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Organisms survive changes in the environment by altering their rates of metabolism, growth,
and reproduction. At the same time, the system must ensure the stability and functionality of
its macromolecules. Fluctuations in the environment are sensed by highly conserved stress
responses and homeostatic mechanisms, and of these, the heat shock response (HSR) represents an essential response to acute and chronic proteotoxic damage. However, unlike
the strategies employed to maintain the integrity of the genome, protection of the proteome
must be tailored to accommodate the normal flux of nonnative proteins and the differences in
protein composition between cells, and among individuals. Moreover, adult cells are likely
to have significant differences in the rates of synthesis and clearance that are influenced by
intrinsic errors in protein expression, genetic polymorphisms, and fluctuations in physiological and environmental conditions. Here, we will address how protein homeostasis ( proteostasis) is achieved at the level of the cell and organism, and how the threshold of the stress
response is set to detect and combat protein misfolding. For metazoans, the requirement
for coordinated function and growth imposes additional constraints on the detection, signaling, and response to misfolding, and requires that the HSR is integrated into various aspects of
organismal physiology, such as lifespan. This is achieved by hierarchical regulation of heat
shock factor 1 (HSF1) by the metabolic state of the cell and centralized neuronal control
that could allow optimal resource allocation between cells and tissues. We will examine
how protein folding quality control mechanisms in individual cells may be integrated into
a multicellular level of control, and further, even custom-designed to support individual variability and impose additional constraints on evolutionary adaptation.

PROTEIN QUALITY CONTROL: AN
OVERVIEW

T

he fidelity of information transfer, from
DNA to proteins, requires quality control
mechanisms to minimize the propagation of

errors. Although it is evident that alterations
of even a single base pair of DNA can have farreaching consequences on selection and survival, necessitating highly accurate quality control mechanisms to identify and repair DNA
damage, for proteins, the constraints are less
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clear. Protein functionality is the consequence
of two seemingly incompatible properties—
achieving a stable, defined native structure,
while maintaining conformational flexibility.
A protein has, in principle, all the information
from the primary amino acid sequence to
achieve the specific fold characteristic of its
native state (Anfinsen 1973). For most eukaryotic proteins, however, this is a challenging
task because of the long-range contacts, multiple transition states and intermediates that are
populated during folding, presence of intrinsically disordered domains, and multidomain
structure essential for assembly and function
of molecular machines (Jaenicke 1991; Fersht
1995; Wolynes et al. 1995; Plaxco et al. 1998; Stevens and Argon 1999b; Thulasiraman et al. 1999;
van den Berg et al. 2000; Brockwell and Radford
2007; Ferreiro et al. 2007). Consequently, many
proteins in vivo may only be marginally stable
(Somero 1995; DePristo et al. 2005), or acquire
stability on assembly with a partner (Sinclair
et al. 1994; Demchenko 2001), binding with a
ligand (Pratt and Toft 2003; Park and Marqusee
2005), or targeting to a specific subcellular compartment (Deshaies et al. 1988). Thus, the “correct” conformation of a protein becomes a
functional definition.
Adding to this complexity, proteins are a
renewable resource and therefore exist in a constant state of synthesis and degradation such
that the “optimal” folded state of the proteome
within a cell is constantly in flux, and highly
sensitive to changes in the environment. Moreover, because protein abundance can differ by
orders of magnitude (Ghaemmaghami et al.
2003), the challenge to understand the threshold for misfolding is daunting. The constraints
on protein quality control mechanisms for
optimal folding of proteins expressed as a few
copies, in which every copy needs to be functional, would differ vastly from those for a
highly expressed protein. Conversely, the production of nonnative proteins should have
varying costs for the cell, with the fractional
contribution of the highly expressed proteins
to the misfolded pool being much higher than
for low-copy proteins. Indeed, it has been suggested that the evolutionary pressure on coding
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sequences of highly expressed proteins is dominated by avoidance of mistranslation-induced
misfolding (Drummond and Wilke 2008). It
has been estimated that at a frequency of mistranslation of 5 ! 1024, an average 400-residue
protein could be expected to contain at least one
misincorporated amino acid 18% of the time.
In addition to mistranslation, transcriptional
errors, mutations and polymorphisms, and
incorporation of amino-acid analogs (such as
certain antibiotics or plant metabolites), have
the potential to affect protein folding (Fig. 1)
(Suckow et al. 1996; Stevens and Argon 1999a;
Jordanova et al. 2006; Lee et al. 2006; Ng and
Henikoff 2006). Coding polymorphisms are
estimated to occur at an average of two per
coding sequence, providing a constant level
of sequence variation between individuals
(Sachidanandam et al. 2001). Such sequence
alterations can potentially affect not only the
stability of different folds, intermediates, and
the native state (thermodynamic destabilization), but also change the rates of transitions
and thus the folding pathway, including diversity and relative abundance of intermediates,
or the final conformation of a protein (kinetic
partitioning) (Sinclair et al. 1994; Sanchez
et al. 2010). Copy number variation and altered
regulation of gene expression can also affect
the stoichiometry of subunits and binding
partners; premature termination or readthrough of transcription or translation may
bring about expression of nonnative sized proteins; defects in posttranslational modifications, targeting, and turnover—all of these
may ultimately affect the folding of a given protein. Whether these errors are accommodated
into a functional protein, and at what cost, or
lead to misfolding and/or premature degradation of the protein, they contribute to a critical
and likely fluctuating baseline of protein
homeostasis in any given cell (Balch et al.
2008; Gidalevitz et al. 2010).
Protein folding in a cellular environment
imposes further challenges, such as vectorial
synthesis, macromolecular crowding with its
associated risk of inappropriate intermolecular
contacts, proximity to membranes, and local
variations in ionic strength (i.e., Ca2þ fluxes
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Figure 1. Cellular protein homeostasis (proteostasis). To maintain proteins in a functionally folded state, cells

