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Proteins must fold into their correct three-dimensional

conformation in order to attain their biological function.

Conversely, protein aggregation and misfolding are primary

contributors to many devastating human diseases, such as

prion-mediated infections, Alzheimer’s disease, type II

diabetes and cystic fibrosis. While the native conformation

of a polypeptide is encoded within its primary amino acid

sequence and is sufficient for protein folding in vitro, the

situation in vivo is more complex. Inside the cell, proteins

are synthesized or folded continuously; a process that is

greatly assisted by molecular chaperones. Molecular chaperones

are a group of structurally diverse and mechanistically

distinct proteins that either promote folding or prevent the

aggregation of other proteins. With our increasing understanding

of the proteome, it is becoming clear that the number of

proteins that can be classified as molecular chaperones is

increasing steadily. Many of these proteins have novel but

essential cellular functions that differ from that of more

“conventional” chaperones, such as Hsp70 and the GroE

system. This review focuses on the emerging role of

molecular chaperones in protein quality control, i.e. the

mechanism that rids the cell of misfolded or incompletely

synthesized polypeptides that otherwise would interfere

with normal cellular function.
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Introduction

Molecular chaperones are a group of structurally diverse
proteins that share the ability to interact with the non-native
conformation of other proteins. While the native conformation

of a polypeptide is encoded within its primary amino acid
sequence and is sufficient for protein folding in vitro

(Anfinsen, 1973), the situation inside the cells is considerably
more complex. It is now firmly established that molecular
chaperones play a crucial role in facilitating the correct
folding of proteins in vivo by either preventing protein
aggregation or facilitating the forward folding and assembly
of proteins into higher order structures (Hartl and Hayer-Hartl,
2002; Young et al., 2004). This may be achieved either via an
active, ATP-dependent mechanism (e.g. folding machines) or
via a passive, ATP-independent mechanism (e.g. holders and
folding catalysts). Many of the proteins that function as
molecular chaperones were originally identified as “heat
shock proteins” (Hsp), since their abundance increases in cells
upon thermal stress. Heat shock proteins are categorized by
their molecular weight and many molecular chaperones are
better known by this nomenclature (Fig. 1).

With our increasing understanding of the proteome of
several microbial and other higher-order organisms, it is
becoming clear that the number of proteins that fulfill the
“classical” definition of a molecular chaperone is increasing
rapidly. While some of these proteins are not required for
thermotolerance, others are essential to the stress-response but
neither promote the forward folding nor prevent the
aggregation of proteins (Sauer et al., 2004; Wang et al., 2004).
The latter group may even recognize native, folded proteins as
substrates and, unlike more conventional chaperones, mediate
the disassembly or unfolding of substrate proteins (Sauer et

al., 2004). Many of these “unfoldases” belong to the
superfamily of AAA+ ATPase (ATPases associated with a
variety of functional activities) that function as molecular
machines by converting metabolic energy in the form of ATP
into mechanical work (Ogura and Wilkinson, 2001).

The role of molecular chaperones in protein folding has
been reviewed extensively in the literature (Hartl and Hayer-
Hartl, 2002; Walter and Buchner, 2002; Deuerling and Bukau,
2004; Young et al., 2004). Hence, this review will focus on
the emerging role of molecular chaperones in “protein triage”,
i.e. the function of molecular chaperones in protein quality
control.
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Molecular chaperones in protein quality control

Protein quality control is an essential cellular process
underlying all stages of life. While the individual components
and the nature of their interactions differ, the fundamental
mechanism underlying this process is remarkably conserved
in all three kingdoms.

At the core of the protein quality control system are energy-
dependent proteases that are required for the degradation of

substrate proteins (Horwich et al., 1999; Groll et al., 2005).
Notable examples include the 20S proteasome and the
proteolytic core of the ATP-hydrolyzing protease Ti (ClpP).
At the molecular level, the 20S proteasome and the ClpP
peptidase form large barrel-shaped structures with an internal
seven-fold symmetry as determined by low-resolution electron
microscopy (Hegerl et al., 1991; Ikai et al., 1991; Flanagan et

al., 1995; Kessel et al., 1995). In a remarkable tour-de-force,
the high-resolution crystal structure of the 20S Proteasome
was solved from archaea (Löwe et al., 1995), yeast (Groll et

al., 1997), and mammals (Unno et al., 2002), as well as the
crystal structure of ClpP from Escherichia coli (Wang et al.,
1997) and Streptococcus pneumoniae (Gribun et al., 2005)
using single crystal X-ray diffraction. These high-resolution
structures illuminate for the first time the structural basis and
catalytic mechanism of protein degradation by energy-
dependent proteases (Sauer et al., 2004; Groll et al., 2005).

