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ABSTRACT 
Molecular chaperones recognize proteins of non-native structure, prevent them from

irreversible intracellular aggregation, and then act with regulatory co-chaperones in the
conversion of proteins to be properly folded and in a functional state. However, not every
non-native protein is folded successfully. Those proteins that are not accurately folded/
refolded are then directed to the ubiquitin-proteasome system (UPS) for destruction. Both
chaperones and proteasomes act jointly together for selective removal of proteins with
aberrant structure so as to keep protein homeostasis in cells. Though the precise nature
of the cooperative linkage between chaperone and UPS pathways remains largely
elusive so far, accumulating evidence from in vivo and in vitro studies shed some light on
the molecular mechanisms that link proteasomes and molecular chaperones. This review
focuses on how unfolded proteins are handled by these two machineries.

INTRODUCTION 
Considering on the intracellular environment, the concentration of proteins could rise

leading to their aggregation as either partially folded or unfolded proteins. Over one third
of the newly synthesized cellular proteins cannot fold correctly, even though they are
normally synthesized without mutations of their genes or errors in the translation process.
This phenomenon is provisionally called DRiPs (defective ribosomal products).1 In addition,
even when proteins are synthesized and folded correctly as functional proteins with a
normal tertiary structure, they are often damaged by unfavorable environmental stresses
such as heat shock, oxidization, and chemical modification.2 The cells is equipped with
two surveillance systems to manage these off-pathway reactions; the molecular chaperones
and the ubiquitin-proteasome system (UPS), which serve to prevent accumulation of
abnormal proteins formed through the protein biosynthetic pathway or postsynthesis
damage. 

Molecular chaperones play a role in maintaining protein homeostasis by regulating
protein folding. They recognize nascent polypeptides and unstructured regions of proteins;
e.g., exposed hydrophobic stretches of amino acids. Then cooperating with many
co-chaperones that complement their functions, chaperones refold non-native proteins
and prevent their irreversible aggregation with other proteins.3-5 On the other hand, the
UPS also participates in the regulation of protein homeostasis by selective destruction of
misfolded/unassembled and impaired proteins generated in eukaryotic cells.2 Namely,
most of these unwanted proteins are covalently attached to ubiquitin, a highly conserved
small protein consisting of 76 amino acids, in the form of a polyubiquitin chain functioning
as a marker for proteolytic degradation by the 26S proteasome.6,7

It is also possible for molecular chaperones and proteasomes to act together in preventing
aggregation and accumulation of abnormal proteins, thus maintaining protein homeostasis in
cells; both of them are capable of recognizing common substrates under non-native states
and are required for removal of aberrant cellular proteins to ensure protein homeostasis in
cells. In this regard, the cellular apparatus monitoring the “normality” of proteins in the
cell is usually referred to as “the protein quality control system”.8 This control system is
highly flexible under constitutively changing environments, and thus the fate of unfolded
proteins, i.e., either refolding or degradation, is largely dependent on environmental
conditions. These facts indicate that regulation of intracellular balance of protein refolding
and degradation is a critical issue for cells exposed to stressful environment, thus there is
a special interest regarding the interplay between the chaperone system and the UPS pathway. 
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THE PROTEASOME
The proteasome is a principal machinery that participates not

only in the “regulated proteolysis” responsible for selective and rapid
destruction of a diverse array of biologically important cellular
proteins, but also in massive degradation of abnormal proteins
generated in the cells.9,10 It is a large multisubunit complex, consisting
of a central catalytic 20S proteasome (alias CP, core particle), and
two terminal regulatory subcomplexes, which are attached to both
ends of the central portion in opposite orientations. The 20S protea-
some is composed of two copies of 14 different subunits, seven distinct
α type subunits and seven distinct β type subunits, arranged in a
particle as four hetero-heptameric rings, α1-7β1-7β1-7α1-7, with C2
symmetry. Three β-type subunits of each inner ring have catalytically
active threonine residues at their N-terminus (in which of β1, β2,
and β5 corresponding to caspase-like, trypsin-like, and chy-
motrypsin-like activities, respectively), and these active sites face the
interior of the cylinder and reside in a chamber formed by the centers
of the abutting β rings.11