must find a balance between the intrinsic and extrinsic forces that perturb protein folding and specialized networks of molecular chaperones, folding enzymes, and degradation machinery. Molecular chaperones participate
at multiple levels in protein biogenesis: assisting in the de novo folding and protein interactions and preventing
deleterious intermolecular interactions.

during signaling) and redox state. It is not surprising then, that efficient and correct folding
in vivo is strongly dependent on molecular
chaperones (Ellis 1990; Gething and Sambrook
1992; Hartl et al. 1994; Ellis and Hartl 1999;
Fink 1999; van den Berg et al. 1999), many of
which are essential in eukaryotes. To accomplish
optimal protein folding and stability, cells
must find a balance between the intrinsic
structural properties of proteins and the specialized networks of molecular chaperones,
folding enzymes, and degradation machinery
(Fig. 1) (Balch et al. 2008), that are regulated
by stress-inducible responses (Fig. 3) (Welch
1992; Morimoto et al. 1997; Akerfelt et al.
2010). This integrated proteostasis network
serves to achieve the cellular state in which the
proteome is both stable and functional (Balch
et al. 2008). Thus, one can ask how the proteostasis machinery detects and responds to
changes in the protein folding in a milieu of different conformational states that likely coexist at
any given time, and how the threshold for the
stress-inducible responses is set, such that proteostasis is maintained across diverse cell types
over the life history and metabolic states of an
organism.

HOW TO MAINTAIN A FUNCTIONAL
PROTEOME: CHAPERONE NETWORKS

Molecular chaperones have multiple roles in
protein biogenesis: they prevent deleterious
intermolecular interactions and facilitate folding and functionality, and regulate a multitude
of cellular processes that employ protein
conformation dynamics (Figs. 1 and 2) (Nollen
and Morimoto 2002; Deuerling and Bukau
2004; Bukau et al. 2006; Ron and Walter 2007;
Voisine et al. 2010). Chaperones can show
both a considerable specialization and a hierarchical organization into highly interconnected networks (Frydman and Hohfeld 1997;
Kelley 1998; Zhao et al. 2005; Sahi and Craig
2007; Kampinga and Craig 2010). For example,
distinct groups of chaperones and cochaperones
orchestrate a sequence of events that control
the folding and maturation of many highly
regulated macromolecular complexes such as
the steroid hormone receptors (Picard et al.
1990; Pratt and Toft 2003).
The biogenesis of the nascent glucocorticoid receptor (GR) involves initial recognition
by the HSP70/HSP40 chaperones (Smith and
Toft 1993; Kimura et al. 1995; Dittmar et al.
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1998). The cochaperone HOP bridges HSP70
and the HSP90 chaperones (Chen and Smith
1998; Odunuga et al. 2004), switching the
immature GR to associate with the HSP90/
p23 (or AHA1)/immunophilin chaperones to
form the hormone-responsive GR complex
(Dittmar et al. 1997; Pratt and Toft 1997; Murphy et al. 2001; Morishima et al. 2003; Harst
et al. 2005; Pratt et al. 2006). Interactions of
the HSP70 and HSP90 chaperone machines
has different functional consequences: the
HSP70 complex protects nascent proteins
from inappropriate interactions, thus preventing misfolding and aggregation, whereas the
HSP90 complex maintains the almost native,
metastable hormone receptor in a ligand binding-competent state. As for many other signaling molecules, including kinases, cell cycle
regulators, cell death regulators, and nuclear
hormone receptors, GR is poised for activation.
Genetic and biochemical studies suggest that
activation-ready or ligand binding-competent
states of such proteins are dependent on
HSP90 for their stability and turnover in the
absence of activating signal or ligand: the chaperone complex protects the dynamic ligandbinding cleft against misfolding because of the
exposure of internal hydrophobic residues, concomitantly facilitating the formation of a stable
signaling molecule (Giannoukos et al. 1999;
Kaul et al. 2002; Pratt et al. 2008). Activation
is coupled with chaperone release, although
dynamic interactions with chaperones remain
for intracellular movement, nuclear translocation, and binding to chromatin (Davies et al.
2002; Freeman and Yamamoto 2002; Elbi et al.
2004). This hierarchical organization of chaperones and other proteins that regulate protein
folding (proteostasis network, PN), therefore,
not only allows for various triage decisions to
be made during the folding and maturation of
proteins in the cell, but also modulates the
responses of “primed” signaling pathways.
The functional properties of chaperone networks can adapt to the specific needs of different substrates, such that a chaperone can have
different roles depending on identity or conformational state of its substrates, and on cochaperone interactions (McClellan et al. 2005). In
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this regard, the role of cochaperones and accessory proteins, and the restricted expression
of certain chaperones, may be particularly
important to define substrate specificity. For
instance, the cochaperone dHDJ1, but not
dHDJ2,synergized withHSP70tosuppresspolyglutamine toxicity in Drosophila (Chan et al.
2000). If the absolute and relative abundance
of chaperones and cochaperones influences
the availability and activities of different proteins and pathways, changes in composition of
the PN could redirect information flow through
the intracellular pathways and affect the cellular
responses to extracellular signals. Specific pathways may become favored or dysregulated
because of alterations in the levels of a particular
cochaperone that is specifically required for their
regulation (Nollen and Morimoto 2002). For
example, increased levels of HSP70, in response
to stress, inhibit the Ras/Raf-1 signaling pathway in tissue culture cells by sequestering
cochaperone Bag1. This disrupts the stimulatory
properties of Bag1 on Raf-1 and results in
cell growth arrest (Song et al. 2001). Thus, it
is important to understand how cells and organisms respond to altered chaperone and
cochaperone levels associated with fluctuating
environmental conditions, aging, and disease.
HOW TO MAINTAIN A FUNCTIONAL
PROTEOME: ROLE OF STRESS RESPONSES

