Heat induced stress proteins and the concept of
molecular chaperones
CHRISTOPIt FORREITER and Lu'Iz NOVER*
Department of Molecular Cell Biology, Goethe University, Marie-Curie-Strasse 9, D-60439
Frankfurt am Main, Germany
*Correspondbzg author (Fax; 49 69 7982 9286; Emaif, nover@cellbiology.uni-frankfurt.de).

Heat stress proteins can be assigned to eleven protein families conserved among bacteria, plants and animals.
Most of them aid other proteins to maintain or regain their native conformation by stabilizing partially
unfolded states. Hence, they are called molecular chaperones. Experimental data indicate that many of them
form heterooligomeric complexes, so-called chaperone machines, interacting with each other to generate a
network for maturation, assembly and intracellular targeting of proteins. In this review we summarize the
essential information on the structure and function of chaperone and chaperone complexes. In adclition we
present a eornpiIation of in vin-o ar:d in vivo test systems used in the preceding ten years of chaperone
research.

I. Introduction
All organisms respond to supraoptimal temperatures
by synthesizing a specific set of heat stress proteins
(HSP). They ,are needed to protect cells from heat
damage, and they assist in normalization of functions
during recovery (reviewed by Nover 1991 ; Vierling 1991 ;
Parsell and Lindquist 1993; Morimoto et al 1994; Novel"
and Scharf 1997). HSP can be ,assigned to eleven conserved protein families. Most of them are constitutively
present, but markedly induced under stress conditions
and/or expressed in certain developmental stages. During
the last decade more and more details of the biochemical
function of HSPs have emerged. As molecular chaperones
(Ellis and van der Vries i991) they help other proteins
to maintain or regain their native conformation by
stabilizing partially unfolded states (Craig et at 1993;
Hendrick and Hartl I993; Becket and Craig 1994; ElIis
and Hemmingsen 1994; Gatenby and Viitanen 1994;
Hartl anc~ Martin 1995; Harfl t996; Wefch and Brown
1996; Fenton and Horwlch I997; Martin and HartI 1997;
Rassow et al 1997). They do not contain specific
information for correct folding, but rather prevent unproductive interactions (aggregation) between non-native

proteins. This type of molecular chaperones can be
distinguished from other heat-induced proteins acting as
direct folding catalysts like peptidyl-prolyl isomerases or
protein disulfide isomerases (reviewed by Schmid 1993,
1995).
Three major aspects in the [ife cycle of a protein
invoke chaperone proteins: (i) They ensure that nascent
polypeptides emerging from the ribosome are kept in a
folding competent state until the whole sequence information is available (e.g., Bukau et al 1997). (ii) Since
futly folded proteins cannot be transIocated through
membranes, chaperones are needed to maintain or create
a partially unfolded form of proteins destined for the
transport into mitoehondria or plastids (e.g., Hr
and
Hart] 1994; Moore et af 1994; Schwarz and Neupert
I994; Gray and Row 1995; Lill et al ]996; Host et at
I997; Lubeck et al 1997; Neupert 1997; Planner et af
1997). (iii) They stabilize damaged proteins generated
as a result of chemical or physical stress and thus
faci/itate renaturation and/or degradation in the recovery
period. Many data collected during the tast years indicate
that members of different HSP families act together in
multisubunit complexes, so-called chaperone machines
(Haril 1996; Bukau e t . a l 1997; Bukau and Horwich
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t998), and different chaperone complexes may interact
to generate a network for protein maturation, assembly
and targeting (Frydman and H6hfeld 1997; Johnson and
Craig 1997).
In this review, we will focus on results recently
published Ieading to a much more clarified understanding
of the general properties and functions of the different
chaperone systems. Their indispensable role for many
aspects of protein processing requires that all compartments of a eukaryotic cell engaged in these processes
(cytosol, ER, mitochond,'ia, chloroplasts) have their own
set of chaperones. Though our knowledge is far fi'om
complete, more and more representatNes of cytosolic
and organetlar chaperones are characterized. Their multiplicity and functional differences and the intriguing cooperation of cytosolic and organellar chaperone systems
in protein import and maturation in chloroplasts and
mitochondria are discussed elsewhere (see refs. given
above). Following the accepted nomenclature for HSPs,
chaperone families are defined by a typicN representative
and a number indicating the approximate size of proteins
in this family in kDa, e.g., HspT0 family. Usually, the
genetically based nomenclature for the corresponding
proteins from prokaryotic systems is indicated in brackets,
e.g., Hsp70 (DnaK) family.
2.
2.1

Chaperone systems

The Hsp70 (DnaK) &aperone machine

The central part of the entire protein l-biding r~etwork
is occupied by the Hsp70 (DnaK) chaperone machines.
A constantly increasing number of seemingly disparate
processes are characterized all of which depend on the
Hsp70 systems. Examples are the processing of newly
formed proteins in the cytoplasm, the ER and other
cellular organetles, uneoating of elathrin coated vesicIes,
reorganization of cytoskeletal systems, translation initiation, nuclear protein import and export, ribosome assembly, protection of nucleolar structure and function under
stress and protein degradation (reviewed by Nover and
Scharf 1997). The basic function of Hsp70 in aII cases
is evidently binding and subsequent release of partially
unfolded proteins in an ATP-dependent cycle (figure 1).
Members of the Hsp70 family consist of a single
polypeptide with two functional domains. The N-terminaI
domain is able to bind and hydrolyse ATP, whereas the
C-terminal peptide binding domain contains four hydrophobic pockets for binding unfolded target proteins. After
binding of ATP Hsp70 is able to interact with non-native
proteins characterized by exposition of hydrophobic peptide motifs at their surface. Subsequent ATP hydrolysis
generates a Hsp70-ADP complex with tightly bound
substrate protein. After ADP --4 ATP exchange, the target
polypeptide is released to undergo folding in solution

