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Misfolded proteins are toxic to cells and the accumulation of toxic species can lead to
protein misfolding diseases, such as neurodegenerative disorders. The toxicity of
misfolded proteins is thought to result from the presence of exposed hydrophobic
surfaces, which mediate unnecessary binding to normal proteins, interrupting essen-
tial interactions between cellular proteins. To prevent toxicity, quality control sys-
tems monitor protein folding and remove misfolded species in the cytosol. Molecular
chaperones recognize and mask hydrophobic surfaces of misfolded monomers,
and transfer them to the ubiquitin-proteasome system and chaperone-mediated
autophagy. To eliminate soluble aggregates of misfolded proteins, the macroauto-
phagy-lysosome system is thought to degrade proteasome-resistant toxic species.
In addition, the microtubule-dependent transport system sequesters soluble
oligomers/aggregates into inclusion bodies. These systems are regulated by stress-
inducible transcription factors, cochaperones and other cofactors for the effective
removal of toxic monomers and oligomers. This review explores the roles of protein
quality control pathways and networks that control quality control activities in the
cytosol, particularly focusing on recent progress in this field.
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superoxide dismutase 1.

PRODUCTIVE FOLDING AND PREVENTION OF
AGGREGATE FORMATION OF MISFOLDED PROTEINS
BY CYTOSOLIC MOLECULAR CHAPERONES

Newly translated polypeptides spontaneously adopt their
secondary structure by interaction of their side chains.
However, the efficiency of correct folding into a func-
tional tertiary structure is often low because of unneces-
sary interactions between partially folded structures. For
example, the structural complexity of multidomain pro-
teins and the sticky nature of hydrophobic B-sheets can
cause misfolding. A highly crowded intracellular environ-
ment can further increase the risk of non-productive pro-
tein folding by undesirable interactions with other
proteins. Proteins synthesized in the cell, therefore,
require assistance from molecular chaperones during
their folding and assembly process to acquire their func-
tional conformation (7-3). Molecular chaperones are
also required for the refolding of proteins denatured
under stress conditions, such as higher temperatures.
The most important function of molecular chaperones is
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to prevent protein aggregation by trapping the hydropho-
bic surfaces of folding intermediates and facilitating
correct folding. These two activities depend on each other
and are often indistinguishable. If the functions of chaper-
ons are inhibited, misfolded proteins accumulate and
aggregate in the cell. Accumulation of misfolded proteins
is highly toxic to the cell and often causes neuronal cell
death, which leads to neurodegenerative diseases. Thus,
molecular chaperones are essential for protecting the
cells against the toxicity of misfolded proteins.

There are several groups of molecular chaperones in
the cytosol of mammalian cells. These chaperones include
the 90-kDa heat shock protein (HSP90), 70-kDa heat
shock protein (HSP70), chaperonin containing #-complex
polypeptide 1 (CCT, also called TRiC) and small HSP
family proteins (4, 5). HSP90 is the most abundant
molecular chaperone in the cytosol and a dimer of the
highly homologous 90-kDa subunits (HSP90a and
HSP90B) (6, 7). Although HSP90 is stress inducible, it
is strongly expressed even under non-stress conditions.
The function of HSP90 is exerted by conformational
changes upon ATP binding and hydrolysis, and its activ-
ity is required for maturation of steroid hormone recep-
tors and protein kinases.

© The Authors 2009. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.
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There are six HSP70 family members expressed in the
cytosol of mammalian cells (8). HSP70 and the cognate of
HSP70 (HSC70) are major cytosolic HSP70 family mem-
bers. Although expression of HSP70 is induced by stress,
HSC70 is expressed under non-stress conditions. HSP70
and HSC70 (HSP70s) are highly homologous and almost
indistinguishable in their chaperone activity. They recog-
nize the hydrophobic surfaces of unfolded proteins and
partially folded intermediates, and the binding and
release of substrate proteins are controlled by their
ATP-binding and hydrolysis activities (9). The HSP70
family proteins inhibit protein aggregation, thus facilitat-
ing productive folding of substrate proteins.

