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Proteotoxic stress and inducible
chaperone networks in neurodegenerative
disease and aging
Richard I. Morimoto1
Department of Biochemistry, Molecular Biology, and Cell Biology, Rice Institute for Biomedical Research, Northwestern
University, Evanston, Illinois 60208, USA

The long-term health of the cell is inextricably linked to
protein quality control. Under optimal conditions this is
accomplished by protein homeostasis, a highly complex
network of molecular interactions that balances protein
biosynthesis, folding, translocation, assembly/disassembly, and clearance. This review will examine the consequences of an imbalance in homeostasis on the flux of
misfolded proteins that, if unattended, can result in severe molecular damage to the cell. Adaptation and survival requires the ability to sense damaged proteins and
to coordinate the activities of protective stress response
pathways and chaperone networks. Yet, despite the
abundance and apparent capacity of chaperones and
other components of homeostasis to restore folding equilibrium, the cell appears poorly adapted for chronic proteotoxic stress when conformationally challenged aggregation-prone proteins are expressed in cancer, metabolic
disease, and neurodegenerative disease. The decline in
biosynthetic and repair activities that compromises the
integrity of the proteome is influenced strongly by genes
that control aging, thus linking stress and protein homeostasis with the health and life span of the organism.
Protein homeostasis is the cellular process that governs
the “life of proteins.” More than protein quality control
alone, protein homeostasis encompasses RNA metabolism and processing, protein synthesis, folding, translocation, assembly/disassembly, and clearance (Balch et al.
2008). These processes and their roles in protein homeostasis can be viewed as a systems network in which each
process, or hub, is organized as mininetworks interconnected to other hubs. An implicit assumption of protein
homeostasis is that each hub should be dynamic, and
therefore have sufficient “buffering” capacity to respond
to various imbalances in network components and flux
of misfolded species and damaged proteins. Tissue-spe-
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cific differences in expression of components of the homeostasis network such as chaperones and components
of the proteasome, autophagy, or transport machinery
could be a basis for the sensitivity of neuronal cells during aging and disease.
Two prominent modulators of protein homeostasis are
molecular chaperones and stress-inducible responses.
Chaperones are abundantly expressed in multiple compartments of the cell and are thought to comprise a significant fraction of the cellular machinery (Bukau et al.
2006; Ron and Walter 2007). Only limited information is
available on the concentration of chaperones in a eukaryotic cell and the fraction that is functionally engaged
with substrates or freely available in reserve. Nevertheless, this has led to a commonly held expectation that
within the cell, chaperones have excess folding capacity
and can exist in a free state to buffer unexpected folding
requirements. This would require the cell to maintain a
stockpile of chaperones for protein folding emergencies.
A counter view is that the cell has little excess chaperone capacity, and that the concentration of chaperones is
titrated closely to the folding requirements for each client protein within a specific cell type. This would imply
that the folding environment in the cell is delicate,
which would seem to be a risky proposition. For this to
be compatible with the complex and varying cellular environment, the delicate nature of protein homeostasis
would need to be paired with a highly robust stress response that is very sensitive and responds rapidly to any
flux in protein biogenesis. Moreover, because chaperones
are growth-regulated and stress-responsive, they afford
the cell with a stress sensor to link stress signaling processes with protein homeostasis (Nollen and Morimoto
2002).

Chaperone networks
Molecular chaperones have diverse roles to regulate protein conformation, and are essential to protect nascent
polypeptides from misfolding, to facilitate co- and posttranslational folding, to assist in assembly and disassembly of macromolecular complexes, and to regulate trans-
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location (Hartl and Hayer-Hartl 2002; Deuerling and
Bukau 2004; Bukau et al. 2006; Ron and Walter 2007).
Chaperone terminology has its origins as heat-shock proteins (Hsps) annotated by molecular size; Hsp 100,
Hsp90, Hsp70, Hsp60, Hsp40, and small heat-shock protein (sHSP) families (Chang et al. 2007; Tang et al. 2007).
Much of our understanding of chaperone function comes
from biochemical studies of assisted protein folding using protein substrates and purified prokaryotic and eukaryotic chaperones from Escherichia coli, Saccharomyces cerevisiae, and mammalian species. A defining general characteristic of chaperones and their regulatory
cochaperones is the ability to suppress misfolding and
aggregation of unfolded polypeptides and to “hold” nonnative species in intermediate “on-pathway” states that
remain competent for subsequent folding to the native
state (Fig. 1). “Holding” activity is a property common to
many chaperones as exemplified by Hsp104, Hsp90,
Hsp70, the sHSPs, immunophilins/cyclophilins (FKPB52
and CyP40), the steroid aporeceptor complex protein
p23, and Hip (Hsp70- and Hsp90-interacting protein)
(Parsell et al. 1994; Freeman and Morimoto 1996; Freeman et al. 1996; Obermann et al. 1998). An important
functional distinction among chaperones is that “holding” of intermediates is a common property, whereas
folding to the native state is highly regulated by Hsp70
and ATP hydrolysis (Langer et al. 1992; McCarty et al.
1995; Freeman et al. 1996). Likewise, the Hsp60/CCT/
Clp/Hsp104 chaperone machines also have a central role
in both folding and disaggregation (Fig. 1; Martin et al.
1993; Weissman et al. 1995; Weibezahn et al. 2004;
Doyle et al. 2007). Cycles of Hsp70 nucleotide binding
and hydrolysis coupled to the release of the folded protein are regulated by cochaperones including dnaJ/
Hsp40, Hip, and Bag proteins (Fig. 1; Bukau et al. 2006).
Unlike the Hsp90, Hsp70, or Hsp60/CCT chaperones

