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Abstract

Hspl104, a hexameric AAA+ ATPase found in yeast, transduces energy from cycles of ATP binding
and hydrolysis to resolve disordered protein aggregates and cross-p 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 review 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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The protein-misfolding problem

The successful functioning of all cells is dependent on proper protein folding. Functional native
structure is encoded 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 simultaneously during folding
(Bartlett and Radford 2009; Englander et al. 2007). Consequently, folding energy landscapes
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). Additionally,
mutations or decreased transcriptional or translational 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 profoundly subvert protein folding (Parsell and Lindquist 1993).
Thus, proteins may fail to fold or fail to remain correctly folded, making them prone to

IThis paper is one of a selection of papers published in this special issue entitled 8th International Conference on AAA Proteins and has
undergone the Journal's usual peer review process.

2Corresponding author (jshorter@mail.med.upenn.edu)..



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vashist et al.

Page 2

aggregation. The highly crowded macromolecular environment that cells must maintain 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 acquire, 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 series 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 ubiquitin—proteasome pathway (Varshavsky 2005; Vembar and Brodsky
2008). However, aggregated proteins are more resistant to proteasomal degradation (Bence et
al. 2001), but can be catabolized by autophagy (Cuervo 2008). Finally, sophisticated
disaggregases reverse protein aggregation. Disaggregation 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 proteostatic 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-energy 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 energy, 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
Il diabetes, prion diseases, and various cardiovascular and systemic amyloidoses (Caughey
and Lansbury 2003; Kholova 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 specific diseases is aging. As life spans increase through improvements in medicine and
public health, these disorders will inevitably become among the most prevalent and recalcitrant
impediments to living longer, more fulfilling lives.

Allamyloids adopta “cross-f” 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
etal. 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-f 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 amyloid state (Baxa et al.
2002). This loss of function can contribute to pathogenesis in some disorders (Forman et al.
2004). Furthermore, amyloids can deplete other cellular components that co-precipitate (Chen
et al. 2005). In systemic amyloidoses, amyloid deposition can be so extensive that tissue
architecture becomes mechanically disrupted (Merlini and Westermark 2004).
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In other diseases, the quantity of amyloid deposits can be minimal and inclusion formation can
correlate with cell survival (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 (Bucciantini 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 etal. 2002; Lesné etal. 2006). These shared facets of amyloidogenesis suggest
that effective therapeutics might have widespread applicability (Skovronsky 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 plagues can appear extremely rapidly and are critical mediators 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 amyloidogenic 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-p amyloid conformation, little is known about the underlying
atomic structures of these distinct strains or how structural polymorphism enciphers 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 distinguished by distinct
intermolecular contacts between fiber protomers and different lengths of primary sequence
sequestered in cross-f structure (Krishnan and Lindquist 2005; Tessier and Lindquist 2007;
Toyama et al. 2007). Importantly, 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 etal. 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 expose a higher fraction of
glutamine residues (Nekooki-Machida 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 benign 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 amyloidoses. 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 release active monomers
upon secretion (Maji et al. 2009). The self-templating nature of CPEB amyloids might function
in long-term memory formation (Si et al. 2003). In yeast, multiple proteins can form infectious
amyloids, termed prions, which confer heritable phenotypes and selective advantages under
diverse environmental conditions (Alberti 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 accurate 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.
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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 nature, and do not
antagonize the underlying causative continuum of amyloid forms or cytotoxic oligomers. A
key therapeutic advance will be the ability to enhance proteostasis, such that entire spectra of
toxic amyloid strains and preamyloid oligomers are eliminated, while beneficial amyloids are
left intact. Here, we entertain the possibility of enhancing mammalian proteostasis with an
AAA+ protein from yeast, Hsp104, which can rapidly dissolve amyloid conformers and
preamyloid oligomers (Shorter 2008). First, however, we consider the mechanistic basis of
Hsp104 activity.

Hsp104: a protein disaggregase

Hsp104 enhances yeast survival ~10,000-fold after a variety 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 denatured protein aggregates and return proteins to native structure 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 synthesis 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+ nucleotide-
binding domain (NBD2), and a short C-terminal domain (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 hexameric ring structure that envelops a large central channel (Wendler et
al. 2007; Wendler et al. 2009). Homology models of Hsp104 based on the atomic structure of
the T. thermophilus 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 propeller (Lee et al. 2003), interposes
in subunit packing by intercalating between NBD1 and NBD2 (Wendler et al. 2007; Wendler
et al. 2009). This hexameric model of Hsp104 differs significantly from a hexameric model
proposed for tClpB, where the coiled-coil domains are proposed to protrude laterally from the
surface of the hexameric ring (Lee et al. 2007; Lee et al. 2003). Potential reasons for these
differences are discussed in detail elsewhere (Wendler and Saibil 2010).