However, neither the 20S proteasome nor ClpP recognize
their substrates directly. Inside the cell, energy-dependent
proteases are associated with regulatory components or
particles (RP) that recognize, differentiate and bind substrates
and, together with the proteolytic core, form fully competent
degrading machines (Fig. 2). Substrates can vary from folded
proteins to misfolded or incompletely synthesized polypeptides,
and are recognized via a small polypeptide tag, such as
polyubiquitin in Eukarya (Pickart, 2004) or the SsrA-tag in
Prokarya (Gottesman et al., 1998). 

Fig. 1. Nomenclature of the major heat-shock protein (Hsp)

families. Hsps are categorized based on their molecular weight

and are classified as either ATP-dependent (e.g. folding machines)

or ATP-independent (e.g. holders and folding catalysts) based on

their functional requirements. While eukaryotic members are

commonly referred to by their Hsp nomenclature (e.g. Hsp60,

Hsp70 and Hsp90), prokaryotic members are better known by

their specific designations (e.g. GroEL, DnaK and HtpG). A

representative crystal structure or model is shown for each Hsp

family: Saccharomyces cerevisiae Hsp90 (model) (Meyer et al.,

2003), Escherichia coli DnaK in complex with its nucleotide

exchange factor GrpE (Harrison et al., 1997), the Escherichia

coli GroEL-GroES chaperonin complex (Xu et al., 1997),

Methanococcus jannaschii Hsp16.5 (Kim et al., 1998), and

bacterial trigger factor (Ferbitz et al., 2004; Ludlam et al., 2004).

ATP-dependent molecular chaperones often require the assistance

of co-chaperones or nucleotide exchange factors for proper

function. Some of the better known co-chaperones and nucleotide

exchange factors are listed.

Fig. 2. Molecular architecture of energy-dependent proteases. (A)

Crystal structure of the yeast 20S proteasome in complex with

its 11S RP from Trypanosoma brucei (Whitby et al., 2000). The

20S proteasome is colored in orange and the 11S RP in green.

The structure of the 20S proteasome resembles that of a long,

cylinder-shaped barrel. Unlike the 19S RP, the 11S regulator

adopts a seven-fold symmetry as seen with the 20S proteasome.

(B) Structural model for the BAP6-ClpP7-BAP6 disaggregating-

degrading machine (Weibezahn et al., 2004). The BAP-ClpP

complex is assembled from the crystal structures of Escherichia

coli ClpP (Wang et al., 1997) and Thermus thermophilus ClpB

(Lee et al., 2003b). ClpP is colored in orange and BAP in green.

It is worth noting that the quaternary structure of the ClpP

peptidase shows a remarkable structural resemblance to the inner

core of the 20S proteasome.
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Many RP components belong to the AAA+ ATPase
superfamily. While RPs by themselves can self-assemble and
function as molecular chaperones in vitro and in vivo, their
primary function is to facilitate the unfolding of substrates for
subsequent degradation by the associated proteases (Horwich
et al., 1999).

AAA+ ATPases: A superfamily of ATPases 
associated with diverse cellular activities

AAA ATPases are found in all living organisms (Beyer, 1997;
Neuwald et al., 1999) and, as their name suggests, are
involved in a variety of cellular processes including DNA
replication, membrane fusion and protein degradation (Vale,
2000; Ogura and Wilkinson, 2001). Advances in bioinformatics
methods have revealed that the AAA ATPase family is in fact
much broader than originally anticipated (Neuwald et al.,
1999). In addition to classical AAA proteins, the extended
AAA or AAA+ family also includes chaperone-like ATPases
that function in the assembly, operation and disassembly of
protein complexes.

AAA+ ATPases posses at least one Walker-type nucleotide-
binding domain (NBD) and have a strong propensity to form
hexameric ring structures as first determined by electron
microscopy (Vale, 2000; Ogura and Wilkinson, 2001). High-
resolution structural information of several AAA+ proteins is
now available (Vale, 2000; Ogura and Wilkinson, 2001).
These structures reveal that the NBD or α/β domain has a
RecA-like mononucleotide-binding fold. The NBD is immediately
followed by an α-helical domain, which together form the
functional AAA+ module required for stable ATP binding.