Figure 1. Chaperone networks and the regulation of protein
conformation. The unfolded protein transitions to the intermediate and native state assisted by molecular chaperones. The
“holding” activity of chaperones is represented by formation of
transient and stable intermediates that continue on-pathway to
the native state upon interaction with an ATP-dependent chaperone machine such as Hsp70 (together with ATP and the cochaperones Bag1, Hip, and Hdj1). Unfolded proteins and intermediates can form aggregates that can be rescued by the Hsp104
class of chaperones. Likewise, intermediates can form aggregates, become degraded, or fold to the native state assisted by
chaperones.

1428

GENES & DEVELOPMENT

that have limited substrate selectivity in eukaryotes, cochaperones provide specificity for interaction with chaperones and specific client proteins (Pratt and Toft 2003).
Consequently, the association of chaperones such as
Hsp70 or Hsp90 with different partners including J-domain proteins, p23, cyclophilins, and immunophilins
can influence the conformation and activities of a wide
range of substrates such as p53 (Blagosklonny et al.
1996), HSF1 (Shi et al. 1998), and other transcription factors including steroid aporeceptors, in addition to kinases and phosphatases (Pratt and Toft 2003; Whitesell
and Lindquist 2005). The assembly of macromolecular
chaperone complexes containing these specific “client”
proteins is a common structural motif in signal transduction to ensure that proteins whose activities must be
precisely regulated are in a “hair-trigger” conformational
state. For example, steroid aporeceptors are assembled in
a partially folded state in macromolecular complexes
with the Hsp70 and Hsp90 and their specificity cochaperones; upon hormone binding a precise sequence of
events is initiated leading to chaperone dissociation and
folding to a native state as a nuclear localized transcription factor (Picard et al. 1990; Pratt and Toft 2003). The
folding and assembly of the large and diverse class of
steroid aporeceptors emphasizes the importance of intermediate species and conformational choice as a potent
step in protein biogenesis.
Stress and other physiological demands on protein homeostasis can result in the sporadic and unpredicted flux
of conformationally challenged proteins that can alter
the chaperone-substrate balance. Yet, at the same time,
the pool of chaperones is essential to protect nascent
chains and other metastable proteins from misfolding
under normal conditions and when cells are exposed to
acute or chronic stress (Gidalevitz et al. 2006). Stressinduced changes in the absolute and relative levels of
chaperones and cochaperones could lead to novel chaperone networks that, in turn, would redirect information
flow through alternate folding pathways, with effects
on translocation and subcellular localization. Consequently, some signaling pathways may be enhanced or
dampened because of changes in the levels of a particular
cochaperone or chaperone that affects the stability of the
heteromeric complex. For example, altering the levels of
Aha1, a cochaperone of Hsp90, corrects the folding and
trafficking of mutant CFTR (Wang et al. 2006). Changes
in the levels of Hsp90, achieved by genetic approaches or
exposure to small molecules like geldanamycin, has potent pleiotropic biological consequences (Rutherford and
Lindquist 1998; Bagatell and Whitesell 2004). Likewise,
changes in the activity of Hsp70, by modulating the levels of the cochaperone Bag1, has consequences on the
activity of the Ras/Raf-1 with downstream effects on signaling and cell growth (Song et al. 2001). In Drosophila,
overexpression of Hsp70 is deleterious for growth, and
expression of a dominant-negative Hsp70 causes developmental defects (Feder et al. 1992; Elefant and Palter
1999). Long-term chaperone imbalance, therefore, is
likely to have dramatic consequence on diverse cellular
processes.
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What remains less clear is whether this is a general
strategy of the cell to link stress to specific signaling
pathways. Cells that have lost their ability to properly
regulate proper growth control, such as tumor cells, often express higher levels of chaperones (Jaattela 1999).
Depletion of Hsp90 by geldanamycin treatment or
Hsp70 by antisense treatment arrests cell growth and
spurs progression to cell death (Whitesell et al. 1994,
2003; Nylandsted et al. 2000). Tumor cells are dependent
on elevated levels of Hsps, and tumorigenesis requires
expression of Hsf1 (Dai et al. 2007). This suggests that
enhanced levels of chaperones could suppress missense
mutations that accumulate during transformation to
promote cell growth and oncogenesis. This is exemplified by the relationship between p53 and Hsp90, where
mutant forms of p53 require Hsp90 for function (Blagosklonny et al. 1996). Given these diverse activities of
Hsp90, it remains a puzzle to understand how chaperone
networks can simultaneously touch on multiple stages
of protein biogenesis and yet regulate the functionality
of critical client proteins involved in key regulatory
steps, while maintaining the ability to respond to diverse
cellular stresses.
Together, Hsps and chaperones serve the cell as a
“master concierge,” touching on diverse cellular activities, while constantly integrating signals from the environment with protein homeostasis and metabolism. The
involvement of chaperones in a multitude of signaling
and regulatory pathways offers a challenge to systems
biology in which networks are used to organize specific
pathways. Because proteins such as Hsp90 and Hsp70
touch on hundreds if not thousands of events, an imbalance in protein homeostasis networks may have profound long-term consequences.
Chaperone regulation—the heat-shock response
Genes encoding chaperone machines are of three regulatory classes: (1) constitutively expressed and regulated
during growth and development, (2) constitutive and inducibly regulated, and (3) strictly inducible. The expression of chaperones is essential for normal growth and
development and to survive stress. The heat-shock response enables the cell to elevate the expression of genes
that function to protect against proteotoxic stress and to
initiate a regulatory cascade for recovery and adaptation
(Wu 1995; Morimoto 1998; Anckar and Sistonen 2007).
This occurs by a nearly instantaneous induction of heatshock genes (Hs genes) proportional to the intensity, duration, and type of stress (Abravaya et al. 1991; Gasch et
al. 2000; Hahn et al. 2004). While the primary form of
regulation is at the level of transcription, the heat-shock
response is also post-transcriptionally regulated by
stress-induced mRNA stability (Theodorakis and Morimoto 1987), by translational control (Banerji et al. 1984),
and by stress-induced effects on the activity and subcellular localization of chaperones (Welch and Suhan 1986).
The heat-shock response is mediated by a family of
heat-shock transcription factors (HSFs) that are expressed and maintained in a non-DNA-binding state un-

