn aggregation in the setting of the
rat substantia nigra remains unclear. Another issue concerns
releasing a large pulse of soluble a-syn from Lewy Bodies
in surviving neurons. Such a pulse might be detrimental
since high levels of soluble a-syn can inhibit synaptic
vesicle release and perturb other membrane trafficking
events (Gitler et al. 2008; Gitler and Shorter 2007; Larsen
et al. 2006). However, this situation is likely to be preferable
to the persistence of toxic a-syn conformers. Finally, further
study is needed to assess any dangers of long-term Hsp104
expression in the mammalian brain.

Concluding remarks
The foregoing sections raise hopes that Hsp104 might

hold therapeutic potential for antagonizing amyloidogenic
events associated with AD and PD. Furthermore, the ability
of Hsp104 to prevent or reverse the formation of non-amy-
loid, disease-associated aggregates should also be consid-
ered. For example, two devastating neurodegenerative
disorders, amyotrophic lateral sclerosis and frontotemporal
lobar degeneration with ubiquitin-positive inclusions, are
connected with the formation of non-amyloid, aggregated
species of a conserved hnRNP, TDP-43 (Johnson et al.
2009; Neumann et al. 2006). Nevertheless, a plethora of is-
sues must be overcome if Hsp104 is to be developed as a
therapeutic agent. Not least is the issue that gene therapy
would seem necessary to apply Hsp104 as a therapeutic
agent. Gene therapy has produced encouraging preclinical
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outcomes for a number of disorders (Bainbridge et al. 2008;
Hacein-Bey-Abina et al. 2002; Maguire et al. 2008), yet
technical and safety issues have restricted translation to the
clinic. Indeed, gene therapy approaches to treat neurodege-
nerative amyloidoses remain in early developmental stages
and considerable caution is needed at this time. However,
initial studies suggest that gene therapy in the adult brain
might be safe for various neurodegenerative disorders, in-
cluding PD (Feigin et al. 2007; Kaplitt et al. 2007; Stoessl
2007). Thus, even though we await several key advances in
gene therapy before any chaperone treatment becomes feasi-
ble, it remains important to develop solutions to amyloid
problems and to test these solutions both in vitro and in ani-
mal models.

Existing Hsp104 specificity or activity is unlikely to be
optimal against substrates that it never ordinarily encounters,
such as a-syn or Ab42. Indeed, disassembly of a-syn fibers
requires considerably larger amounts of Hsp104 than disas-
sembly of Sup35 or Ure2, two natural amyloid substrates
(Lo Bianco et al. 2008; Shorter and Lindquist 2006). Even
for Sup35 and Ure2, high concentrations of Hsp104 are re-
quired to reverse amyloid formation (Shorter and Lindquist
2006). Acting at lower concentrations, Hsp104 fragments
Sup35 and Ure2 prions, which generates more fiber ends
that can convert soluble copies of the protein to the prion
form (Shorter and Lindquist 2006). Thus, an important ther-
apeutic consideration is to express Hsp104 above a certain
threshold that reduces and does not exacerbate the amyloid
burden.

Hsp104 is likely to be a generalist, since it must catalyze
the disaggregation of large portions of the yeast proteome
after environmental stress. Regarding amyloid conformers,
it seems likely that Hsp104 might be adapted to remodel
cross-b structures comprised of the uncharged polar residues
that distinguish the prion domains of many proteins in yeast
(Alberti et al. 2009). Promiscuous disaggregation activity
might also be undesirable in a therapeutic setting. Ideally, a
therapeutic disaggregase would selectively eliminate toxic
strains and misfolded species, and not eradicate benign
strains or even beneficial amyloids such as CPEB prions,
which might encode long-term memory (Si et al. 2003; re-
viewed in Shorter and Lindquist 2005b). Thus, an important
goal is to engineer or evolve Hsp104 variants with enhanced
and selective ability to eradicate specific amyloid or aggre-
gated conformers. Ultimately, designer disaggregases might
be developed to annihilate purely toxic conformers unique
to each particular disease.
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ter, S. 2007. Processing of proteins by the molecular chaperone
Hsp104. J. Mol. Biol. 370(4): 674–686. doi:10.1016/j.jmb.2007.
04.070. PMID:17543332.