CCT is a chaperonin that localizes in the eukaryotic
cytosol (10, 11) and has a double ring-like structure
composed of 16 subunits of ~60kDa, similar to bacterial
chaperonin GroEL and mitochondrial chaperonin HSP60
(12). Substrate proteins are trapped and folded in the
central cavity of the CCT protein. CCT uses a built-in
lid called helical protrusions to encapsulate substrate
proteins, whereas GroEL and HSP60 use cochaperonin
as a lid for this purpose. By encapsulation, CCT protects
substrate proteins from aggregation, allows them to
undergo conformational changes under the control of
ATP binding and hydrolysis to ensure correct folding
and then substrate proteins are released.

H. Kubota

Small HSP family proteins are 10-40kDa in size and
share amino acid sequence homology and structural sim-
ilarity. There are at least 11 genes encoding small HSP
proteins in the human genome (HSPBI1-11). HSP27
(HSPB1), oB crystalline (HSPB5) and HSP22 (HSPBS)
are known to inhibit protein aggregation without the
aid of ATP (13), and many small HSP proteins play
important roles in the maintenance of muscles (14).
There is an equilibrium between dimers (or very small
oligomers) and large oligomers (e.g. 20- to 50-mers) (15).
An increasing amount of evidence suggests that dimers
inhibit protein aggregation much more effectively than
large oligomers (I16). Since small HSPs are ATP-
independent chaperones, they may have evolved a disas-
sembly dependent activation system to control the
amount of active chaperones.

COCHAPERONES

Molecular chaperone activity is controlled by
chaperone-interacting proteins called cochaperones
(9, 17) (Fig. 1). HSP40/Dnad family proteins contain a
J-domain that binds to the ATPase binding domain of
HSP70s and stimulates their ATPase activity (18).
Since these proteins also bind substrate proteins, they
can modulate the chaperone activity of HSP70s in
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a substrate-specific manner. More than 40 genes in this
family are found in the human genome, and they are
classified into three categories: types I (DnaJA), 1I
(DnaJB) and III (DnaJC) (19). These gene products
play diverse functions in protein folding, assembly,
translocation and degradation in vivo. BCL2-associated
athanogene (BAG) family proteins (BAG1-6) share an
evolutionarily conserved BAG domain and bind to the
ATPase domain of HSP70s. These proteins affect nucleo-
tide exchange and substrate binding/release by HSP70s
and exert various in vivo functions via non-BAG domains
(e.g. ubiquitin-like domains in BAG1 and BAG6). For
example, BAG1 and BAG3 were recently reported to be
regulators of proteasomal and autophagic pathways,
respectively (20), indicating a link between molecular
chaperones and degradation systems mediated by cocha-
perones. HSP110 (also called HSP105) is also a nucleo-
tide exchange factor of HSP70s and regulates the
chaperone activity of HSP70s (21, 22).

There are cochaperones that interact with two differ-
ent chaperones. HSP70/HSP90 organizing protein (Hop,
also called Stil) binds HSP90 and HSC70/HSP70 via
distinct tetratricopeptide repeat (TPR) domains and orga-
nizes their actions, including transferring substrates
between them (6, 23). The organized action of the two
chaperones facilitates productive folding of proteins and
formation of functional protein complexes. Another TPR
domain-containing cochaperone, the carboxy terminus of
HSP70-binding protein (CHIP), interacts with HSP70
and HSP90, and plays crucial roles in the quality control
of ubiquitination of misfolded proteins (see Chapter 4).
Immunophilins (FKBP51 and FKBP52, and Cyp40) are
TPR-domain-containing proteins required for HSP90-
assisted maturation of steroid hormone receptors, and
the steroid aporeceptor-associated protein, p23, stabilizes
HSP90—substrate complexes (23).

Prefoldin (also called GimC) assists in CCT-dependent
folding of actin and tubulin by transferring the folding
intermediates to CCT. Prefoldin has a jellyfish-like struc-
ture with six tentacles, by which it traps unfolded sub-
strates (24).