In yeast and other higher Eukarya, the RP of the 26S
proteasome (19S) consists of at least 18 polypeptides. The
base of the 19S RP is composed of six distinct AAA+
ATPases (Rpt1-Rpt6). These six AAA+ ATPases form a ring-
like assembly that abuts the axial pore of the 20S complex and
exhibits chaperone activity in vitro (Glickman et al., 1998;
Braun et al., 1999). Since the 20S proteasome forms a
heptameric assembly, the association of the 19S RP with the
20S proteasome creates a symmetry mismatch. It is conceivable
that this mismatch facilitates the unraveling of folded
substrates. However, the underlying mechanism and the
stereo-specific interactions between the base of the 19S RP
and the 20S proteasome remain unclear.

In eubacteria, the ClpP peptidase is the structural homolog
to the 20S proteasome. Like its eukaryotic/archaeal counterpart,
ClpP associates with AAA+ ATPases, such as ClpA and
ClpX, which facilitate the unfolding of substrate proteins in an
ATP-dependent manner. ClpA and ClpX belong to the Clp/
Hsp100 family of AAA+ ATPase, which, like the base of the
19S RP, form a hexameric ring-structure and exhibit chaperone
activity (Wickner et al., 1994; Levchenko et al., 1995;
Wawrzynow et al., 1995).

The Clp/Hsp100 family of molecular chaperones

Members of the Clp/Hsp100 chaperone family are found in
Prokarya, yeast and higher Eukarya including man. As their
name suggests, Clp/Hsp100 proteins have a molecular weight
of about 100 kDa per monomer. In principle, two types of
Clp/Hsp100 proteins are distinguished (Fig. 3): Class 1
members, such as ClpA and ClpB, posses two distinct but

Fig. 3. Three-dimensional structure of class 1 and class 2 Clp/Hsp100 AAA+ ATPases. The ribbon diagrams depict the monomer

structure of representative members of each family. (A) Escherichia coli ClpA (Guo et al., 2002), (B) Thermus thermophilus ClpB (Lee

et al., 2003b), (C) Helicobacter pylori ClpX (Kim and Kim, 2003) and (D) Haemophilus influenzae ClpY (HslU) (Sousa et al., 2000).

The N-terminal domain is colored in gold, the α/β domain of the first AAA+ module (NBD1) in cyan, the α-helical domain of the first

AAA+ module in pink, the α/β domain of the second AAA+ module (NBD2) in green, and the α-helical domain of the second AAA+

module in purple. Bound nucleotides are shown as CPK models and are colored in blue (NBD1) and red (NBD2). The Clp/Hsp100

structures were superimposed and aligned through the second AAA+ module that is common to all Clp/Hsp100 proteins. ClpB and

HslU possess additional structural features, known as the M-domain in ClpB and the I-domain in HslU, which are specific to their

respective chaperone function. The location of the ClpA IGF/L tripeptide motif is shown and labeled accordingly.
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conserved NBDs, whereas class 2 members, such as ClpX
and ClpY (HslU), have a single NBD that is sufficient for
function. It is believed that members of the class 1 family may
have arisen by gene fusion since the sequence homology
between equivalent NBDs of different class 1 members is
significantly greater than between the first and second NBD
within the same protein (Schirmer et al., 1996).

Structural and biochemical studies have shown that Clp/
Hsp100 proteins form a homo-hexameric ring structure and
function as molecular chaperones by themselves (Sauer et al.,
2004). Inside the cell, however, Clp/Hsp100 proteins are
usually associated with the ClpP protease to form fully-
competent degrading machines (Fig. 2). Binding to ClpP
requires an IGF/L tripeptide motif that is found in most Clp/
Hsp100 proteins (Kim et al., 2001; Joshi et al., 2004),
including ClpA, ClpX and HslU, but with the exception of
ClpB. Unlike ClpA and ClpX, members of the ClpB family
neither associate with energy-dependent proteases nor mediate
the degradation of their substrate proteins. Instead, ClpB is a
bona fide molecular chaperone that has the remarkable ability
to rescue stress-damaged proteins from an aggregated state
(Parsell et al., 1994). Hence, Clp/Hsp100 proteins play a
pivotal role in deciding whether proteins are disaggregated
and refolded or unfolded and degraded, and thus are central to
protein triage in eubacteria.