Interestingly, the center of the α-ring of the 20S proteasome is
almost closed, preventing free penetration of proteins into the inner
surface of the β-ring on which the proteolytically active sites are
located. Substrates gain access to the active sites only after passing
through a narrow opening corresponding to the center of the a rings
and the amino-termini of the a subunits form an additional physical
barrier for substrates to reach the active sites. To activate this latent
20S proteasome, three types of regulatory complexes; PA28, PA200,
and PA700, are described to date. Although PA28 and PA700 play
a prominent role in the quality control system, the role of recently
identified PA200 appears to be rather restricted in DNA repair.12

PA700. PA700 (alias RP, regulatory particle or 19S complex),
associates with either or both ends of the 20S proteasome in an
ATP-dependent manner, producing the enzymatically active 26S
proteasome with a molecular mass of ~2.5 Mda. The 26S proteasome
is responsible for ATP-dependent degradation of a wide variety of
cellular proteins tagged with a polyubiquitin chain that serves as a
degradation signal and certain proteins in a manner independent on
ubiquitylation.9,10 PA700 is a 700-kDa protein complex composed
of ~20 subunits with sizes of 25-110 kDa, which are organized into
two distinguishable subcomplexes; the base and the lid.10 The base
is made up of six AAA-type ATPases (Rpt1-6) and two large regulatory
components; Rpn1 and Rpn2, while the lid contains multiple non-
ATPase (Rpn1-n) subunits. Most functions of multiple lid proteins
are largely unknown, except for Rpn10, which functions as an acceptor
for polyubiquitylated proteins, and Rpn11, a deubiquitylating
enzyme involved in reutilization of ubiquitin. Furthermore, Rpn1,
2, and/or 10 also are responsible for interactions with various proteins
with an ubiquitin-like domain. 

Since the channel of the dilated 20S proteasome is cramped, only
almost completely denatured proteins are permitted to access the
catalytic sites within the chamber of the β-ring. Denaturation of the
substrate primarily requires utilization of the energy liberated by
ATP consumption. The base-complex, thought to bind ATP-depen-
dently to the outer α-ring of the central 20S proteasome, seems to
be involved in opening the gate of the α-ring for entry of the protein
substrate. Finally, ATP energy is used for intra-molecular traffic of
substrates so that they can penetrate the channel of the α- and
β-rings of the 20S proteasome.15

It is worth emphasizing that the base complex has a putative
unfoldase activity ensuring that the folded substrates are denatured
before accessing the catalytic site. The base complex contains a site(s)

that recognizes and interacts with unfolded proteins, represses their
aggregation, and reactivates some of them, indicating that PA700
functions as a molecular chaperone, independent of the 20S pro-
teasome. Indeed, the PA700 is demonstrated to retain the folding
activity of partially denatured model proteins. However, it is unclear
whether ATP hydrolysis is required for this process, because
antagonizing results have been reported; one requiring ATP ener-
gy16 and the other not.17 In addition to facilitating proteasome-
mediated proteolysis, PA700 itself shows several non-proteolytic
roles, such as nucleotide excision repair,18 stimulation of transcrip-
tion elongation by RNA polymerase II,19 and dissociation of the Cdc2-
cyclin B complex.20 Though the precise natures of the non-prote-
olytic processes are not yet clear, one reasonable hypothesis is that
chaperone activity of this complex is responsible for these phenomena. 

PA28. PA28 or the 11S regulator (REG) is another activator of
the latent 20S proteasome, which enhanced only the peptidase activity
in an ATP-independent manner.21,22 However, it fails to enhance
the hydrolysis of large protein substrates with native or denatured
structures, even when they are polyubiquitylated, indicating that
PA28 does not play a central role in the initial cleavage of protein
substrates. Unlike PA700, association of PA28 with the 20S pro-
teasome does not require energy. 

PA28 is composed of two subunits, named PA28α and PA28β,
that share ~50% amino acid identity. These subunits assemble into
a heteroheptameric ring with nearly equal stoichiometric amounts of
PA28α and PA28β, which are mainly located in the cytoplasm of
the cell.23 PA28α and PA28β are upregulated by γ-interferon and
other available evidence indicates that the heteropolymer of PA28 (α
and β) is involved in the processing of intracellular antigens, gen-
erating MHC class I ligands.24 Indeed, simultaneous disruption of
both genes encoding PA28α/β suggests that PA28α/β is not a pre-
requisite for antigen presentation in general, but plays an essential role
in the processing of certain antigens.25 Interestingly, other studies
reported the existence of the ‘hybrid proteasome’ that contains both
PA28 and PA700,26 in which PA28 and PA700 associate either end
of the 20S proteasome.27,28 γ-interferon induces the production of
the hybrid proteasome in cells, indicating that it might play an
important role in the efficient production of MHC class I ligands.26 