der control (nonstress) conditions primed for activation
to a trimeric DNA-binding state. Multiple HSF genes
(HSF1, HSF2, and HSF4) are expressed in mammals, avians express HSF1–4, while Drosophila, Caenorhabditis
elegans, and yeast express only HSF1 (Wu 1995; Morimoto 1998; Pirkkala et al. 2001; Anckar and Sistonen
2007). In mammals, HSF1 corresponds to the ubiquitous
stress-responsive activator (McMillan et al. 1998),
whereas HSF2, although widely expressed, is developmentally regulated and important for neuronal specification (Sistonen et al. 1992; Kallio et al. 2002), and HSF4
is highly cell type-specific associated with expression of
crystallines (Bu et al. 2002; Fujimoto et al. 2004). The
activity of HSF1 is induced by a variety of stress signals,
including a wide range of acute and chronic perturbations of physiological states and disease (Fig. 2; Morimoto 1998).
Induction of the heat-shock response corresponds to a
stepwise process that involves activation of HSF1 monomers to nuclear-localized trimers, binding to DNA, and
attenuation of transcription with subsequent conversion
back to the monomer (Wu 1995; Morimoto 1998; Anckar
and Sistonen 2007). The principal targets for HSF1 are
heat-shock elements (HSEs) within promoter regions of
HS genes (Williams and Morimoto 1990; Xiao et al.
1991). Microarray experiments and chromatin immunoprecipitation assays have also identified genes that respond to heat shock with promoters that bind to HSF1
but lack consensus HSEs, suggesting that HSFs could
exert their activity via interactions with other DNAbinding proteins (Trinklein et al. 2004). HSF1 in unstressed metazoan cells is maintained predominantly in
a repressed non-DNA-binding monomeric state by transient interactions with chaperones including Hsp90,
Hsp70, and Hsp40 (Abravaya et al. 1992; Shi et al. 1998;
Zou et al. 1998). Activation to a stable DNA-binding
trimer is associated with the stress signal. The signals
that induce the heat-shock response and HSF1 have not
been thoroughly elucidated. Much of the data is consistent with the primary signal being associated with a flux
of intermediates that are detected as misfolded and damaged proteins (Ananthan et al. 1986). The appearance of
excess nonnative protein shifts the chaperone equilibrium, thus derepressing HSF1 to undergo a conformational transformation to an active state. This involves
the formation of HSF1 homotrimers via an extended heptad repeat (HR-A/B) located between the DNA-binding
domain and the transcription activation domain, which
releases the DNA-binding domain for binding to HSEs
(Sorger and Nelson 1989). Association of HSF1 at the
promoters of HS genes, in turn, releases a preinitiated
paused RNA polymerase II complex upon recruitment of
elongation factors including pTEFb (Lis et al. 2000;
Boehm et al. 2003; Ni et al. 2004). Chromatin at HS gene
loci is further regulated by recruitment of the Mediator
complex that transduces signals to the transcriptional
machinery (Park et al. 2001) and the FACT remodeling
factor (Saunders et al. 2003). High rates of transcription
are maintained only when HSF1 trimers remain bound
to the HSEs; when either the stress signal is removed or
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Figure 2. Cell stress response. The expression of HS
genes including chaperones and components of the
clearance machinery is induced in response to three
classes of physiological and environmental stress conditions including environmental stress, pathophysiological stress, and protein conformational disease, and
by a fourth class of cell growth and development. Indicated below each major class are representative conditions known to involve the expression of heat-shock
proteins and chaperones.