The high-resolution crystal structure of ClpA (Guo et al.,
2002), ClpB (Lee et al., 2003b), ClpX (Kim and Kim, 2003),
and HslU (Bochtler et al., 2000; Sousa et al., 2000) have been
determined. These structures reveal that Clp/Hsp100 proteins
share a similar domain structure (Fig. 3). The relative
orientation of these domains, however, can differ dramatically.
This is particularly noticeable by comparing the structure of
ClpA with ClpB, which both possess two AAA+ domains
(Fig. 3). The functional implication of this is unclear. It is
conceivable that the different domain arrangements are caused
by different crystal lattice interactions. Nevertheless, the
structural plasticity suggests that Clp/Hsp100 proteins are
flexible and can undergo structural changes, consistent with
the notion that Clp/Hsp100 proteins are molecular machines
that perform mechanical work.

ClpB-A protein disaggregating machine

ClpB and its eukaryotic orthologs, yeast Hsp104 and plant
Hsp101, are heat-shock induced and are essential for survival
at high temperatures (Sanchez and Lindquist, 1990; Squires et

al., 1991; Squires and Squires, 1992; Schirmer et al., 1996).
In addition, Hsp104 has also been implicated more broadly in
other protective functions such as providing tolerance to
ethanol, arsenate, and long-term storage in the cold (Sanchez
et al., 1992). Members of the ClpB family differ from other
Clp/Hsp100 proteins by possessing a longer middle region
(M-domain) that is inserted into the α-helical domain of the
first AAA+ module (Fig. 3). This M-domain forms a flexible,

85 Å long coiled-coil that resembles in structure the shape of a
two-bladed propeller of an airplane (Lee et al., 2003b; Lee et

al., 2004). The mobility and orientation of this coiled-coil is
essential for chaperone activity (Cashikar et al., 2002; Mogk
et al., 2003) as immobilizing the coiled-coil by sulfhydryl
crosslinking abolishes chaperone activity (Lee et al., 2003b).

However, while ClpB is a bona fide ATP-dependent
molecular chaperone, it differs from other chaperones by
neither promoting the forward folding nor preventing the
aggregation of proteins. Instead, ClpB has the ability to rescue
stress-damaged proteins from an aggregated state. The full
recovery of these proteins requires the assistance of the
cognate DnaK chaperone system (Glover and Lindquist,
1998; Goloubinoff et al., 1999; Mogk et al., 1999; Motohashi
et al., 1999; Zolkiewski, 1999), which together with ClpB
form a bi-chaperone network.

We have recently crystallized and determined the three-
dimensional crystal structure of the Thermus thermophilus

ClpB monomer in the AMPPNP-bound state (Lee et al.,
2003a; Lee et al., 2003b). The crystals belong to the
orthorhombic space group P212121 and lack the 65-fold screw
axis that is present in the crystal structure of many other
AAA+ ATPases, including ClpA (Guo et al., 2002) and ClpX
(Kim and Kim, 2003). Instead, in our crystal, there are three
independent representations of full-length ClpB in the
crystallographic asymmetric unit. The three molecules are
related by a ~60o rotation and a 1/6 translation along the
crystallographic two-fold screw axis parallel to a, which gives
rise to a helical assembly similar to that as observed with
other AAA+ ATPases. Most remarkably, each ClpB molecule
adopts a different three-dimensional conformation, even
though they are in the same nucleotide-bound state. The
presence of three distinct conformations of full-length ClpB is
very unusual, as most crystal structures are by definition
static. The observed structural plasticity suggests that ClpB is
a dynamic molecule, consistent with the notion that ClpB is a
molecular machine that undergoes large, en bloc conformational
changes to perform its chaperone function.

To examine the structure of the functional ClpB assembly,
we have determined the structure of the ClpB-AMPPNP
complex using electron cryomicroscopy (cryo-EM) (Lee et

al., 2003a; Lee et al., 2003b). Our cryo-EM reconstruction
shows that ClpB is a hexamer that forms a two-tiered ring
structure. There is an ~16 Å wide hole in the top ring and six
smaller openings on the lateral surface of the molecule. This
quaternary structure gives rise to an internal cavity of about
60,000 Å3, which is less than half of that reported for ClpA
(~140,000 Å3) (Beuron et al., 1998). However, since ClpB is a
molecular machine that undergoes large ATP-driven conformational
changes (S. Lee and F.T.F. Tsai, unpublished data), it is likely
that the volume of the internal cavity changes during the ATP
binding and hydrolysis cycle.