Subsequent studies identified the third member of this family,
named PA28γ, which forms a homopolymer predominantly present
in the nucleus.29 Analyses of mice deficient in the PA28γ gene
revealed that PA28γ functions as a regulator of cell proliferation and
body growth in mice.30

Of particular interest is that PA28 is considered as an effective
component responsible for refolding of the thermally denatured firefly
luciferase mediated by the Hsp90 and Hap70/40 chaperone team in
reticulocyte lysate.31 In fact, purified Hsc70, Hsp40 and PA28 were
necessary and sufficient to fully reconstitute Hsp90-initiated refolding.
PA28 may be the physical link between Hsp90-dependent capture of
unfolded proteins and Hsc70- and ATP-dependent refolding
process. Moreover, PA28 binding unfolded luciferase could combine
with the 20S proteasome, suggesting that PA28 may serve as a coupling
factor between protein folding and degradation. In other words,
PA28 serves as a molecular carrier that transfers the heat-denatured
protein from the Hsp90 captured state to the Hsp70/Hsp40-depen-
dent refolding process, suggesting that PA28 is a multi-functional
complex in the protein quality control system. Although no
homolog of PA28 has been detected in lower eukaryotes such as
fungi, other molecules, such as Cdc48 and Hsp104, might substitute
PA28 in these organisms, though the counterpart of Hsp104 has not
yet been identified in higher eukaryotes.
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MOLECULAR CHAPERONES
The molecular chaperones are a set of conserved protein families,

divided into several functionally distinct classes of proteins that
collaborate with a set of co-chaperones. Among them, Hsp70 and
Hsp90 play general roles in protein quality control in eukaryotes. It is
also worth noting that the molecular chaperones that interact with
UPS, are rather limited to Hsp70 and Hsp90. This section will discuss
the roles of Hsp70 and Hsp90 with a special reference to the pro-
teasome. 

Hsp70
20S Assembly. A member of the Hsp70 family protein, Hsc73 is

essential for the final maturation steps of the 20S proteasome from
the 16S precursor complex.32 Removal of Hsc73 results in an imme-
diate formation of aggregates of this precursor indicating that Hsc73
keeps the assembly of intermediate complex in a soluble and probably
partially unfolded state to allow subunit processing and correct folding.
Considering these notions, Hsc73 might regulate the amount of 20S
complex under stressful conditions. 

BAG-1 (BCL-2 Binding Athanogene-1). BAG-1, one of the
co-chaperones of Hsp70, belongs to a family of proteins with an
integral ubiquitin-like (UBL) domain capable of binding to Rpn10
or -Rpn1/2 of the 26S proteasome and acts as a coupling factor
between Hsp70 and the 26S proteasome.33 In addition, BAG-1 can
stimulate the release of proteins captured by Hsp70 based on its
nucleotide exchange activity through BAG domain.34 It is possible
that these chaperone-recruiting and chaperone-regulating activities
can stimulate the transfer of Hsp70-captured substrates to the 26S
proteasome and accelerate their degradation. 

CHIP (Carboxyl-Terminus of Hsc70 Interacting Protein). CHIP,
originally identified as a co-chaperone of Hsp70,35 can associate
with Hsp70 and Hsp90 through the amino-terminal TPR domain
and adjacent charged domain.36,37 Since CHIP attenuates stimulation
of ATPase activity of Hsc70 by Hsp40, addition of CHIP diminishes
the refolding activity of the Hsc70-Hsp40 complex for denatured
substrates.35 CHIP also uniquely carries a U-box domain on its
carboxyl-terminal region among many TPR-containing proteins.

The U-box domain has a tertiary structure that resembles the
RING-finger domain of ubiquitin-protein ligase (E3), which
covalently attaches ubiquitin to target proteins, designating them for
destruction by the proteasome.38 As anticipated from its tertiary
structure, CHIP executes E3 ubiquitin ligase activity upon specific
substrates; CHIP ubiquitylates substrates of Hsp70 and Hsp90 and
stimulates their degradation by the proteasome.35,36,39 Consequently,
CHIP appears to be chaperone-dependent E3 that ubiquitylates
Hsp90-captured unfolded proteins.40 Thus, CHIP is an ideal molecule
acting as a protein quality-control E3 that selectively leads abnormal
proteins recognized by molecular chaperones to degradation by the
proteasome. It should be emphasized that CHIP is the first molecule
that realizes the expected situation where an unfolded protein is
handled by the UPS pathway as well as molecular chaperones.