Numerous conditions lead to an imbalance of
proteostasis. Amongst them, the earliest studied
were the effects of environmental insults, including elevated temperatures, oxidative stress,
and heavy metals that perturb protein biogenesis and cause protein damage (Lindquist
1986; Lindquist and Craig 1988). In all cells
and organisms, these conditions result in the
induction of ubiquitous cellular responses to
environmental stress, including the HSR, that
adjust the expression of chaperones and other
cytoprotective genes to ensure stress adaptation,
recovery, and survival (Figs. 2 and 3) (Wu 1995;
Morimoto 1998). At the molecular level, this
is mediated by the transcriptional regulation
of HS genes by the heat shock factor 1 (HSF1)
(Wu et al. 1987; Zimarino and Wu 1987;
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Figure 2. Chaperone levels are actively maintained in cells to accommodate the demands of protein folding. All

cells and organisms adjust the expression of chaperones and other cytoprotective genes to adapt to changing
environmental conditions and ensure recovery following perturbations to proteostasis. At the molecular level,
this is mediated by the transcriptional regulation of HS genes by the heat shock factor 1 (HSF1). (A) HSF1 in
unstressed metazoan cells is in an inert, monomeric state, transiently bound to chaperones. (B) The current
model for the activation of HSF1 and up-regulation of chaperones is that the increased flux of misfolded and
damaged proteins that occurs on heat shock or other proteotoxic stressors is met by a corresponding increase
in chaperone levels. (C) The attenuation of the HSR following stress is less well understood. It is unclear
what happens to the excess chaperone capacity induced in the cell following the resolution of protein misfolding.
In fact, exposure of the cell to a mild environmental stress that causes chaperone induction establishes a hormetic
state in which cells are protected from a subsequent lethal stress, perhaps because of the excess of chaperones.

Akerfelt et al. 2010), proportional to the intensity, duration, and type of stress, and the metabolic state of the cell (Fig. 2) (Zimarino et al.
1990; Abravaya et al. 1991; Gasch et al. 2000;
Hahn et al. 2004).
HSF1 in unstressed metazoan cells is in an
inert, monomeric state, transiently bound to
chaperones (Fig. 2A) (Abravaya et al. 1992; Shi
et al. 1998; Zou et al. 1998), and on activation
forms a transcriptionally active homotrimer

that binds to DNA. HSF1 is regulated by transient interactions with chaperones and posttranslational modifications (PTM), including
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
and Sistonen 2007), and acetylation (Westerheide et al. 2009). These interactions function
as direct regulators and rheostats to determine
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Figure 3. Proteostasis pathways. Multiple interconnected pathways regulate the expression of chaperones and

other cytoprotective genes that contribute to maintenance of protein folding homeostasis during growth, development, and aging and under various stress conditions. These complex signaling pathways participate in diverse
physiological functions and therefore proteostasis requires precise control over their activities. The cell nonautonomous regulation of the HSR by neurons may allow the integration of stress responses with growth and
metabolic state of the animal.