While the structure-function relationship of ClpB is
beginning to be understood, the underlying biochemistry and
cellular function of ClpB has remained unclear. To address
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this question, we have engineered a ClpB variant, known as
BAP, by replacing a helix-loop-helix motif in ClpB with the
analogous motif of ClpA, which contains the conserved IGF/
L tripeptide motif required for ClpP binding (Weibezahn et

al., 2004). Unlike ClpB, BAP can associate with the ClpP
protease in a stable, ATP-dependent manner. While ClpB and
BAP share the ability to disaggregate proteins, in the presence
of ClpP, BAP (but not ClpB) functions as a novel disaggregating-
degrading machine (Fig. 4). This BAP-ClpP complex resembles
both structurally and functionally that of the ClpA-ClpP
complex, but with somewhat different specificities. Moreover,
using BAP, we have demonstrated that substrates must
translocate through the central pore of the ClpB hexamer and,
more importantly, that thermotolerance requires the refolding
of aggregated proteins, i.e. it is not the aggregate itself that
causes cell death.

Conclusion

While the three-dimensional structure of representative members
from each major chaperone family has been determined, there
is still much to be learned before we can fully understand and
appreciate the biochemistry and function of molecular
chaperones in vitro and in vivo. Also, it is clear that the
number of novel chaperones with unique and highly
specialized function is increasing, supporting the notion that
chaperones play a key role in many if not all cellular
processes that are essential to life. This includes the emerging
role of molecular chaperones in remodeling transcriptional
regulatory complexes, in the dislocation of misfolded
membrane proteins, and many other vital cellular functions.
The availability of high-resolution, three-dimensional structure
information opens up new avenues of exciting research that
focuses on the mechanism and mechanical function of
molecular chaperones and may be exploited in biotechnology
and nanomedicine. Clearly, “This is not the end. It is not even

the beginning of the end. But it is, perhaps, the end of the

beginning.” (Winston Churchill).

Acknowledgments We wish to thank members of the Tsai
lab for their various contributions. S.L. is supported by the US
Department of the Army (W81XWH-04-1-0033) and F.T.F.T.
by the National Institute of Health (GM67672) and the Robert
A. Welch Foundation (Q-1530).

References

Anfinsen, C. B. (1973) Principles that govern the folding of

protein chains. Science 181, 223-230.

Beuron, F., Maurizi, M. R., Belnap, D. M., Kocsis, E., Booy, F. P.,

Kessel, M. and Steven, A. C. (1998) At sixes and sevens:

characterization of the symmetry mismatch of the ClpAP

chaperone-assisted protease. J. Struct. Biol. 123, 248-259.

Beyer, A. (1997) Sequence analysis of the AAA protein family.

Protein Sci. 6, 2043-2058.

Bochtler, M., Hartmann, C., Song, H. K., Bourenkov, G. P.,

Bartunik, H. D. and Huber, R. (2000) The structures of HslU

and the ATP-dependent protease HslU-HslV. Nature 403, 800-

805.

Braun, B. C., Glickman, M., Kraft, R., Dahlmann, B., Kloetzel, P.

M., Finley, D. and Schmidt, M. (1999) The base of the

proteasome regulatory particle exhibits chaperone-like activity.

Nat. Cell Biol. 1, 221-226.

Cashikar, A. G., Schirmer, E. C., Hattendorf, D. A., Glover, J. R.,

Ramakrishnan, M. S., Ware, D. M. and Lindquist, S. L. (2002)

Defining a pathway of communication from the C-terminal

peptide binding domain to the N-terminal ATPase domain in a

AAA protein. Mol. Cell 9, 751-760.

Deuerling, E. and Bukau, B. (2004) Chaperone-assisted folding of

newly synthesized proteins in the cytosol. Crit. Rev. Biochem.

Mol. Biol. 39, 261-277.

Fig. 4. Clp/Hsp100 proteins play a pivotal role in mediating

protein triage. Cartoon illustrating the role of Clp/Hsp100 protein

in protein quality control. Certain members, such as ClpB,

promote the disaggregation of stress damaged protein. The

reactivation and full recovery of these proteins require the

assistance of the DnaK chaperone system, consisting of Hsp70/

DnaK, Hsp40/DnaJ and HspBP1/GrpE. Other members, such as

ClpA or BAP, can associate with the ClpP peptidase to degrade

misfolded or incompletely synthesized polypeptides. Shown is a

three-dimensional model of the engineered BAP-ClpP complex

that can disaggregate and degrade substrate proteins in an ATP

and DnaK-dependent manner (Weibezahn et al., 2004).