damaged proteins are no longer generated, the heatshock response attenuates rapidly (Abravaya et al. 1991;
Yao et al. 2006). Association of chaperones with HSF1
suppresses transcription (Abravaya et al. 1992; Shi et al.
1998). Stress-activated HSF1 is further modified posttranslationally by phosphorylation (Sorger and Pelham
1988; Knauf et al. 1996; Kline and Morimoto 1997;
Holmberg et al. 2001; Guettouche et al. 2005), sumoylation (Hietakangas et al. 2003; Anckar et al. 2006), and
acetylation (S. Westerheide, J. Anckar, L. Sistonen, and
R. Morimoto, pers. comm.). Modification of HSF1 at conserved residues has multiple regulatory consequences, to
maintain HSF1 in a repressed state, to enhance transcriptional activity, or to signal attenuation. The combination of these post-translational modifications and chaperone interactions thus affords HSF1 with multiple
forms and levels of control and feedback loops to precisely regulate chaperone levels in the cell.
The heat-shock response has often been portrayed as a
universal molecular response to various stress stimuli
(Fig. 2). While this is generally correct, the exceptions are
instructive. There are numerous observations in the literature in which the heat-shock response is poorly or
incompletely activated. These include early development or exposure of intact organisms to whole-body
stress (Bienz 1984). Of particular interest have been studies on the heat-shock response in the brain and during
aging (Sprang and Brown 1987; Shamovsky and Gershon
2004). Achieving a stress condition in whole mammals is
challenging and has required anesthetics to prevent temperature-induced seizures. Restricted expression of HS
genes has been observed in different regions of the brain,
consistent with the selective expression of HS genes in
cultured neuronal cells. Human neuroblastoma Y79
cells, for example, respond to heat shock by activation of
HSF1 and expression of Hsp90 but not Hsp70 (Mathur et
al. 1994). In intact primary hippocampal neurons from
neonatal rat embryos, only HSF2 but not HSF1 is expressed until later stages of development (Marcuccilli et
al. 1996). Consequently, the heat-shock response of primary hippocampal neurons is deficient, whereas astro-
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cytes that express both HSF1 and HSF2 have a robust
stress response. Similar observations have been made in
primary motor neurons that exhibit a deficient heatshock response thought to be due to a defect in activation of HSF1 (Batulan et al. 2003).
The regulation of the heat-shock response and HSF1
activity by small molecules has provided valuable tools
to elucidate the mechanism of HSF1 regulation. These
compounds include proteasome inhibitors, serine protease inhibitors, Hsp90 inhibitors, nonsteroidal anti-inflammatory drugs (NSAIDS), triterpenoids such as celastrol, and inhibitors of HSF1 including triptolide (Westerheide and Morimoto 2005; Westerheide et al. 2006).
Protease inhibitors (DCIC, TPCK, and TLCK) and proteasome inhibitors (MG132, lactacystin) induce the
heat-shock response by elevating the concentration of
proteins targeted to the degradative machineries
(Mathew et al. 1998; Rossi et al. 1998). In contrast, inhibitors of Hsp90 including the fungal antibiotic radicicol, the benzoquinone ansamycins geldanamycin, and
17AAG activate HSF1, in part because Hsp90 is a negative regulator of HSF1 (Bagatell et al. 2000; Whitesell et
al. 2003; Bagatell and Whitesell 2004; Whitesell and
Lindquist 2005; Sharp and Workman 2006). NSAIDS including sodium salicylate have multiple properties; at
higher concentrations they partially activate HSF1 and
at lower concentrations they synergize with other stress
conditions to induce the heat-shock response (Jurivich et
al. 1992). Exposure of human tissue culture cells to sodium salicylate results in activation of HSF1 trimers that
bind in vivo to the HSEs of the Hsp70 gene without
inducing transcription. Salicylate-treated cells, however,
are sensitized to stress and readily activate HS genes
upon exposure to other mild stress conditions. In a similar manner, indomethacin induces HSF1 DNA binding
with full Hsp70 transcription upon exposure to a secondary stress (Lee et al. 1995). Of the inflammatory modulators, arachidonic acid, and the cyclopentenone prostaglandins, including PGA1, PGA2, and PGJ2, all induce
the full complement of HSF1 activities (Amici et al.
1992; Jurivich et al. 1994). The triterpenoid celastrol iso-
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lated from the Chinese plant Triptergium wilfordii represents a herbal medicine class of bioactive molecules
that induces two protective stress responses, HSF1 and
the anti-oxidant response (Westerheide et al. 2004; Trott
et al. 2008). The effects of celastrol are rapid like heat
shock; however, unlike the heat-shock response that
self-attenuates, the celastrol induction of HS genes persists for an extended period (Westerheide et al. 2004).