Schirmer, E.C., and Lindquist, S. 1997. Interactions of the chaper-
one Hsp104 with yeast Sup35 and mammalian PrP. Proc. Natl.
Acad. Sci. U.S.A. 94(25): 13932–13937. doi:10.1073/pnas.94.
25.13932. PMID:9391130.

Schirmer, E.C., Queitsch, C., Kowal, A.S., Parsell, D.A., and Lind-
quist, S. 1998. The ATPase activity of Hsp104, effects of envir-
onmental conditions and mutations. J. Biol. Chem. 273(25):
15546–15552. doi:10.1074/jbc.273.25.15546. PMID:9624144.

Schirmer, E.C., Ware, D.M., Queitsch, C., Kowal, A.S., and Lind-
quist, S.L. 2001. Subunit interactions influence the biochemical
and biological properties of Hsp104. Proc. Natl. Acad. Sci.
U.S.A. 98(3): 914–919. doi:10.1073/pnas.031568098. PMID:
11158570.

Schlieker, C., Weibezahn, J., Patzelt, H., Tessarz, P., Strub, C.,
Zeth, K., et al. 2004. Substrate recognition by the AAA+ cha-
perone ClpB. Nat. Struct. Mol. Biol. 11(7): 607–615. doi:10.
1038/nsmb787. PMID:15208691.

Shorter, J. 2008. Hsp104: a weapon to combat diverse neurodegen-
erative disorders. Neurosignals, 16(1): 63–74. doi:10.1159/
000109760. PMID:18097161.

Shorter, J., and Lindquist, S. 2004. Hsp104 catalyzes formation and
elimination of self-replicating Sup35 prion conformers. Science,
304(5678): 1793–1797. doi:10.1126/science.1098007. PMID:
15155912.

Shorter, J., and Lindquist, S. 2005a. Navigating the ClpB channel
to solution. Nat. Struct. Mol. Biol. 12(1): 4–6. doi:10.1038/
nsmb0105-4. PMID:15689967.

Shorter, J., and Lindquist, S. 2005b. Prions as adaptive conduits of
memory and inheritance. Nat. Rev. Genet. 6(6): 435–450.
doi:10.1038/nrg1616. PMID:15931169.

Shorter, J., and Lindquist, S. 2006. Destruction or potentiation of
different prions catalyzed by similar Hsp104 remodeling activ-
ities. Mol. Cell, 23(3): 425–438. doi:10.1016/j.molcel.2006.05.
042. PMID:16885031.

Shorter, J., and Lindquist, S. 2008. Hsp104, Hsp70 and Hsp40 in-
terplay regulates formation, growth and elimination of Sup35
prions. EMBO J. 27(20): 2712–2724. doi:10.1038/emboj.2008.
194. PMID:18833196.

Si, K., Lindquist, S., and Kandel, E.R. 2003. A neuronal isoform of
the aplysia CPEB has prion-like properties. Cell, 115(7): 879–
891. doi:10.1016/S0092-8674(03)01020-1. PMID:14697205.

Skovronsky, D.M., Lee, V.M., and Trojanowski, J.Q. 2006. Neuro-
degenerative diseases: new concepts of pathogenesis and their
therapeutic implications. Annu. Rev. Pathol. 1(1): 151–170.
doi:10.1146/annurev.pathol.1.110304.100113. PMID:18039111.

Smith, J.F., Knowles, T.P., Dobson, C.M., Macphee, C.E., and
Welland, M.E. 2006. Characterization of the nanoscale proper-
ties of individual amyloid fibrils. Proc. Natl. Acad. Sci. U.S.A.
103(43): 15806–15811. doi:10.1073/pnas.0604035103. PMID:
17038504.

Spillantini, M.G., Schmidt, M.L., Lee, V.M., Trojanowski, J.Q.,
Jakes, R., and Goedert, M. 1997. Alpha-synuclein in Lewy
bodies. Nature, 388(6645): 839–840. doi:10.1038/42166. PMID:
9278044.