264 Sukyeong Lee and Francis T. F. Tsai

Ferbitz, L., Maier, T., Patzelt, H., Bukau, B., Deuerling, E. and

Ban, N. (2004) Trigger factor in complex with the ribosome

forms a molecular cradle for nascent proteins. Nature 431, 590-

596.

Flanagan, J. M., Wall, J. S., Capel, M. S., Schneider, D. K. and

Shanklin, J. (1995) Scanning transmission electron microscopy

and small-angle scattering provide evidence that native

Escherichia coli ClpP is a tetradecamer with an axial pore.

Biochemistry 34, 10910-10917.

Glickman, M. H., Rubin, D. M., Coux, O., Wefes, I., Pfeifer, G.,

Cjeka, Z., Baumeister, W., Fried, V. A. and Finley, D. (1998)

A subcomplex of the proteasome regulatory particle required

for ubiquitin-conjugate degradation and related to the COP9-

signalosome and eIF3. Cell 94, 615-623.

Glover, J. R. and Lindquist, S. (1998) Hsp104, Hsp70, and Hsp40:

a novel chaperone system that rescues previously aggregated

proteins. Cell 94, 73-82.

Goloubinoff, P., Mogk, A., Zvi, A. P., Tomoyasu, T. and Bukau,

B. (1999) Sequential mechanism of solubilization and refolding

of stable protein aggregates by a bichaperone network. Proc.

Natl. Acad. Sci. USA 96, 13732-13737.

Gottesman, S., Roche, E., Zhou, Y. and Sauer, R. T. (1998) The

ClpXP and ClpAP proteases degrade proteins with carboxy-

terminal peptide tails added by the SsrA-tagging system. Genes

Dev. 12, 1338-1347.

Gribun, A., Kimber, M. S., Ching, R., Sprangers, R., Fiebig, K.

M. and Houry, W. A. (2005) The ClpP double-ring

tetradecameric protease exhibits plastic ring-ring interactions

and the N-termini of Its subunits form flexible loops that are

essential for ClpXP and ClpAP complex formation. J. Biol.

Chem. 280, 16185-16196.

Groll, M., Bochtler, M., Brandstetter, H., Clausen, T. and Huber,

R. (2005) Molecular machines for protein degradation.

Chembiochem. 6, 222-256.

Groll, M., Ditzel, L., Löwe, J., Stock, D., Bochtler, M., Bartunik,

H. D. and Huber, R. (1997) Structure of 20S proteasome from

yeast at 2.4 A resolution. Nature 386, 463-471.

Guo, F., Maurizi, M. R., Esser, L. and Xia, D. (2002) Crystal

structure of ClpA, an HSP100 chaperone and regulator of

ClpAP protease. J. Biol. Chem. 277, 46743-46752.

Harrison, C. J., Hayer-Hartl, M., Di Liberto, M., Hartl, F. and

Kuriyan, J. (1997) Crystal structure of the nucleotide exchange

factor GrpE bound to the ATPase domain of the molecular

chaperone DnaK. Science 276, 431-435.

Hartl, F. U. and Hayer-Hartl, M. (2002) Molecular chaperones in

the cytosol: from nascent chain to folded protein. Science 295,

1852-1858.

Hegerl, R., Pfeifer, G., Puhler, G., Dahlmann, B. and Baumeister,

W. (1991) The three-dimensional structure of proteasomes from

Thermoplasma acidophilum as determined by electron

microscopy using random conical tilting. FEBS Lett. 283, 117-

121.

Horwich, A. L., Weber-Ban, E. U. and Finley, D. (1999)

Chaperone rings in protein folding and degradation. Proc. Natl.

Acad. Sci. USA 96, 11033-11040.

Ikai, A., Nishigai, M., Tanaka, K. and Ichihara, A. (1991) Electron

microscopy of 26 S complex containing 20 S proteasome.

FEBS Lett. 292, 21-24.

Joshi, S. A., Hersch, G. L., Baker, T. A. and Sauer, R. T. (2004)

Communication between ClpX and ClpP during substrate

processing and degradation. Nat. Struct. Mol. Biol. 11, 404-411.