‘Mis’folding—challenges to the proteome
and chaperone networks in disease and aging
The functional redundancy and capacity of molecular
chaperones and clearance machines would suggest that
protein quality control should be an efficient process.
Chaperones, together with the autophagy and ubiquitin
proteasome system (UPS), are abundantly expressed, yet
there is evidence to suggest that limitations and malfunction of the clearance machinery are risk factors
in diseases of protein conformation (Bence et al. 2001;
Holmberg et al. 2004; Venkatraman et al. 2004). At the
root of the “protein misfolding” problem could be the
long-term consequences of homeostasis imbalance on
protein stability, folding, and clearance. Over time, this
could compromise innumerable other proteins that harbor mild folding defects with consequences on multiple
cellular processes. Efforts by the protein homeostasis
machinery to adapt to this chronic challenge could result
in further decline as even more proteotoxic species accumulate in a self-amplifying vortex (Stadtman 1992).

The misfolding problem
To understand the cellular context in which protein homeostasis functions will require an understanding of
translational efficiency and fidelity, and beyond this to
obtain estimates on the subsequent events of folding,
assembly, and clearance in the cell. Even if each step in
the process is relatively efficient, the overall yield is
likely to be low. In cells with active protein synthesis or,
for example, in early development when there is rapid
cell division, it seems reasonable to suggest that the levels of chaperones and clearance machineries must be in
abundance and the process highly efficient (Fig. 3). Stress
responses such as the heat-shock response and the unfolded protein response (UPR) then serve to protect the
cell against extreme flux as can occur when cytoplasmic
or lumen-localized proteins misfold. A provocative question is whether all misfolded and damaged proteins are
recognized, refolded, or cleared with equal efficiency, or
if certain proteins such as those implicated in neurodegenerative diseases and other protein conformational
diseases are particularly difficult for the quality control
machineries.
Protein folding has been studied extensively by biochemical, biophysical, and computational methods to
observe and describe the events by which polypeptides
fold from the unfolded state (U) to the native (N) state
with the appearance of ensembles of intermediate spe-

Figure 3. Interplay between protein quality control (transition
of unfolded to intermediates to native states) and clearance
mechanisms in protein conformation disease. Chaperones have
a critical role to suppress the appearance of misfolded species
and to enhance protein folding. The imbalance of misfolded
species is associated in human disease with premature clearance of CFTR as occurs in cystic fibrosis, to prevent improper
trafficking of ␣-1-anti-trypsin as occurs in emphysema, and to
prevent proteins from adopting toxic folds as in amyloidoses
including huntingtin in Huntington’s disease, ␣-synuclein and
parkin in Parkinson’s disease, mutant SOD1 in familial ALS,
and A␤ in Alzheimer’s disease.