Spillantini, M.G., Crowther, R.A., Jakes, R., Cairns, N.J., Lantos,
P.L., and Goedert, M. 1998. Filamentous alpha-synuclein inclu-
sions link multiple system atrophy with Parkinson’s disease and
dementia with Lewy bodies. Neurosci. Lett. 251(3): 205–208.
doi:10.1016/S0304-3940(98)00504-7. PMID:9726379.

Squires, C.L., Pedersen, S., Ross, B.M., and Squires, C. 1991. ClpB
is the Escherichia coli heat shock protein F84.1. J. Bacteriol.
173(14): 4254–4262. PMID:2066329.

Stoessl, A.J. 2007. Gene therapy for Parkinson’s disease: early
data. Lancet, 369(9579): 2056–2058. doi:10.1016/S0140-
6736(07)60957-X. PMID:17586286.

Sunde, M., and Blake, C. 1997. The structure of amyloid fibrils by
electron microscopy and X-ray diffraction. Adv. Protein Chem.
50: 123–159. doi:10.1016/S0065-3233(08)60320-4. PMID:
9338080.

Sunde, M., Serpell, L.C., Bartlam, M., Fraser, P.E., Pepys, M.B.,
and Blake, C.C. 1997. Common core structure of amyloid fibrils
by synchrotron X-ray diffraction. J. Mol. Biol. 273(3): 729–739.
doi:10.1006/jmbi.1997.1348. PMID:9356260.

Sweeny, E.A., and Shorter, J. 2008. Prion proteostasis: Hsp104
meets its supporting cast. Prion, 2(4): 135–140. PMID:
19242125.

Tanaka, M., Collins, S.R., Toyama, B.H., and Weissman, J.S. 2006.

12 Biochem. Cell Biol. Vol. 88, 2010

Published by NRC Research Press



The physical basis of how prion conformations determine strain
phenotypes. Nature, 442(7102): 585–589. doi:10.1038/
nature04922. PMID:16810177.

Taylor, J.P., Hardy, J., and Fischbeck, K.H. 2002. Toxic proteins in
neurodegenerative disease. Science, 296(5575): 1991–1995.
doi:10.1126/science.1067122. PMID:12065827.

Tessarz, P., Mogk, A., and Bukau, B. 2008. Substrate threading
through the central pore of the Hsp104 chaperone as a common
mechanism for protein disaggregation and prion propagation.
Mol. Microbiol. 68(1): 87–97. doi:10.1111/j.1365-2958.2008.
06135.x. PMID:18312264.

Tessier, P.M., and Lindquist, S. 2007. Prion recognition elements
govern nucleation, strain specificity and species barriers. Nature,
447(7144): 556–561. doi:10.1038/nature05848. PMID:17495929.

Thoms, S. 2002. Cdc48 can distinguish between native and non-na-
tive proteins in the absence of cofactors. FEBS Lett. 520(1-3):
107–110. doi:10.1016/S0014-5793(02)02777-1. PMID:
12044880.

Tipton, K.A., Verges, K.J., and Weissman, J.S. 2008. In vivo mon-
itoring of the prion replication cycle reveals a critical role for
Sis1 in delivering substrates to Hsp104. Mol. Cell, 32(4): 584–
591. doi:10.1016/j.molcel.2008.11.003. PMID:19026788.

Toyama, B.H., Kelly, M.J., Gross, J.D., and Weissman, J.S. 2007.
The structural basis of yeast prion strain variants. Nature,
449(7159): 233–237. doi:10.1038/nature06108. PMID:17767153.

Treusch, S., Cyr, D.M., and Lindquist, S. 2009. Amyloid deposits:
protection against toxic protein species? Cell Cycle, 8(11):
1668–1674. PMID:19411847.

True, H.L., and Lindquist, S.L. 2000. A yeast prion provides a me-
chanism for genetic variation and phenotypic diversity. Nature,
407(6803): 477–483. doi:10.1038/35035005. PMID:11028992.

Tyedmers, J., Madariaga, M.L., Lindquist, S., and Weissman, J.
2008. Prion switching in response to environmental stress. PLoS
Biol. 6(11): e294. doi:10.1371/journal.pbio.0060294. PMID:
19067491.

Vacher, C., Garcia-Oroz, L., and Rubinsztein, D.C. 2005. Overex-
pression of yeast hsp104 reduces polyglutamine aggregation and
prolongs survival of a transgenic mouse model of Huntington’s
disease. Hum. Mol. Genet. 14(22): 3425–3433. doi:10.1093/
hmg/ddi372. PMID:16204350.