Kessel, M., Maurizi, M. R., Kim, B., Kocsis, E., Trus, B. L.,

Singh, S. K. and Steven, A. C. (1995) Homology in structural

organization between E. coli ClpAP protease and the

eukaryotic 26 S proteasome. J. Mol. Biol. 250, 587-594.

Kim, D. Y. and Kim, K. K. (2003) Crystal structure of ClpX

molecular chaperone from Helicobacter pylori. J. Biol. Chem.

278, 50664-50670.

Kim, K. K., Kim, R. and Kim, S. H. (1998) Crystal structure of a

small heat-shock protein. Nature 394, 595-599.

Kim, Y.-I., Levchenko, I., Fraczkowska, K., Woodruff, R. V.,

Sauer, R. T. and Baker, T. A. (2001) Molecular determinants of

complex formation between Clp/Hsp100 ATPases and the ClpP

peptidase. Nat. Struct. Biol. 8, 230-233.

Lee, S., Hisayoshi, M., Yoshida, M. and Tsai, F. T. F. (2003a)

Crystallization and preliminary X-ray crystallographic analysis

of the Hsp100 chaperone ClpB from Thermus thermophilus.

Acta Crystallogr. D 59, 2334-2336.

Lee, S., Sowa, M. E., Choi, J. M. and Tsai, F. T. F. (2004) The

ClpB/Hsp104 molecular chaperone-a protein disaggregating

machine. J. Struct. Biol. 146, 99-105.

Lee, S., Sowa, M. E., Watanabe, Y., Sigler, P. B., Chiu, W.,

Yoshida, M. and Tsai, F. T. F. (2003b) The structure of ClpB: a

molecular chaperone that rescues proteins from an aggregated

state. Cell 115, 229-240.

Levchenko, I., Luo, L. and Baker, T. A. (1995) Disassembly of

the Mu transposase tetramer by the ClpX chaperone. Genes

Dev. 9, 2399-2408.

Löwe, J., Stock, D., Jap, B., Zwickl, P., Baumeister, W. and

Huber, R. (1995) Crystal structure of the 20S proteasome from

the archaeon T. acidophilum at 3.4 A resolution. Science 268,

533-539.

Ludlam, A. V., Moore, B. A. and Xu, Z. (2004) The crystal

structure of ribosomal chaperone trigger factor from Vibrio

cholerae. Proc. Natl. Acad. Sci. USA 101, 13436-13441.

Meyer, P., Prodromou, C., Hu, B., Vaughan, C., Roe, S. M.,

Panaretou, B., Piper, P. W. and Pearl, L. H. (2003) Structural

and functional analysis of the middle segment of Hsp90:

implications for ATP hydrolysis and client protein and

cochaperone interactions. Mol. Cell 11, 647-658.

Mogk, A., Schlieker, C., Strub, C., Rist, W., Weibezahn, J. and

Bukau, B. (2003) Roles of individual domains and conserved

motifs of the AAA+ chaperone ClpB in oligomerization, ATP

hydrolysis, and chaperone activity. J. Biol. Chem. 278, 17615-

17624.

Mogk, A., Tomoyasu, T., Goloubinoff, P., Rüdiger, S., Röder, D.,

Langen, H. and Bukau, B. (1999) Identification of thermolabile

Escherichia coli proteins: prevention and reversion of

aggregation by DnaK and ClpB. EMBO J. 18, 6934-6949.

Motohashi, K., Watanabe, Y., Yohda, M. and Yoshida, M. (1999)

Heat-inactivated proteins are rescued by the DnaK.J-GrpE set

and ClpB chaperones. Proc. Natl. Acad. Sci. USA 96, 7184-

7189.

Neuwald, A. F., Aravind, L., Spouge, J. L. and Koonin, E. V.

(1999) AAA+: A class of chaperone-like ATPases associated

with the assembly, operation, and disassembly of protein

complexes. Genome Res. 9, 27-43.

Ogura, T. and Wilkinson, A. J. (2001) AAA+ superfamily

ATPases: common structure-diverse function. Genes Cells 6,

575-597.



Molecular Chaperones 265

Parsell, D. A., Kowal, A. S., Singer, M. A. and Lindquist, S.

(1994) Protein disaggregation mediated by heat-shock protein

Hsp104. Nature 372, 475-478.

Pickart, C. M. (2004) Back to the future with ubiquitin. Cell 116,

181-190.

Sanchez, Y. and Lindquist, S. (1990) Hsp104 required for induced

thermotolerance. Science 248, 1112-1115.