Since both BAG-1 and CHIP are molecules that integrate mol-
ecular chaperones and UPS, cooperation of these two cofactors
appears to reflect the fate of chaperone-captured proteins. CHIP
converts Hsp70/Hsp90 chaperones into substrate recognition factors
of a functional ubiquitin ligase complex, whereas BAG-1 supports
binding of the Hsp70 complex to the proteasome and triggers the
release of ubiquitylated substrates from Hsc/Hsp70 for their transfer
to the proteasome. Since BAG-1 and CHIP bind to different
domains of Hsp70, these two co-chaperones are able to associate
simultaneously with Hsp70. CHIP also regulates the association of
BAG-1 with proteasome by K 11-linked polyubiquitylation of
BAG-1.41 The formation of the ternary chaperone-cofactor complex
might accelerate the degradation of chaperone-captured unfolded
proteins by the UPS pathway.42-45

Hsp90
The molecular chaperone Hsp90 is one of the most abundant

proteins in eukaryotic cells, comprising 1–2% of total cellular proteins
even in conditions of non-stress. Hsp90 is an evolutionarily conserved
protein and contributes to a wide variety of fundamentally common
and species-specific processes in cells.46 For example, it is essential
for maintenance of functional integrity of various fragile proteins,
such as steroid hormone receptors and many of protein kinases.47 It
is also notable that Hsp90 functions as a protein-folding machinery
collaborating with other chaperone molecules, such as Hsp70 and
Hsp40, and co-chaperones containing p23 and Hop.48,49 Indeed,
Hsp90 can bind non-native proteins through N- and C-terminal
domains for re-folding.50

In addition, Hsp90 appears to be closely linked to the protein
degradation in the cell. Hsp90 also shows direct interaction with the
proteasome and might possess regulatory roles, other than determi-
nation of the fate of unfolded proteins that cooperate with co-chap-
erones, PA28 and CHIP.31,40 Initially, Hsp90 was considered to
inhibit the 20S proteasome51,52 and also to protect it from oxidative
stress.53 Proteomics analysis of proteasome-interacting proteins
revealed physical interactions between Hsp70 and Hsp90 with the
26S proteasome.54 Evidence for a functional interplay between
Hsp90 and PA28 also indicates that Hsp90 appears to compensate
the loss of PA28 function in MHC class I antigen processing, suggest-
ing that Hsp90 and PA28 operate either redundantly or specifically for
generation of MHC class I ligands.55 However, the biological relevance
of these interactions is not clear at this stage.

We have recently shown that Hsp90 participates in the
ATP-dependent assembly of the 26S proteasome, as depicted in the
model shown in Figure 1.56 These findings may provide new
mechanistic insight into the cooperative interactions between the
molecular chaperone and proteolysis systems. In the same study, 
we found that in vivo and in vitro inactivation of Hsp90 caused
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Figure 1. Model for the role of Hsp90 in the assembly and maintenance of
the 26S proteasome. Dysfunction of Hsp90 causes rapid dissociation of reg-
ulatory PA700 complex of the 26S proteasome, without affecting the cat-
alytic integrity of 20S proteasome. Dysfunction of Hsp90; e.g., loss of
Hsp90, in the cell may occur under environmental stress, because Hsp90 is
immensely required for refolding of unfolded cellular proteins. Hsp90 accel-
erates the 26S proteasome assembly in a manner requiring ATP energy,
which can be prevented by geldanamycin (GA), an Hsp90 inhibitor. Hsp90
may be involved in the biogenesis of the 26S proteasome, although no evi-
dence has been presented to date. See text for details.
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dissociation of the 26S proteasomes into their constituents.
Conversely, these dissociated constituents reassembled in Hsp90-
dependent fashion both in vivo and in vitro. These processes were
ATP-dependent and were suppressed by geldanamycin, an Hsp90
inhibitor. These results strongly suggest that the ATPase activity of
Hsp90 is essential to the assembly and maintenance of the 26S
proteasome and that Hsp90 plays some regulatory roles on the UPS
pathway through assembly and disassembly of the 26S proteasome
(Fig. 1). At this point of view, the complete dissociation of the 26S
proteasome after severe heat shock might be worth mentioning. Our
data showed that during 4-hour after incubation at 50°C, the
activities and the amount of the 26S proteasome were repressed
during this period and were partially suppressed by overexpression of
Hsp90. Such suppression is rational, considering that the 26S
proteasome presumably requires heat-shock protein, Hsp90, for its
biogenesis. Hsp90s are also required for heat-damaged proteins and
might be busy after thermal insults. The disappearance of the 26S
proteasome is also reasonable because while cells must acquire vital
proteins without protein synthesis, they have to refold heat-denatured
proteins, which usually might be degraded by the 26S proteasome.
In this regard, the regulation of the 26S proteasome by Hsp90 is
important for cell viability under severe stress conditions, which
might form part of a fundamental survival mechanism. Considering
this regulatory role of Hsp90, impairment of the UPS pathway
caused by protein aggregation57 might be partially brought about by
the collapse of this regulation; the protein aggregates deprived of
Hsp90 in cells.