not only whether HS genes are transcribed, but
also the kinetics and duration of their expression (Abravaya et al. 1991, 1992; Wu 1995; Morimoto 1998; Shi et al. 1998; Yao et al. 2006;
Anckar and Sistonen 2007). Many organisms
express additional HSF genes (Wu 1995; Morimoto 1998; Anckar and Sistonen 2007) that
have independent functions, especially in the
development of specific organs, but also coordinate their activities with HSF1. Thus, the combination of PTMs, chaperone interactions, and
multiple regulators of HSF1 affords multiple
levels of control and feedback loops to precisely
regulate chaperone levels in the cell, following
stress-induced protein misfolding (Fig. 2B).
Although individual steps in the regulation
of HSF1 and the HSR have been identified, there
are many aspects that remain to be addressed.
Among the initial questions was the sensor of
heat shock and other stressors that activate
HSF1. Numerous groups have suggested that
HSF1 itself is the sensor (Mosser et al. 1990;
Zhong 1998), however, in vivo, the temperature
of HSF1 activation appears to be set by the cell.
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The current model proposes that the primary
signal for activation is the flux of misfolded
and damaged proteins that shifts the chaperone
equilibrium in the cytoplasm and nucleus, leading to the derepression of HSF1 (Fig. 2B)
(Ananthan et al. 1986; Morimoto 1998; Voellmy
and Boellmann 2007). More recently, the
attenuation of the HSR was shown to be regulated by the activity of the NAD-dependent sirtuin, SIRT1, that also regulates the activity of the
FOXO transcription factor DAF-16, thus providing an important link between HSF1, the
metabolic state of the cell, and lifespan
(Fig. 3) (Westerheide et al. 2009). A recent demonstration that moderate vs. stress-induced
complete depletion of chaperone availability
differentially regulates mTORC1 assembly provided additional support for coordination
between protein misfolding and regulation of
metabolism (Qian et al. 2010). This mechanism
is proposed to enable mTORC1 to rapidly
detect and respond to environmental cues while
also sensing intracellular protein misfolding.
However, while all cells and organisms readily
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up-regulate chaperones on exposure to stressful
environmental conditions, it is puzzling that the
chronic accumulation of misfolded proteins as
occurs in conformational diseases does not consistently activate HSR. Therefore, it is possible
that multiple levels of regulation in addition
to the presence of misfolded proteins trigger
HSF1 activation and subsequently the levels of
chaperones.
In addition to stress-induced transcription
of HS genes, the HSR is also regulated at the
posttranscriptional level by mRNA stability
(Theodorakis and Morimoto 1987), stressinduced translational control (Banerji et al.
1984), and effects on the activity and subcellular
localization of chaperones (Milarski and Morimoto 1986; Welch and Suhan 1986). Moreover,
the HSR also down-regulates numerous housekeeping functions of the cell during stress and
recovery to reset the cellular clock for cell
growth. Within the milieu of numerous cells
in an organism, such perturbations could have
profound effects on growth, metabolism, development, and perhaps even the evolutionary trajectory of organisms.
THE PROTEOME: FOLDED, MISFOLDED,
OR SOMETHING IN BETWEEN?

Efficient proteostasis depends on the balance
between the “folding capacity” of chaperone
networks and the continuous flux of potentially nonnative proteins (Fig. 4A). With sequence
variation, biosynthetic errors, and environmental fluctuations contributing to metastability of
the proteome, how do cells achieve balance and
set the threshold for sensing additional misfolding and induction of the HSR?
One possibility is that individual sequence
variation and biosynthetic errors do not affect
folding trajectories or the stability of most cellular proteins, either because of the high initial
stability of proteins themselves, or because of
the excess buffering capacity in chaperone and
proteostasis networks. However, neither of
these two options appears to be supported by
experimental evidence. Across species, most
proteins are only marginally stable, with DG
values between 23 and 215 kcal mol21 (Pace

et al. 1981; DePristo et al. 2005). This is partly
because of entropic penalty imposed by folding,
and to the selective pressure to balance structural stability with conformational flexibility
necessary for function (Frauenfelder et al.
1991; Zavodszky et al. 1998; Kamerzell and
Middaugh 2008; Gardino et al. 2009). Because
of this marginal initial stability, most amino
acid substitutions are not neutral for either
protein stability or function (Pakula and Sauer
1989; Matthews 1993; DePristo et al. 2005),
and !70% of rare missense alleles in human
population are predicted to be mildly deleterious (Kryukov et al. 2007). This interdependence
of function and conformational flexibility
also argues against the PN having excess
capacity. Functionally important conformational changes often involve structural transitions between alternative low energy states
(Frauenfelder et al. 1991), potentially populating intermediate states, or exposing binding
surfaces. Therefore, suppression of these events
may adversely affect cellular function. Indeed,
chaperone expression is tightly regulated, and
abnormally high cellular levels of HSP70 in
Drosophila cells (Feder et al. 1992) and larvae
(Krebs and Feder 1997) interfere with growth,
development, and survival to adulthood.
Another indication of the lack of excess buffering capacity is the failure in Caenorhabditis
elegans to maintain metastable proteins in a
functional state, when the folding environment is challenged either by expression of
destabilized, aggregation-prone mutant protein
(Gidalevitz et al. 2006, 2009), or by aging
(Fig. 4B) (Ben-Zvi et al. 2009).
Another strategy for maintaining proteostasis is through disposal of defective proteins. It
has been suggested that up to 30% of newly synthesized proteins are directly targeted to proteasomal degradation, presumably because of
being defective (Princiotta et al. 2003). Proteins
in nonproductive chaperone cycles that are
kinetically trapped would also be preferentially
targeted for degradation (Skowronek et al.
1998; Wickner et al. 1999; Connell et al. 2001;
McClellan et al. 2005). For example, whether
the slow folding substrate, CFTR, reaches its
native state before being targeted to degradation
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genetic variation, including destabilizing polymorphisms, biosynthetic errors such as mistranslation, and various proteotoxic stresses is suppressed by the activity of molecular chaperones and other components of Proteostasis network. (B) Dysfunction of cell-specific proteins, protein complexes, or pathways (target pathway, left
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dysfunction of the target pathways. Together, the latter three possibilities may contribute to the development of
the sporadic variants of conformational disease.