Sanchez, Y., Taulien, J., Borkovich, K. A. and Lindquist, S.

(1992) Hsp104 is required for tolerance to many forms of

stress. EMBO J. 11, 2357-2364.

Sauer, R. T., Bolon, D. N., Burton, B. M., Burton, R. E., Flynn, J.

M., Grant, R. A., Hersch, G. L., Joshi, S. A., Kenniston, J. A.,

Levchenko, I., Neher, S. B., Oakes, E. S. C., Siddiqui, S. M.,

Wah, D. A. and Baker, T. A. (2004) Sculpting the proteome

with AAA(+) proteases and disassembly machines. Cell 119, 9-

18.

Schirmer, E. C., Glover, J. R., Singer, M. A. and Lindquist, S.

(1996) Hsp100/Clp proteins: a common mechanism explains

diverse functions. Trends Biochem. Sci. 21, 289-296.

Sousa, M. C., Trame, C. B., Tsuruta, H., Wilbanks, S. M., Reddy,

V. S. and McKay, D. B. (2000) Crystal and solution structure

of an HslUV protease-chaperone complex. Cell 103, 633-643.

Squires, C. and Squires, C. L. (1992) The Clp proteins:

proteolysis regulators of molecular chaperones? J. Bacteriol.

174, 1081-1085.

Squires, C. L., Pedersen, S., Ross, B. M. and Squires, C. (1991)

ClpB is the Escherichia coli heat shock protein F84.1. J.

Bacteriol. 173, 4254-4262.

Unno, M., Mizushima, T., Morimoto, Y., Tomisugi, Y., Tanaka,

K., Yasuoka, N. and Tsukihara, T. (2002) The structure of the

mammalian 20S proteasome at 2.75 A resolution. Structure 10,

609-618.

Vale, R. D. (2000) AAA proteins: Lords of the ring. J. Cell Biol.

150, 13-19.

Walter, S. and Buchner, J. (2002) Molecular chaperones-cellular

machines for protein folding. Angew. Chem. Int. Ed. Engl. 41,

1098-1113.

Wang, J., Hartling, J. A. and Flanagan, J. M. (1997) The structure

of ClpP at 2.3 A resolution suggests a model for ATP-

dependent proteolysis. Cell 91, 447-456.

Wang, Q., Song, C. and Li, C. C. (2004) Molecular perspectives

on p97-VCP: progress in understanding its structure and

diverse biological functions. J. Struct. Biol. 146, 44-57.

Wawrzynow, A., Wojtkowiak, D., Marszalek, J., Banecki, B.,

Jonsen, M., Graves, B., Georgopoulos, C. and Zylicz, M.

(1995) The ClpX heat-shock protein of Escherichia coli, the

ATP-dependent substrate specificity component of the ClpP-

ClpX protease, is a novel molecular chaperone. EMBO J. 14,

1867-1877.

Weibezahn, J., Tessarz, P., Schlieker, C., Zahn, R., Maglica, Z.,

Lee, S., Zentgraf, H., Weber-Ban, E. U., Dougan, D. A., Tsai,

F. T. F., Mogk, A. and Bukau, B. (2004) Thermotolerance

requires refolding of aggregated proteins by substrate

translocation through the central pore of ClpB. Cell 119, 653-

665.

Whitby, F. G., Masters, E. I., Kramer, L., Knowlton, J. R., Yao, Y.,

Wang, C. C. and Hill, C. P. (2000) Structural basis for the

activation of 20S proteasomes by 11S regulators. Nature 408,

115-120.

Wickner, S., Gottesman, S., Skowyra, D., Hoskins, J., McKenney,

K. and Maurizi, M. R. (1994) A molecular chaperone, ClpA,

functions like DnaK and DnaJ. Proc. Natl. Acad. Sci. USA 91,

12218-12222.

Xu, Z., Horwich, A. L. and Sigler, P. B. (1997) The crystal

structure of the asymmetric GroEL-GroES-(ADP)7 chaperonin

complex. Nature 388, 741-750.

Young, J. C., Agashe, V. R., Siegers, K. and Hartl, F. U. (2004)

Pathways of chaperone-mediated protein folding in the cytosol.

Nat. Rev. Mol. Cell Biol. 5, 781-791.

Zolkiewski, M. (1999) ClpB cooperates with DnaK, DnaJ, and

GrpE in suppressing protein aggregation. J. Biol. Chem. 274,

28083-28086.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