PERSPECTIVES
Although recent studies have revealed that multiple steps of inter-

actions between molecular chaperones and the UPS pathway enable
cells to survive stressful environments, our understanding of these
interactions is not fully satisfactory. In the endoplasmic reticulum
(ER) quality control system, the fate of unfolded proteins is regulated
by two transcriptional programs to induce ER chaperones58 and
ER-associated degradation (ERAD)-components,59 depending on
the quality and/or quantity of unfolded proteins accumulated in ER.
Since the degradation of unfolded proteins in both ER and cytosol
is responsible for the cytosolic UPS pathway, more highly organized
mutual interaction between cytosolic molecular chaperones and
UPS might be required to give versatility to cells; cells have to
change the proportions of unfolded proteins to be refolded or to be
degraded in response to environmental conditions. Further iden-
tifications should be made to define these interactions and their
physiological significance.

One of the unanswered fundamentally critical issues in the protein
quality control system is how unfolded proteins are designated to
either refolding or degradation in the cell. How does the cellular
machinery know the degree of protein impairment? Is there a pathway
for severely unfolded proteins incapable of refolding by the chaperone
team to be processed through the UPS pathway for their degradation?
Even though molecular chaperones and UPS are principal players
that work jointly in this pathway, the possibility that as-yet-uniden-
tified molecule(s) handles refolding and destruction of unfolded
proteins cannot be excluded. Whether the cell can indeed manage
such a balance awaits future study.

In this review, we focused on the Hsp70 and Hsp90 as chaperone
molecules responsible for the quality control system, but we should
keep in mind that ubiquitin is also a member of the heat shock family

proteins. During the last decade, it has become evident that cells
have at least two or more polyubiquitin genes encoding multiple
ubiquitins in a tandem fashion,6 and expression of the polyubiquitin
gene is up-regulated in response to various stresses. This elegant way
devised evolutionarily to produce ubiquitin efficiently means that
large amounts of ubiquitin are required for cell survival under
environmental stressful conditions. In fact, two polyubiquitin genes
are not necessary in normally proliferative budding yeast, but they
become essential under stress conditions. Thus, it is worth emphasizing
that not only the refolding machine but also the degrading machin-
ery is also stress-inducible. Intriguingly, inhibition of the UPS path-
way induces heat shock-response,60-62 and increased ubiquitin-
mediated proteolysis can replace the essential requirement for the
heat shock protein induction.63 Moreover, molecular chaperones,
such as Hsp70 and Hsp90, are responsible for the maintenance of
functional states of the UPS pathway, particularly the 26S proteasome
as mentioned above.56 These observations uncover a strong functional
link between UPS and molecular chaperones. 

Various diseases are caused by failure of proper protein folding.
Accumulation of protein aggregates, which are cytotoxic, is tightly
linked to neurodegenerative diseases,2 and the instability caused by
misfolding is associated with cystic fibrosis, maple syrup urine disease,
cancer,64 myotonic dystrophy,65 immunodeficiency,66 and type 2
diabetes.67 These facts indicate that regulation of intracellular balance
between refolding and degradation is a critical issue for cells. We
speculate that not only mutations of each protein, but also the
deficiency of the chaperone or the UPS system may cause protein
misfolding or aggregation. It is noteworthy to point out that pro-
teasome inhibitors increase the frequency of ubiquitin-positive
intracellular inclusions that carry the genes of many neurodegenera-
tive disorders.68,69 Therefore, one could assume that a critical aspect
of various neuronal degenerative diseases is failure of protein quality
control mediated by molecular chaperones and/or UPS. There is a
great interest in the interaction between some putative protein folding
diseases and the chaperone system or the UPS pathway. Further
studies are required to clarify this issue molecularly.
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