cies (I) (Fig. 3; Chiti and Dobson 2006). Visualized as a
folding landscape, proteins enroute to the native state
can enter energy minima that correspond to nonproductive intermediates with unfolded and misfolded regions
that can seed aggregates (Chiti and Dobson 2006). A challenge to understanding protein folding in the cell is to
know which of these intermediates and pathways are
favored or disfavored, and how mutations in expressed
proteins, or changes in protein homeostasis, can result in
nonnative species. The appearance of aggregates must
occur within the normal context of quality control. Molecular chaperones have essential roles to keep the expression of nonproductive misfolded species at a minimum and to enhance unfolding of such species to enter
either on-pathway to productive folding pathways or
degradation (Fig. 3).
Misfolding and aggregation are now recognized as
common molecular events for a large number of human
diseases (Fig. 3; Perutz 1999; Chiti and Dobson 2006).
This has attracted much attention to a class of proteins
that can form cross-␤-sheet structures that form ordered
homotypic species that can associate with other cellular
proteins to form heterotypic aggregates. Conformational
diseases also have in common that aggregate species
cause “gain-of-function” proteotoxicity and result in cellular pathology and disease due to improper trafficking,
premature degradation, or the appearance of toxic folds
(Fig. 3; Kakizuka 1998; Chiti and Dobson 2006). Such
diseases include CAG-repeat/polyglutamine (polyQ) expansion diseases including Huntington’s disease (HD),
Kennedy’s disease, and spinocerebellar ataxias, and nonCAG diseases including Parkinson’s disease, amyotrophic lateral sclerosis (ALS), prion disease, and Alzheimer’s disease. Each of these diseases has the distinctive
characteristic of selective neuronal vulnerability despite
broader patterns of expression, age-dependent onset, and
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a progressive usually fatal clinical course. The expression of alternate self-associated folded states associated
with aggregation and fibril formation, while typically associated with cellular dysfunction and pathology, need
not always be toxic. For example, the biology of yeast
prions exemplified by Sup35, a yeast translation termination factor, offers a valuable perspective for the role of
alternate protein conformations in biological function.
Sup35 can exist as a soluble translation elongation factor
or in a fibrillar state that allows translational readthrough and transmission as a “gain-of-function” prion
state (Serio et al. 2000; True and Lindquist 2000). Biophysical studies on yeast prions have identified multiple
alternative folded states, each of which can self-propagate
as distinct stable prion strains (Tessier and Lindquist 2007;
Toyama et al. 2007). Therefore, protein misfolding, while
often deleterious, can also provide a diverse range of alternate shapes and properties to the biology of proteins.
Insights on neurodegenerative disease and protein
conformational disease from nonmammalian model
systems
A striking characteristic of proteins that cause neurodegenerative disease are the dissimilarities in primary sequence, function, and native structures, yet all share the
ability to form various alternate unfolded and misfolded
states that are highly aggregation-prone and cause toxicity. This is supported by compelling evidence from in
vitro biophysical studies, observations at the cellular and
molecular level in cultured cells and transgenic animals,
and from studies of human tissues. Contributing to this
knowledge has been the ability to replicate molecular,
cellular, and behavioral phenotypes associated with neurodegenerative disease in the model systems of S. cerevisiae, C. elegans, and Drosophilia melanogaster (Warrick
et al. 1998; Faber et al. 1999; Feany and Bender 2000;
Krobitsch and Lindquist 2000; Satyal et al. 2000; Parker
et al. 2001; Morley et al. 2002). The development of these
nonmammalian models for protein conformational disease has been invaluable for the discovery of modifiers
and pathways, to elucidate underlying mechanisms of
toxicity, and for the testing of small molecules (Warrick
et al. 1999; Kazemi-Esfarjani and Benzer 2000; Morley et
al. 2002; Nollen et al. 2004; Garcia et al. 2007).
Drosophila and C. elegans exhibit an organismal complexity that is accessible at the molecular level and can
be readily exploited to interrogate cellular and behavioral phenotypes during development and aging. These advantages, together with genome-wide tools for genetic
screens and a short life cycle and life span, also allow
rapid testing of hypotheses. Observations from many
laboratories have shown that polyQ or A␤ proteins
are toxic in multiple cells and tissues of Drosophila and
C. elegans including retinal neurons, chemosensory,
mechanosensory, motor neurons, and body wall muscle
cells (Link 1995; Warrick et al. 1998; Faber et al. 1999;
Marsh et al. 2000; Parker et al. 2001; Morley et al. 2002;
Takeyama et al. 2002; Brignull et al. 2006). While no
single model recapitulates all features of a disease it is
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evident that each system has contributed unique insights that have validated the general approach.
The expression of proteins with expanded polyQ underlies a larger class of neurodegenerative diseases
known as CAG or triplet-repeat disease including HD,
spinocerebellar ataxias, and Kennedy’s disease (Perutz
1999; Zoghbi and Orr 2000; Ross 2002). Expression of
polyQ alone, in the context of flanking coding sequences, or when inserted into unrelated proteins, is sufficient to recapitulate many of the defining characteristics of aggregation toxicity. A unique characteristic of
the polyQ diseases is the relationship between the polyQ
repeat length polymorphism with a pathogenic threshold
of 35–40 glutamine residues. Genetic studies have established that Huntingtin alleles from normal chromosomes contain <30–34 CAG repeats, whereas those from
affected chromosomes have >37 repeats with a strong
inverse correlation between repeat length and age of onset (Zoghbi and Orr 2000; Ross 2002). Among the most
striking features of polyQ length-dependent phenotypes
is the consistency of observations whether from in vitro
studies with polyQ peptides or from in vivo studies in C.
elegans neurons and nonneuronal cells compared with
human disease and neuropathology. The inverse correlation between polyQ length and age at onset observed in
the human diseases suggests that the intrinsic biophysical properties of polyQ motifs must have a dominant role
in pathology and toxicity.
In transgenic C. elegans expressing polyQ repeats of
different lengths up to Q86 as YFP fusions, there is a
clear relationship between polyQ length and aggregation
toxicity in neurons and muscle cells. In young adult animals expressing polyQ in body wall muscle cells, <Q35
is diffuse and soluble whereas >Q40 form discrete aggregates visualized by the chimeric fluorescent YFP tag (Fig.
4; Satyal et al. 2000; Morley et al. 2002). When expressed
throughout the C. elegans nervous system, Q19 is diffuse and soluble in the cell bodies of commissural neurons and the dorsal nerve cord whereas Q86 forms aggregates in the early larval stage neurons that persist in
adults (Brignull et al. 2006). The appearance of polyQ
aggregates in neurons and muscle cells is associated with
toxicity and has dramatic effects on motility (Fig. 4; Morley et al. 2002; Brignull et al. 2006). Neurotoxicity is
observed in C. elegans expressing intermediate polyQ
lengths (Q35 and Q40) even though polyQ aggregates are
detected only in specific neurons (Brignull et al. 2006).
Another dimension is the transparency of C. elegans,
which has allowed live cell imaging methods. FRAP
(fluorescence recovery after photobleaching) and FLIP
(fluorescence lifetime in photobleaching) methods provide direct measures of diffusion rates of protein species
that can be used to compare different cell types during
development and aging, whereas FRET (fluorescence
resonance energy transfer) efficiencies measures molecular proximities in protein–protein interactions. Neuronal
Q40 exhibits heterogeneous properties with some ventral nerve cord neurons expressing both soluble and aggregate species, whereas other neurons (head or tail ganglia) expressing only soluble Q40 (Brignull et al. 2006).
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Figure 4. PolyQ length and age-dependent aggregation toxicity in C. elegans. Animals expressing different lengths of polyQ-YFP (Q0,
Q24, Q35, Q40, and Q82) exhibit a length-dependent aggregation phenotype in day 4 young adult animals. Intermediate lengths of
polyQ (i.e., Q35) show an age-dependent aggregation phenotype of soluble protein at day 4 and increasing numbers of aggregates in day
7 and day 10 of adulthood. The graph shows that there is a corresponding age-dependent increase in cellular toxicity (loss of motility)
with polyQ expansion. Figure adapted from Morley et al. (2002).