Several lines of evidence suggest that Hsp104 and orthologues disaggregate substrates by
coupling ATP binding and hydrolysis to the translocation of polypeptides from the aggregate
surface across the central channel to solution (Lum et al. 2008; Lum et al. 2004; Schlieker et
al. 2004; Weibezahn 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 initially engages misfolded substrates when NBD1 is in an ATP-bound conformation
(Bosl 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 hydrolysis co-operatively and allosteric communication occurs within and

Biochem Cell Biol. Author manuscript; available in PMC 2011 February 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vashist et al.

Page 5

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 substrate, NBD1 makes the
major contribution to ATPase activity (Keat ~ 76 min~1, Ky ~ 170 umol-L ™1, nj, = 2.3,) but has
a lower affinity for nucleotide compared with NBD2 (keat ~ 0.27 min~1, Ky ~ 4.7 umol-L ™1,
N, = 1.6) (Hattendorf and Lindquist 2002). Yet, it seems likely that these patterns need to be
subtly altered to elicit disaggregation. Deceleration of ATPase activity at NBD1 but not at
NBD?2, or vice versa, facilitates disaggregation (Doyle et al. 2007a; Doyle et al. 2007b;
Schaupp et al. 2007). Why the hydrolysis pattern must be decelerated asymmetrically to elicit
disaggregation remains an open question requiring further study. However, it seems likely that
this alteration has allosteric sequelae that enable Hsp104 to simultaneously bind, unfold, and
translocate substrates. Without this deceleration, substrate binding is likely too transient to be
productive (Fig. 2a).

In the absence of Hsp70 and Hsp40, dissolution of denatured aggregates can be triggered by
artificially choreographing the requisite mode of ATPase cycling with specific mixtures of
ATP and ATPyS, 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 usually
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-ordinating
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 cooperative 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 cofactors (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 aff 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 tryptophan, maintain partial
functionality (Hung and Masison 2006). Dynamic rearrangements of channel loop tyrosines,
which are proposed to grip substrate, synchronized with ATPase cycling likely provide a series
of motions that translocate substrates across the channel.

Recent cryo-EM reconstructions of Hsp104 hexamers in the presence of ATPyS, ATP, and
ADP have provided structural insight into the conformational changes that facilitate substrate
translocation (Wendler et al. 2009). This study employed 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 disaggregation and provides only limited
thermotolerance in vivo (Hattendorf and Lindquist 2002; Shorter and Lindquist 2004).
Reconstructions with imposed 6-fold symmetry reveal that ATP binding and hydrolysis induce
large domain movements in NBD1 that impart a peristaltic mechanism for substrate
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translocation. Upon ATP binding, the NBD1 substrate-binding KYKG motifs move up toward
the N-terminal 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-terminal 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 domain that would eject substrate. These interdependent motions of
NBD1 and NBD2 ensure continuous substrate handling during disaggregation (Wendler et al.
2009).

Single particle reconstructions without imposed symmetry reveal that Hsp104 hexamers are
strongly asymmetric in the presence of ATPyS 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 exposed N- or C-termini of individual polypeptides (Haslberger et
al. 2008; Wendler et al. 2007). Moreover, Hsp104 hexamers are likely to be highly dynamic
and rapidly exchange 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 tCIpB, 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 (Haslberger et al. 2007). However, this region is in a similar position 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.

Hspl104: powerful amyloid-remodeling activity

In addition to the ability to resolve denatured aggregates, Hsp104 possesses an unusually
powerful amyloid-remodeling activity and couples ATP hydrolysis to the rapid deconstruction
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).
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Perplexingly, no clear metazoan homologue or analogue of Hsp104 has been identified.
Moreover, no activity that couples protein disaggregation to renaturation has been identified
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 Ap42 fibers
(Cohen et al. 2006). However, the factor(s) involved remain unidentified (Cohen et al. 2006).
The search for functional equivalents 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 disaggregation 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 curious hint, it appears that metazoan proteostasis is more centered 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-p structures of yeast prions as
well as the shared generic form of preamyloid oligomers raises the possibility of applying
Hsp104 to metazoan systems to prevent or reverse various amyloidoses. The ability to reverse
amyloid formation would counter several intractable issues that likely synergize to various
extents in the etiology of various amyloid disorders: (i) the toxic gain of function of amyloid
or preamyloid conformers; (ii) the loss of function of the aggregated 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 mammalian 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 (Carmichael et al. 2000; Perrin et al. 2007) and poly(A)-
binding protein 2 misfolding associated with oculopharyngeal muscular dystrophy (Bao et al.
2002). Furthermore, Hsp104 has been safely expressed in C. elegans to counter polyQ toxicity
(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 amyloidogenesis. In the remainder of this
review, we consider two recent applications of Hsp104 to the amyloidogenic events that
distinguish AD and PD.