8

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a009704

Downloaded from cshperspectives.cshlp.org on May 16, 2011 - Published by Cold Spring Harbor Laboratory Press

The Stress of Protein Misfolding

appears to be determined by the relative abundance of cochaperones CHIP and HDJ-2 (Meacham et al. 2001). It is not clear, however,
whether such triage only applies to severely
folding-deficient and stalled proteins. For
example, the relative abundance of HDJ-2 over
CHIP in the cell is suggested to favor folding
of CFTR over degradation (Meacham et al.
2001).
An alternate explanation for maintenance of
proteostasis within cells despite the high probability of misfolding is that the folding environment is finely tuned to the specific needs of a
given cell and tissue. Proteostasis then becomes
a matter of both changes in chaperone capacity
and the flux of folding substrates. A certain perspective can be gained by considering the buffering of metastable proteins by molecular
chaperones (Fig. 4A). The chaperone machine,
GroEL/ES, can suppress detrimental phenotypes caused by the temperature-induced destabilization of metastable proteins (Van Dyk et al.
1989). More recently, it has been shown that
certain alleles, or sequence variants, that code
for destabilized mutant proteins could be
maintained within organisms as long as they
were within the proteostatic capacity of the
organisms. Once proteostasis was perturbed,
either by elevated temperatures, limitation of a
chaperone activity (Rutherford and Lindquist
1998; Queitsch et al. 2002; Yeyati et al. 2007),
expression of another misfolded protein (Gidalevitz et al. 2006, 2009), or aging (Ben-Zvi et al.
2009), the phenotypic effects of the metastable
allele became apparent (Fig. 4B). This suggests
a view of the cellular proteome not as a collection of invariant, crystallographic-like native
states, occupying narrow minima at the bottom
of their folding funnels, and a collection of discrete alternative nonnative states (Dill and Chan
1997; Clark 2004; Bartlett and Radford 2009),
but rather as a continuum of perhaps imperfect,
near-native states occupying a broad basin at the
bottom of the folding funnel, but which are able
to assume the functional conformation on the
completion of folding, i.e., on binding to a partner protein, or reaching their cellular destinations. The latter view reconciles the constant
flux of variant proteins, and is achieved by

setting the capacity of the chaperone and proteostasis networks to precisely accommodate
this flux (Fig. 2A,B). Because there is no excess
capacity, folding in the cell is exquisitely sensitive to any environmental perturbation, or to
competition for the specific, limiting folding
resources by a misfolded or aggregation-prone
protein (Gidalevitz et al. 2010). Exposure of
the cell to a mild environmental stress causes
chaperone induction and establishes a hormetic
state in which chaperones transiently accumulate in excess of folding requirements, thus
conferring remarkable protection against a subsequent lethal stress (Fig. 2C).
ORGANISMAL CONTROL: CELL
NONAUTONOMOUS REGULATION OF
PROTEOSTASIS