This cell-to-cell variation in the biophysical properties of
threshold lengths of polyQ in neurons could have many
explanations, including subtle differences in expression
and differences in chaperones and clearance machineries
or other cell type-specific modifiers.
The aggregation and toxicity phenotypes in C. elegans,
together with genome-wide tools for genetic screens,
have been used to identify modifiers of polyQ. For example, genes that prevent polyQ aggregation should exhibit enhanced aggregation when knocked down by
RNAi. Using C. elegans strains expressing Q33 and Q35,
186 modifier genes that caused premature onset of aggregation were identified (Nollen et al. 2004). These
modifiers sort into five major classes: genes involved in
RNA metabolism, protein synthesis, protein folding,
protein trafficking, and protein degradation. Examples of
some of these genes are: RNA helicases, splicing factors,
and transcription factors for RNA metabolism; initiation
and elongation factors and ribosomal subunits for protein synthesis; chaperonins and Hsp70 family members
for protein folding; nuclear import and cytoskeletal
genes for protein trafficking; and proteasomal genes for
protein degradation. These five classes can be further
sorted into two categories: genes that regulate the expression of a damaged protein, and genes involved in
folding, transport, and clearance. For example, perturbation of the RNA-processing machinery leads to accelerated aggregation of polyQ perhaps due to an increased
burden of abnormal proteins requiring the activity of the

protein folding buffer. These results reveal that the transition between soluble and aggregated states of polyQ is
regulated by a much more complex network that extends
well beyond protein quality control. It is interesting to
note that a genetic screen for modifier genes that are
osmoprotective in C. elegans overlaps substantially with
these polyQ modifier genes revealing common targets for
regulators of protein homeostasis (Lamitina et al. 2006).
The results of a forward genetic screen performed in C.
elegans expressing expanded polyQ in muscle cells identified a loss-of-function mutation in unc-30 expressed
only in the GABAergic neurons that results in cholinergic overstimulation and imbalance in protein homeostasis (Garcia et al. 2007). Similar results were observed
with small molecule agonists and antagonists that work
at the synaptic junction to effect overstimulation. These
results suggest that protein homeostasis is also regulated
in a cell-nonautonomous manner, and reveal an important and unexpected role for the nervous system on the
health of the post-synaptic cell.
Aging, a potent modifier of protein homeostasis
The association with aging is among the most characteristic aspects of protein conformational disease. For neurodegenerative disease, the age at which neurological
symptoms appear varies, with Alzheimer’s disease and
Parkinson’s disease being late-onset, ALS occurring most
frequently in early to mid-life, and HD age-associated
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but more closely linked with polyQ length polymorphism. Aging and protein homeostasis are strongly intertwined. Genes in the insulin-like signaling (ILS) pathway that regulate aging and prolong life span have been
shown to be potent modulators of aggregation toxicity
(Figs. 4, 5; Morley et al. 2002). In wild-type C. elegans,
the kinase activity of AGE-1 is required for a signaling
cascade that results in constitutive repression of the
forkhead transcription factor DAF-16 (Morris et al. 1996;
Lin et al. 1997). Derepression of DAF-16 in age-1 animals
extends life span and daf-16 mutations suppress longevity. The age-1 effects on longevity and polyQ aggregation
toxicity require the DAF-16 pathway, revealing a common genetic pathway (Fig. 5; Morley et al. 2002; Hsu et
al. 2003). The modulation of protein misfolding and aggregation by the ILS pathway appears to be a general
feature, and has also been observed in C. elegans expressing A␤ as a model for Alzheimer’s disease (Cohen et al.
2006).
The role of genetic pathways that regulate life span
and suppress proteotoxicity associated with multiple aggregation-prone proteins suggests an important relationship between the genetics of aging and disease. The molecular interactions between these pathways are subserved, in part, by factors that detect and respond to
misfolded proteins; namely, DAF-16, HSF1, and molecular chaperones. Inhibition of HSF1 suppresses the ILS
protection against misfolded proteins. Moreover, HSF1
down-regulation leads to decreased life span and an accelerated aging phenotype in C. elegans, while conversely, overexpression of HSF1 extends life span (Fig. 5;
Morley et al. 2002; Hsu et al. 2003). Inactivation of daf16, hsf-1, and sHSPs in C. elegans accelerated the aggregation of polyQ supporting the proposition that the ILS
could coordinately influence aging and protein aggregation through the action of DAF-16 and HSF1 (Hsu et al.
2003; Morley and Morimoto 2004). The ILS pathway and
HSF1 function via stress responses and chaperone net-