ORGANIZATION OF CYTOSOLIC PROTEIN QUALITY
CONTROL VIA TRANSCRIPTIONAL REGULATION

The rate of misfolding is significantly increased under
stress conditions (e.g. heat stress, oxidative stress,
heavy metals and proteasome inhibition) and many chap-
erone genes are induced under these conditions to protect
cells against the potential toxicity of misfolded proteins
(25). The major transcription factor controlling the cyto-
solic stress response is heat shock factor 1 (HSF1).
This transcription factor binds to the heat shock
response element (HSE), a specific cis-acting element in
the promoter region of stress-responsive genes. The
HSE-HSF1 system also induces ubiquitin expression,
indicating a role in the regulation of the degradation
system (see Chapter 4). HSF1 is distributed in the cyto-
sol as monomers under non-stress conditions and is
transferred into the nucleus as trimers in response
to stress. In the cytosol, association of HSP90 with the
HSF1 monomer inhibits its activation (26). Under stress

Vol. 146, No. 5, 2009

611

conditions, HSF'1 is released from HSP90 by competitive
binding of denatured proteins to HSP90. The activation
of HSF1 is transient and rapidly attenuated because the
presence of excess molecular chaperones is toxic to cells
due to increased non-essential interactions. HSP70 is
considered to play a role in the attenuation of chaperone
induction by interacting with HSF1 (27). These observa-
tions indicate a feedback system in the stress response.
Recently, sirtuin 1 (SIRT1), a sirtuin family deacetylase,
was shown to maintain HSE-binding ability by deacety-
lating a specific residue in HSF1, indicating a new path-
way to control the stress response (28). How HSF1 is
acetylated at the site that was deacetylated by SIRT1
is of interest.

THE ROLE OF CYTOSOLIC MOLECULAR
CHAPERONES IN PROTECTION AGAINST
NEURODEGENERATIVE DISEASE

Accumulation of misfolded proteins causes a number of
neurodegenerative diseases, including Alzheimer’s dis-
ease, Parkinson’s disease, prion disease, polyglutamine
disease and amyotrophic lateral sclerosis (ALS) (29, 30).
In these diseases, specific misfolded proteins exert toxic-
ity leading to neuronal cell dysfunction and death,
although the exact molecular mechanisms are still
poorly understood. Insoluble aggregates (inclusions) con-
taining disease-causing proteins are often observed in
the neuronal cells of patients. For example, a-synuclein
aggregates are found in neuronal cells of Parkinson’s dis-
ease patients, while amyloid precursor protein Ap forms
amyloid fibrils in extracellular spaces in the brain of
Alzheimer’s disease patients. In prion disease, misfolded
prion proteins propagate by altering correctly folded
prion proteins to misfolded ones during the aggregation
process. In polyglutamine disease, genetic mutation
causes expansion of polyglutamine tracts in specific
proteins (e.g. huntingtin protein for Huntington’s dis-
ease). The polyglutamine-expanded proteins tend to
form aggregates due to instability of the long polygluta-
mine tract. Point mutations of specific genes also cause
neurodegenerative diseases. For example, mutations in
superoxide dismutase 1 (SOD1) cause ALS, where
motor neurons are progressively killed due to the toxicity
of misfolded mutant proteins.

A possible molecular mechanism for the toxicity of
misfolded proteins is the unnecessary interactions of
misfolded proteins with normal cellular proteins. These
interactions may disturb the maturation process
(e.g. folding and assembly) and activities (e.g. signal
transduction and transcriptional regulation) of normal
cellular proteins. In addition, misfolded monomers and
oligomers may exhibit toxicity by trapping normal
proteins during their aggregation process, although
large inclusions are formed by microtubule-dependent
forced aggregation to sequester oligomers (see
Chapter 6). These observations suggest that the cyto-
toxicity of misfolded proteins is determined by the total
area of exposed hydrophobic surfaces on misfolded
proteins accumulated in the cell. Thus, small species,
like misfolded monomers and small oligomers, are prob-
ably highly toxic to cells.
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Fig. 2. Pathways for preventing the toxicity of misfolded proteins.

Several chaperones are known to prevent aggregation
and toxicity of misfolded proteins in the cytosol (31).
To block the potential toxicity of exposed hydrophobic
surfaces of misfolded monomers and oligomers, molecular
chaperones trap them by hydrophobic interactions
(Fig. 2). A major chaperone that interacts with misfolded
proteins inhibiting their toxicity is HSP70/HSC70.
HSP70s dynamically interact with polyglutamine-
expanded proteins and prevent toxicity by modulating
aggregation, particularly in the presence of HSP40
(32-35). HSP70 suppresses the toxicity of o-synuclein
mutants that cause Parkinson’s disease (36), and

HSC70 binds ALS-linked mutant SOD1 in a soluble
state (37). Small HSPs also prevent toxicity of polygluta-
mine-expanded huntingtin (38) and a-synuclein (39).