Evidence for additional levels of control of
proteostasis has been shown in the metazoan
C. elegans. Polyglutamine aggregation in muscle
cells was shown to be affected by cholinergic
signaling in animals defective for the neuronspecific transcription factor unc-30 that regulates the synthesis of the inhibitory neurotransmitter g-aminobutyric acid (GABA) (Garcia
et al. 2007). Either defective GABA signaling
or increased acetylcholine (ACh) signaling in
mutant animals caused a general imbalance in
protein homeostasis in postsynaptic muscle
cells, revealing that an imbalance in neuronal
signaling had cell nonautonomous consequences on protein homeostasis. Moreover, exposure
to GABA antagonists or ACh agonists had
similar effects, suggesting that toxins that act
at the neuromuscular junction can be potent
modifiers of protein conformational disorders
(Garcia et al. 2007). These results show the
importance of intercellular communication in
intracellular protein homeostasis.
Additional evidence to suggest a more complex level of regulation comes from evidence
that the HSR is not cell autonomous (Prahlad
et al. 2008). C. elegans deficient for the two
AFD thermosensory neurons, among the 959
cells of the organism, did not induce a HSR in
nonneuronal cells on exposure to HS. In these
AFD-deficient animals, HSF1 and the HS genes
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were functional, as HSF1 could be induced by
exposure to an alternate stress, the heavy metal
cadmium. This specificity, whereby neurons
that regulate the behavioral response of an
organism to its environment also regulate chaperone expression was unexpected, and may even
suggest that different sensory neurons control
the organismal response to different environmental stressors (Prahlad et al. 2008). Moreover,
the cell nonautonomous regulation of the HSR
by the thermosensory AFD neurons was also
dependent on the metabolic status. These
results suggest that the cellular machinery for
HSP induction on heat shock is under the
negative regulation of (at least) two mutually
inhibitory neurohormonal pathways: a temperature-sensing pathway and a growth-regulated
pathway. Disruption of either pathway results
in a net inhibition of HS-dependent HSP
transcription; the presence or absence of both
pathways allows the cellular homeostatic mechanisms to express HSPs on heat stress. The
downstream target of the AFDs appears to be
HSF1, although how HSF1 is regulated by the
AFD neurons remains unresolved (Prahlad
et al. 2008; Prahlad and Morimoto 2009).
Data from other studies on nutrient dependent
signaling in C. elegans suggests that the growth
related signal may act through insulin-like
signaling pathway (ILS) FOXO transcription
factor, DAF-16 (Alcedo and Kenyon 2004), suggesting that, as in mammalian tissue culture
cells or yeast (Morano et al. 1999; Anckar and
Sistonen 2007), organismal growth and HSF1dependent expression of chaperones may be
mutually antagonistic (Fig. 3). Thus, under certain growth or metabolic conditions, neuronal
signaling appears capable of overriding the cell
autonomous up-regulation of HSPs expected
to occur in response to stress-induced cellular
protein damage. Nearly all aspects of C. elegans
growth and development, including the duration of adult life-span and the development
of stress resistant states of the organism, are
affected by the environment (Devaney 2006;
Gutteling et al. 2007) and coordinated via
neuroendocrine signaling pathways. The interaction of ILS with HSF1 in regulation of longevity could therefore represent an important
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molecular strategy to couple the regulation of
organismal functions with an ancient genetic
switch that governs the ability of cells to sense
and respond to stress (Fig. 3).
The cell nonautonomous regulation of
stress responses by neurons has recently gained
support from another study showing that the
mitochondrial stress response, central to regulating longevity, is also under cell nonautonomous control (Durieux et al. 2011). Cell
nonautonomous regulation of chaperones
may in fact be a more general feature of metazoan control, although the type of regulation
itself may differ based on the ecology and life
history of the organism (Feder and Hofmann
1999). In this regard, restraint stress in rodents
(Blake et al. 1991; Fawcett et al. 1994) results
in activation of the hypothalamic-pitutaryadrenal axis and ACTH-dependent up-regulation of specific HSPs in the thoracic aorta,
endothelial cells, and adrenal cortex of rats.
This induction of HSPs is HSF1-dependent
and markedly declines with age (Fawcett et al.
1994). More recently, it was shown that temperature entrainment of the circadian rhythm
in peripheral tissues of rodents was HSF1
dependent (Buhr et al. 2010). This temperature
entrainment was masked by the activity of the
SCN, which is not temperature responsive,
suggesting again that there may be centralized
control of HSF1 activity in mammals.
A major advantage of centralized control of
proteostasis is the ability of the organism to
control resource allocation in a manner that
best suits its physiological needs and environmental niche. Thus, the nervous system,
because of its role in regulating behavior,
metabolism, longevity and reproduction, and
the HSR, may also determine the extent of protein damage that can be tolerated by cells. Neuronal control of proteostasis and HSF1 activity
may also provide a partial explanation for
why, in diseases of protein conformation such
as Huntington’s disease, Parkinson’s disease,
Alzheimer’s disease, certain cancers, and type
II diabetes, cells accumulate heterogeneous
populations of misfolded proteins leading to
cell death, yet do not consistently and sufficiently activate their heat shock response.
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ORGANISMAL CONTROL: CHAPERONE
SPECIALIZATION TO ACCOMMODATE
DIFFERENCES BETWEEN CELL TYPES AND
ORGANISMS

An important aspect in considering organismlevel regulation of proteostasis is the role of
variation. No two cell-types within an organism, and no two individuals within a population are likely to have the same proteome and
PN (Pollak et al. 2006). In C. elegans, this was
suggested by the broad variation in the HSR
observed in isogenic populations of animals
(Yashin et al. 2002; Rea et al. 2005; Wu et al.
2006). This variation in the HSR was suggested
to be predictive of individual lifespan post
stress, with better survival in animals with
a stronger HSR. The source of this variability could be caused by the inter-individual
variation in the composition and state of the
proteome and differences in the ability to sense
and integrate the environmental signal. Furthermore, it is unclear whether the difference
in stress induction is constant across different
cells and tissues of an individual, consistent
with organism-level regulation of HSR, or
whether stochasticity is also present between
cells.
An interesting question is whether variability in the composition of the proteome is adaptive or detrimental. An indication of adaptive
value is provided by the ability of certain Candida albicans species to decode the standard leucine CUG codon as serine: not only are these
C. albicans species naturally stress resistant,
but transferring this ability to a Saccharomyces
cerevisiae resulted in triggering the general stress
response and expression of stress proteins,
which, in turn, created a competitive edge
under stress conditions (Santos et al. 1999).
On the other hand, if the proteostasis networks
are indeed operating at near capacity, excess variation may lead to chronic misfolding and thus
be strongly detrimental. For example, a mouse
sti mutation in the tyrosyl-tRNA synthetase, a
model for a subtype of Charcot-Marie-Tooth
neuropathy (Jordanova et al. 2006), leads to
the production of heterogeneous misfolded
proteins, accompanied by increased expression