Figure 5. Roles of the ILS pathway and HSF1 in aggregation
toxicity and longevity. Both HSF1 and DAF-16 are essential
components and function in concert to promote longevity and
to maintain protein homeostasis. Reduction of the ILS signal
(depicted by the X) leads to the activation of DAF-16 and enhancement of life span.
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works, while potent modifiers of aggregation toxicity
must function in the context of multiple networks that
regulate different aspects of protein homeostasis (Hsu et
al. 2003; Morley and Morimoto 2004; Cohen et al. 2006).
The challenge to the cell and organism, in the face of
chronic proteotoxic stress associated with disease, is the
global, system-wide decline in cellular function with
deleterious consequences on viability. In turn, this
causes an acceleration in the levels of damaged proteins
that leads to the decline in multiple biosynthetic and
repair activities, which, over time, has deleterious consequences on the health and aging of the organism. The
idea that the molecular determinants of longevity influence proteotoxicity is supported by observations that the
time until pathology develops—days in C. elegans,
weeks in Drosophila, months in mice, and years in humans—correlates approximately with the life span of the
organism.
Future outlook and perspectives
The integrity of the proteome is central to ensure the
efficient functioning of the cell and to ensure that biological processes remain healthy throughout the life
span of the organism. Currently, much of our knowledge
on protein homeostasis is from studies in yeast and tissue culture cells under “normal” conditions of cell
growth or upon challenge by acute environmental and
physiological stress. Continued efforts to study the fundamentals of protein folding in the cell will be essential
to understand the complexity of events that occur during
proteotoxic stress in diseases of protein conformation.
While much of the current attention is at the level of the
cell, it will become increasingly important to understand
how these events are organized and integrated systemwide at the organismal level. Among the more challenging questions are those associated with cell type specificity and cell-nonautonomous interactions. What is the
basis for the selective toxicity of proteins such as huntingtin or A␤, and can we learn from protection mechanisms of cells that are less sensitive to proteotoxicity?
Are specific neuronal cells less well adapted than others
to the stress of misfolded proteins because they lack protective stress responses or because they have limited capacities for clearance that, over time, lead to eventual
cellular dysfunction and tissue collapse? While most
studies have emphasized universal cell-autonomous
considerations of folding within the cell, there are increasing numbers of observations in which cell-nonautonomous interactions between cells have significant
consequence on aggregation toxicity.
The expression of disease-associated aggregationprone proteins causes an imbalance in protein homeostasis with deleterious consequences on the folding of
other metastable proteins. This reveals that the cell does
not have excess capacity to buffer against protein misfolding, and suggests that the cellular machineries and
quality control may be maladapted to certain types of
chronic stress. Efforts to alleviate proteotoxicity by enhancing molecular chaperones or proteasome and au-
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tophagy function in numerous cell-based assays and
transgenic model systems have shown promise as potential therapeutic strategies. However, beyond folding and
clearance mechanisms, the molecular interactions that
regulate the functional properties and health of proteins
include a much larger proteostasis network with RNA
biogenesis, protein synthesis, and translocation having
prominent roles (Balch et al. 2008). The demonstration
that the DAF-16 and HSF1 stress pathways have essential roles in the regulation of proteostasis and life span
provides an important insight. Manipulation of these
functional proteostasis networks could therefore restore
folding, transport, and clearance machineries and thus
prevent the further appearance and accumulation of
damaged and misfolded proteins. The arrest of age-associated decline in proteostasis by restoring the capacity of
the quality control machinery could therefore have
broad-reaching consequences and benefits.
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