Hspl104 and AD

Alzheimer's disease (AD) is the most common fatal neurodegenerative disorder, afflicting ~27
million people worldwide 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 certain subcortical regions (Wenk 2003). The defining pathological
lesions are extracellular neuritic plagues composed primarily of amyloid forms of the p-
amyloid (AB) peptides Ap42 and AB40 (Glenner and Wong 1984; lwatsubo et al. 1994; Masters
et al. 1985), and intracellular neurofibrillary tangles composed of amyloid forms of the
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microtubule-binding 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 Ap42 fibrillization (Wang
et al. 2008). Thus far, only the effects 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 recent study
found that AB42 stimulates Hsp104 ATPase activity (Arimon et al. 2008). Importantly, Hsp104
very potently inhibited de novo Ap42 fibrillization, even when AB42 was in excess by 1000-
fold (Arimon et al. 2008). Such substoichiometric inhibition suggests that Hsp104 specifically
antagonizes an obligate intermediate that is ‘on pathway’ for fiber assembly. Indeed, Hsp104
also antagonized the conversion of AB42 oligomers into fibers, and interacted directly with
AB42 monomers and oligomers (Arimon et al. 2008). Additionally, Hsp104 potently inhibited
APA42 fibrillization assembly seeded by preformed fibers (Arimon et al. 2008). Consistent with
these data, Hsp104 inhibited AB42 fibrillization when added during lag phase or 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 disassembly 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 Ap42 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 Ap42 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 Ap fibers 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
neurons. Another issue is that the majority of Ap42 fibers are extracellular in AD, which may
make them challenging targets for Hsp104. However, intraneuronal AB42 is also found in AD
and may contribute to disease progression (Grundke-Igbal et al. 1989; LaFerla et al. 2007;
Wertkin et al. 1993). Hsp104 might be efficacious against intraneuronal pools of misfolded
AB42.

Hspl104 and PD

There are no efficacious treatments for Parkinson's disease (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 nigra pars compacta, although neuropathology extends into other regions
of the brain (Braak et al. 2003). Intracellular inclusions termed Lewy bodies and Lewy neurites,
composed 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
disorder, mutations in a-syn (e.g., A30P, A53T, E46K) and duplication 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
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accesses amyloid forms in vitro that bear remarkable similarities to a-syn fibers isolated from
synucleinopathy 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 hydrolysis 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 mammalian 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 disassembled, 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 suggested 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 progressive 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 recapitulate these
features (Lo Bianco et al. 2002; Lo Bianco et al. 2004). Thus, Hsp104 and a-syn A30P were
expressed simultaneously in the rat substantia nigra using the lentiviral delivery system.
Remarkably, Hsp104 reduced formation of phosphorylated a-syn A30P inclusions and
prevented nigrostriatal 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
nigra.

Although these results are promising, several questions remain. 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
Hspl104 to prevent or reverse the formation of non-amyloid, disease-associated aggregates
should also be considered. 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 issues
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 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 neurodegenerative
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
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various neurodegenerative disorders, including 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 feasible, it remains important to develop solutions to amyloid
problems and to test these solutions both in vitro and in animal 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 disassembly 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 required 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 therapeutic 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; reviewed 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 aggregated conformers. Ultimately, designer
disaggregases might be developed to annihilate purely toxic conformers unique to each
particular disease.
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Fig. 1.

Protein disaggregation by Hsp104. Hsp104 couples energy from ATP binding and hydrolysis
to dissolve denatured protein aggregates and amyloid fibers. Hsp70 and Hsp40 co-ordinate the
disaggregation 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 project into the central channel (denoted by small Y-shapes).
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Co-ordination of Hsp104 ATPase activity is required for protein disaggregation. (a) In the
presence of ATP, Hsp104 engages denatured aggregates too transiently to initiate
disaggregation. (b) In the presence of specific mixtures of ATP and ATPyS (e.g., 3ATP: 1
ATPyS), Hsp104 is able to productively couple substrate binding to translocation and
disaggregation. Only specific ratios of ATP and ATPyS are effective, and pure ATPyS 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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