of chaperones in the cytoplasm and the endoplasmic reticulum (ER) (Lee et al. 2006).
Although an observed increase in chaperone
expression suggests that adaptive transcriptional responses are indeed activated, the cellular dysfunction and neurodegeneration in this
mouse model indicate that chronic protein
misfolding may overwhelm the proteostasis networks. Thus, we expect that evolutionary pressure must have acted to maintain the balance
between a potential adaptive value and the detrimental effects of sequence variation.
Functional specialization of different celltypes in a metazoan implies both a different
set of expressed proteins, and different intracellular conditions in which these proteins have to
operate. Thus, the composition and regulation
of proteostasis networks, and the activities of
various stress response pathways, may match
the functionality of a given cell (Fig. 4A). There
are clear indications of cell-type specific expression of some molecular chaperones and components of degradation machinery (Powers et al.
2009), although we lack a comprehensive definition of tissue- and cell-specific expression
patterns, particularly during organismal development and aging. Studies on cell differentiation suggest that expression of specialized
chaperone networks may be coordinated by
the same developmental programs that control
the expression of cell-specific proteomes. For
example, induction of immunoglobulin production during plasma cell differentiation is
pre-empted by up-regulation of mitochondrial
and cytosolic chaperones, and ER resident folding factors and redox balance proteins (van
Anken et al. 2003), thus preparing the cell for
the massive expression of Ig molecules (Hu
et al. 2009). Similarly, an inability to activate
the appropriate stress response and induce
chaperone expression severely compromises
insulin-producing b-cell survival (Harding
et al. 2001), and blocks b-cell development in
Wolcott-Rallison syndrome of infantile diabetes
(Delepine et al. 2000). This suggests that the
correspondence between the composition of
the proteome and cell-type specific chaperone
requirements may be dictated by the client proteins expressed in these cells.
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This view can be further illustrated by the
cell-type and substrate-dependent consequences of inactivation of specific chaperones in
multicellular organisms. Reduced expression
of HSP90a1, but not of HSP90a2 in zebrafish
leads to defects in myosin folding and assembly,
and thus paralyzed embryos (Du et al. 2008),
whereas HSP90b null mutant mouse embryos
fail to form a fetal placental labyrinth (Voss
et al. 2000). The knockout of the ER chaperone
GRP94 results in failure of mesoderm formation, and an inability of the mutant ES cells
to give rise to muscle cells, because of the failure of folding and secretion of IGF-II (Wanderling et al. 2007). Suppression of CCT activity
in mouse photoreceptors by expression of
dominant-negative cochaperone PhLP results
in malformation of the cellular compartment
responsible for light detection, and triggers
rapid retinal degeneration (Posokhova et al.
2010). These specific phenotypes support the
view that even though most molecular chaperones interact with, and assist in the folding of,
multiple diverse protein substrates, some proteins may be strictly dependent on the activity
of a specific chaperone and themselves be essential for a cell- or tissue-specific function or a
developmental process (Fig. 4A). Dysfunction
of such proteins and of the pathways in which
these proteins act may then be a consequence
of proteotoxic stress or compromise proteostasis networks and stress responses, potentially
contributing to disease and aging. Given these
considerations, definition of tissue- and cellspecific expression of molecular chaperones,
during development and aging, and of their
substrate repertoire, should contribute substantially to our understanding of biology and
disease.
NATURAL GENETIC VARIATION:
POLYMORPHISMS AND MUTATIONS