Inhibition of HSP90 is known to stimulate degradation
of polyglutamine-expanded androgen receptor, which
causes spinal and bulbar muscular atrophy, through
alteration of partner chaperones/cochaperones in the
HSP90-containing complex (40). In this case, however,
chaperone is a stimulating factor of disease.

CCT alters the aggregation state of polyglutamine-
expanded huntingtin and prevents the cytotoxicity of
this protein (41-44). Intriguingly, CCT appears to alter
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the process of aggregation both in vivo (43) and in vitro
(42), as detected by fluorescent correlation spectroscopy
(or confocal single-particle analysis). Since overexpression
of all eight subunits of CCT suppresses the aggregation
and toxicity of huntingtin in yeast and neuronal cells,
modulation of CCT activity may be useful as a possi-
ble therapy in the treatment of Huntington’s disease.

DEGRADATION OF MISFOLDED PROTEINS BY THE
UBIQUITIN-PROTEASOME SYSTEM IN THE CYTOSOL

Molecular chaperones prevent toxicity of misfolded
proteins by masking their exposed hydrophobic surfaces.
However, the amount of molecular chaperones within
a cell is limited. The rate of protein misfolding is signifi-
cantly increased and overcomes chaperone activities
under strong stress conditions. Moreover, structurally
unstable proteins, like neurodegenerative disease-
causing mutants, are never correctly folded even
though chaperones assist their folding. If the accumula-
tion of misfolded proteins exceeds the cellular chaperon-
ing capacity, these toxic species directly damage essential
cellular systems by interacting with normal proteins.
Thus, a degradation system for the misfolded species is
essential for cells to overcome this toxicity.

The major system to degrade misfolded proteins in
the cytosol is the ubiquitin—proteasome system (45).
Misfolded proteins are specifically ubiquitinated by
ubiquitin-conjugating enzymes and degraded by the
proteasome through recognition of polyubiquitin as a
degradation tag. Substantial amounts of misfolded pro-
teins are degraded after protein synthesis even under
non-stress conditions, as inhibition of proteasome activity
results in the formation of aggregates. The ubiquitin—
proteasome system is critical in removing misfolded
mutants since they cannot acquire properly folded struc-
tures. A major enzyme that polyubiquitinates misfolded
proteins is CHIP, a chaperone dependent E3 protein (46).
CHIP binds HSP70/HSC70 via its TPR domain and uses
this chaperone for substrate recognition. HSP70 recog-
nizes misfolded proteins and maintains them in a soluble
state. When HSP70 fails to fold a misfolded protein into
its native structure, the HSP70-substrate complex is
recognized by CHIP and the substrate is polyubiquiti-
nated. Further investigations are required to determine
how the HSP70-CHIP system discriminates between
substrates to be refolded or degraded.

CHIP is required for the induction of HSPs by posi-
tively regulating HSF1 under stress conditions (47),
but the same enzyme stimulates HSP70 degradation by
ubiquitination during attenuation of the stress response
(48). These observations indicate another link between
the stress response and ubiquitination-dependent
degradation systems.