Varshavsky, A. 2005. Regulated protein degradation. Trends Bio-
chem. Sci. 30(6): 283–286. doi:10.1016/j.tibs.2005.04.005.
PMID:15950869.

Vashist, S., and Ng, D.T. 2004. Misfolded proteins are sorted by a
sequential checkpoint mechanism of ER quality control. J. Cell
Biol. 165(1): 41–52. doi:10.1083/jcb.200309132. PMID:
15078901.

Vembar, S.S., and Brodsky, J.L. 2008. One step at a time: endo-
plasmic reticulum-associated degradation. Nat. Rev. Mol. Cell
Biol. 9(12): 944–957. doi:10.1038/nrm2546. PMID:19002207.

Wang, H., Duennwald, M.L., Roberts, B.E., Rozeboom, L.M.,
Zhang, Y.L., Steele, A.D., et al. 2008. Direct and selective elim-
ination of specific prions and amyloids by 4,5-dianilinophthali-
mide and analogs. Proc. Natl. Acad. Sci. U.S.A. 105(20): 7159–
7164. doi:10.1073/pnas.0801934105. PMID:18480256.

Weibezahn, J., Tessarz, P., Schlieker, C., Zahn, R., Maglica, Z.,
Lee, S., et al. 2004. Thermotolerance requires refolding of ag-
gregated proteins by substrate translocation through the central
pore of ClpB. Cell, 119(5): 653–665. doi:10.1016/j.cell.2004.11.
027. PMID:15550247.

Weibezahn, J., Schlieker, C., Tessarz, P., Mogk, A., and Bukau, B.
2005. Novel insights into the mechanism of chaperone-assisted
protein disaggregation. Biol. Chem. 386(8): 739–744. doi:10.
1515/BC.2005.086. PMID:16201868.

Wendler, P., and Saibil, H.R. 2010. Cryo-electron microscopy
structures of Hsp100 proteins-crowbars in or out. Biochem. Cell
Biol. 88: this issue.

Wendler, P., Shorter, J., Plisson, C., Cashikar, A.G., Lindquist, S.,
and Saibil, H.R. 2007. Atypical AAA+ subunit packing creates
an expanded cavity for disaggregation by the protein-remodeling
factor Hsp104. Cell, 131(7): 1366–1377. doi:10.1016/j.cell.2007.
10.047. PMID:18160044.

Wendler, P., Shorter, J., Snead, D., Plisson, C., Clare, D.K., Lind-
quist, S., and Saibil, H.R. 2009. Motor mechanism for protein
threading through Hsp104. Mol. Cell, 34(1): 81–92. doi:10.
1016/j.molcel.2009.02.026. PMID:19362537.

Wenk, G.L. 2003. Neuropathologic changes in Alzheimer’s disease.
J. Clin. Psychiatry, 64(Suppl 9): 7–10. PMID:12934968.

Werbeck, N.D., Schlee, S., and Reinstein, J. 2008. Coupling and
dynamics of subunits in the hexameric AAA+ chaperone ClpB.
J. Mol. Biol. 378(1): 178–190. doi:10.1016/j.jmb.2008.02.026.
PMID:18343405.

Wertkin, A.M., Turner, R.S., Pleasure, S.J., Golde, T.E., Younkin,
S.G., Trojanowski, J.Q., and Lee, V.M. 1993. Human neurons
derived from a teratocarcinoma cell line express solely the 695-
amino acid amyloid precursor protein and produce intracellular
beta-amyloid or A4 peptides. Proc. Natl. Acad. Sci. U.S.A.
90(20): 9513–9517. doi:10.1073/pnas.90.20.9513. PMID:
8415732.

Young, J.C., Agashe, V.R., Siegers, K., and Hartl, F.U. 2004. Path-
ways of chaperone-mediated protein folding in the cytosol. Nat.
Rev. Mol. Cell Biol. 5(10): 781–791. doi:10.1038/nrm1492.
PMID:15459659.

Vashist et al. 13

Published by NRC Research Press



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 99
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 225
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 225
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