The role of the natural genetic variation in
generating proteome variation is supported
not only by the predictive computational and
modeling approaches, but also by direct measurements (Klose et al. 2002; Foss et al.
2007). A recent study examined 46 coding
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polymorphisms for 16 human enzymes with
known three-dimensional structures and found
that a high proportion (48%) of these natural
variants results in altered thermal stability
and, in some cases, catalytic efficiency or allosteric regulation (Allali-Hassani et al. 2009).
From the considerations discussed above, we
speculate that altered thermostability leading
to a phenotypic outcome may depend on factors such as the “strength” of the chaperone
network in a given individual, influences by
polymorphisms in chaperone or stress regulatory genes and imbalanced coexpression of
chaperones and cochaperones, environmental
influences and exposures to proteotoxic stresses, and the presence of other destabilized or
misfolded proteins, particularly those acting
in the same pathway or competing for the
same chaperones (Fig. 4B).
Recent studies in C. elegans have shown
that this phenomenon has broad physiological
relevance. Temperature-sensitive (ts) metastable proteins begin to lose their function and
cause detrimental phenotypes as the organism
ages and its proteostasis-regulating pathways
begin to fail, even though the animals are grown
at the permissive conditions (Ben-Zvi et al.
2009). Increasing the activity of either HSF1,
or DAF-16, suppressed the misfolding of these
metastable proteins, and restored cellular proteostasis. The suppression of misfolding of
metastable proteins in the young animals, or
by activation of proteostasis regulators, is reminiscent of the ability of molecular chaperone
HSP90 to buffer phenotypic variation because
of cryptic mutations (Rutherford and Lindquist
1998). These cryptic mutations, similar to the ts
mutations in C. elegans, were proposed to be
exposed only under (proteotoxic) stress conditions, when the functional availability of HSP90
is limited. Indeed, the phenotypes exposed by
the limitation of HSP90 in Drosophila correlated to specific genetic backgrounds, and
were also affected by the temperature. A study
in zebra fish showed that developmental phenotypes commonly observed on HSP90 limitation reflected underlying polymorphisms,
whose frequency was strain-specific, whereas
phenotypes that were rarely seen were unique
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to specific mutant carrier strains (Yeyati et al.
2007). Thus, it was suggested that a similar
buffering of underlying polymorphisms may
explain an incomplete penetrance observed in
human disease.
The direct evidence that underlying coding
polymorphisms have a potential to significantly contribute to conformational disease was
recently obtained in C. elegans: expression of
either extended polyQ or mutant SOD1 proteins in muscle or neuronal cells of C. elegans
lead to the exposure of the ts phenotype at permissive conditions, mediated by the misfolding
and loss-of function of ts mutant protein
present in the same cell (Gidalevitz et al. 2006,
2009). Furthermore, the misfolding of ts proteins further increased aggregation of the polyQ
proteins, thus amplifying the disruption of proteostasis. This effect was most likely caused by
the depletion, by the polyQ or mutant SOD1
proteins, of components of chaperone networks
that are necessary for maintaining metastable
proteins in their folded and functional conformations (Fig. 4B) (Van Dyk et al. 1989; Brown
et al. 1997). A recent finding that many of
the modifiers of toxicity of polyQ-expanded
ataxin-3 in Drosophila also rescue the generic
toxicity of protein misfolding caused by the
reduced function of HSP70 (Bilen and Bonini
2007) strongly supports the disruption of proteostasis as a mechanism of toxicity. An insight
into a potential mechanism by which aggregation-prone proteins may affect the chaperone
availability was provided by demonstration that
a-synuclein oligomers in vitro inhibited the
refolding activity of the HSP70/40 chaperone
machinery toward heat- or cold-denatured
substrate proteins (Hinault et al. 2010). This
depletion of chaperone activity was caused by
transient weak interactions of a-Synuclein
oligomers specifically with HSP40 cochaperones, without their recruitment into the
oligomers.
Additional studies in C. elegans have shown
that although polyQ and mutSOD1 proteins
were triggering, or accelerating, the onset of toxicity by disrupting proteostasis, it was the nature
of the destabilizing sequence variants present in
the genetic background that determined the

specific phenotypes (Gidalevitz et al. 2006,
2009). Thus, at least in this model, mild folding
variants in the genetic background function to
both modulate the expression of toxicity of
the aggregation-prone protein and to channel
specific phenotypes (Gidalevitz et al. 2010). A
parallel could be drawn between environmental stress (in this case—a mild temperature increase), organismal aging, and the expression
of the aggregation-prone proteins, all leading
to the same phenotypic outcome mediated
by their effects on the folding, stability, and
the functionality of ts metastable proteins
(Fig. 4B). Similar destabilization of susceptible proteins, that are either naturally highly
dependent on molecular chaperones for their
folding, stability, or activity, or are encoded by
destabilizing polymorphisms, could then be
invoked to suggest an integrative model for
conformational disease. In this model, the dysregulation of protein folding homeostasis may
represent an outcome of either expression of
an aggregation-prone mutant protein (in familial disease), or early molecular events in aging
(in sporadic disease), with an ability to amplify
the protein damage cascade in age-related conformational diseases, while the complement of
mutations and polymorphisms, together with
the life history of an organism (environmental
stress exposure, metabolic state, etc.), set the
threshold for the onset of dysfunction and
direct specific phenotypes (Fig. 4B).
PERSPECTIVES

The examination of how cells maintain the correct folding and function of their proteins in a
fluctuating environment has made much progress since its inception, but many questions
still remain. Although protein misfolding is perhaps the primary trigger for inducing stress
responses at the cellular level, it is unclear
whether special proteins function as sentinels
to signal or detect stress, or whether there is a
certain level of bulk misfolding that occurs
before stress responses are activated. Given the
dynamic nature of the proteome, it is also
unclear how alternate conformations, such as
misfolded species, can be detected in a sea of
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potentially nonnative intermediates during
ensemble folding. Moreover, the heat shock
response itself depends on numerous factors
including the developmental state of the organism, its growth, metabolism and age, and individual variation in its proteome. Thus how
stress is sensed and transduced to regulation
of HSF1 may vary among individuals, from
cell to cell within tissues, and even within a
single cell throughout lifetime. Cell nonautonomous regulation of HSF1 activity and chaperone expression by the nervous system may set
the threshold for the stress responses in a
manner that optimizes survival of the organism, perhaps even at the cost of individual cells.
The inadequate response to chronic disruption
of proteostasis may represent a common trigger
in disparate conformational diseases, whereas
chaperone-dependent proteins and pathways
may channel specific phenotypes. These questions will certainly be better examined as stress
responses are studied at the organismal level,
and as the proteome variation within populations and its consequences in susceptibility to
misfolding and to diseases of protein conformation become apparent.
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