ROLES OF THE AUTOPHAGY-LYSOSOME SYSTEM
IN PROTEIN QUALITY CONTROL

The autophagy-lysosome system plays a crucial role in
the degradation of cytosolic proteins (49, 50). Autophagy
(macroautophagy) is a series of cytoplasmic events
including sequestration of molecules or organelles by
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double-membrane vesicles and vesicular fusion to lyso-
somes, where the sequestered molecules are finally
degraded by lysosomal proteases. Although the autop-
hagy-lysosome pathway is well known as a system to
produce free amino acids and other materials required
for survival during fasting, this pathway also plays a
significant role in the clearance of cytotoxic misfolded
proteins (51). For example, autophagy is required for
effective elimination of polyglutamine-expansion pro-
teins, in addition to proteasomal degradation (52, 53).
Mice deficient for autophagy show neurodegeneration in
the brain (54, 55). Recently, two proteins were shown to
link polyubiquitination and autophagy: p62 (also called
sequestome 1) (56) and the neighbour of BRCA1 gene 1
(NBR1) (57). Each of these proteins bridges between
polyubiquitin, a degradation tag and LC3, an essential
component of autophagy. The ubiquitin—proteasome
system degrades soluble monomers of misfolded proteins,
but not irreversibly oligomerized ones. Thus, the
autophagy-lysosome system probably degrades soluble
aggregates through recognition of polyubiquitin by p62
and NBR1. By these aggregation phase-dependent sys-
tems, toxic misfolded species are effectively eliminated
from the cytosol, although little is known about how
small oligomers (trimers, tetramers,...) are degraded.
Another pathway could direct cytosolic proteins to
degradation in the lysosome. This pathway, chaperone-
mediated autophagy (CMA), does not require sequestra-
tion of target proteins into autophagosomes (58). In the
CMA pathway, a specific motif (KFERQ and related
sequences) in target proteins is first recognized by
HSC70 that forms a complex with HSP40, Hip and
Hop. The KFERQ-like sequences are found in 30% of
cytosolic proteins, suggesting an abundance of potential
targets of CMA-mediated degradation. Substrate proteins
are transferred from the chaperone complex to the lyso-
somal lumen through the lysosome-associated membrane
protein type 2A. CMA contributes to the degradation of
a-synuclein, and Parkinson’s disease-associated muta-
tions in a-synuclein block the degradation pathway
(59). Recently, CMA was found to degrade myocyte
enhancer factor 2D (MEF2D), a transcription factor
required for neuronal cell survival (60). Although the
amount of MEF2D in the cytosolic fraction and total
cell extract was increased by CMA inhibition, the level
of MEF2D in the nucleus and the DNA-binding activity
of the transcription factor decreased at the same time.
Overexpression of a-synuclein reduced transcriptional
activity of MEF2D and resulted in enhanced cell death.
Thus, CMA contributes to the quality control of MEF2D
and plays a role in the pathology of Parkinson’s disease
by linking o-synuclein degradation to MEF2D activity.

SEQUESTRATION INTO LARGE AGGREGATES
OR INCLUSION BODIES

Many cytotoxic misfolded proteins form a large perinuc-
lear aggregate (inclusion) called an aggresome (61).
The formation of an aggresome is dependent on micro-
tubules and dynein motors and occurs under the control
of histone deacetylase 6 (62, 63). There are two types of
inclusion-like compartments that are distinct from each
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other in their ubiquitination and aggregation state,
which in turn suggests that the compartments have dif-
ferent roles in cytosolic protein quality control (64).
A number of studies suggest that formation of aggresome
or aggresome-like inclusion bodies has cytoprotective
effects against the toxicity of misfolded proteins
(65, 66). Since misfolded proteins are cytotoxic due to
their exposed hydrophobic surfaces, small species like
misfolded monomers and small oligomers are considered
to be more toxic than large aggregates or inclusions as
described earlier. The highly toxic small species are thus
transported to a perinuclear compartment for sequestra-
tion. To avoid confusion, aggregation should be divided
into two categories: spontaneous aggregation from mis-
folded monomers to small soluble aggregates, and forced
aggregation from small soluble aggregates to aggresome
or inclusion bodies. The former is cytotoxic, but the latter
is cytoprotective. Thus, the microtubule-dependent
sequestration of misfolded soluble species is considered
to be a protein quality control system for cell survival,
although the fate of the sequestered proteins is poorly
understood. The exact roles of the sequestration compart-
ments should be revealed by future studies.

CONCLUSIONS

I have reviewed here the roles of molecular chaperones,
co-chaperones, stress-sensing transcription factors, pro-
teasomal degradation, autophagy-mediated lysosomal
degradation and forced aggregation into inclusions in
the quality control system operating in the cytosol.
These systems each play complementary roles in dealing
with toxic misfolded species at distinctive phases of the
misfolding—aggregation pathway. Furthermore, these
systems form a network for critically monitoring and pre-
venting toxicity arising from protein misfolding. By the
interaction and complementation of each of these individ-
ual systems, the cytosolic quality control system exerts
maximal protection of cells against the toxicity of
misfolded proteins.
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