(figure 1)- Several cycles of binding, release and folding
may be required to obtain the native conformation of a
target polypeptide.
Hsp70 needs interaction with other proteins for full
chaperone activity (see table 1). The most important one
is Hsp40 (DnaJ). The N-terminal part of the latter
harbours the characteristic 70 amino acid residue J-domain
important for interaction with Hsp70. It is followed by
a stretch of 30 residues rich in glycine and phenylalanine
residues, a cystein-rieh region probably forming a
Zn-finger motif and the C-terminal peptide binding
domain (Lu and Cyr 1988). Actually, the highly conserved
J-domain is not o~Iy Ibund in Hsp40 but alse in severaI
other proteins reported to interact with Hsp70 (Cyr et at
1994). Further examples are auxilin involved in Hsp70
mediated vesicle uncoating (Ungewickel et at 1997), the
ER membrane bound protein Sec63p (Brodsky 1996),
the polyoma virus large T-antigen (Kelly and
Georgopoulos 1997) or Tim44 (MIM44), a protein of
the inner mitochondrial membrane, where mitochondriai
Hsp70 binds to aid protein import into the organelle
(Rassow et at t994; Pfanner et al 1997). Since Hsp70
has only a weak ATPase activity, it was suggested that
the target proteins are first bound by Hsp40. In both
cases interaction with the co-chaperone results in a
markedly increased ATPase activity of Hsp70. At any
rate, Hsp40 is considered as a subunit of the Hsp70
complex essential for coupling ATP hydrolysis to substrate binding.
For effective ADP exchange an additional factor is
required, described as GrpE protein for the Escherichia
coti DnaK/J-system. A functionally related protein for
eukaryotes was recently identified as the BAG-1 protein
(Zeine, et al 1997; H0hfeld and Jentsch 1997). BAG-I
was originally described as component of the Bcl2 system
regulating cell cycle and apoptosis in mammals
(Takayama et at t995). Although BAG-1 and GrpE share
no sequence homology, both have similar biochemical
functions and bind to the ATP-binding side of HspT0
(Demand et at I988).
Other components connected with Hsp70 are HIP
(Hsp70 interacting protein) (HOhfeld et al I995) and
HOP (Hsp70 organizing protein), also known as the p60
Table 1. Core components of the Hsp70 chaperone
system.
Eukaryotes

Prokaryotes

HsptHSC70
Hsp40

DnaK
Dn~J

BAG-1

GrpE

Function
Substrate binding; ATP-binding
Hsp70 interaction (J-box); and
subs~rate binding; binds to the
peptide binding domain of Hsp70
Nucleotide exchange factor; binds
to the ATPase domain of Hsp70
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component of the Hsp90 complex (Smith et al I993;
Johnson et at I998). HIP binds to the ATPase domain
of Hsp70, thus stabilizing the ADP-bound form. Subsequently, HOP interacts with the pepticle binding domain.
Interestingly, HOP/p60 has also a Hsp90 binding site
and thus may physically link the Hsp70 and Hsp90
chaperone systems (see 2.3 and figure 3).
2.2

form a hollow core structure of two heptameric rings
associated back to back with each other. Both rings
provide an inner cavity of 50/~ in diameter and are
separated from each other by the C terminal 23 amino
Table 2. Core components of the GroE chaperone system.
Eukaryotes

Prokaryotes

Function

TRiCICCT

GruEL

ND

GroES

Forms a double ring with 7
(prokaryotes) or 8 (eukaryotes)
subunits each, providing 2 central
cavities for binding misfolded
proteins
Forms a lid out of 7 subunits,
closing the central cavity of GroEL

The Hsp60 (GroE) chaperone system

The prototype for this chaperone system is the E. coli
GroEL/GroES complex (for review see Hartl 1996)
recently structurally analysed by Hunt et af (1996) for
GroES and Xu et af (1997) for GroEL (table 2). Data
derived from the crystal structure of GroEL confirmed
earlier pictures: 14 subunits of the GroEL protein (56 kDa)
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Figure 1. Protein folding mediated by HspT0.
Partially unfolded proteins associate loosely with the hydrophobic pockets located in the C-terminal domain of HspT0 (DnaK).
Binding of the co-chaperone Hsp40 (Dnal) results in ATP cleavage by the N-Termir~al domain. The conformational change of
the Hsp70/ADP complex results in a tighter binding of the substrate polypeptide. After dissociation of Hsp40, the nucleotide
exchange factor BAG-I (GrpE) initiates the ADPtATP exchange. Release of the subs~ate protein from the binding pocket allows
folding. Usually several cycles of binding and release to HspT0 system are required to reach native conformation.
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acids of the GroEL subunits. Each GroEL subunit is
composed of three different domains (i) an equatorial
domain interacting with the second ring and harbouring
an ATP binding side, (ii) a small flexible, but well
defined intermediate domain required for ATP hydrolysis
and (iii) an apical domain interacting with the GroES
subunit (figure 2). The apical domains of GroEL expose
a set of hyekophobic amino acid residues towards the
inner surface of the cavity, offering binding sides for
partialIy unfolded proteins. This part of GroEL is the
most flexible (figure 2). If ATP binds to the ring occupied
by the misfolded polypeptide (cis-position), the apical
domain is twisted by 90 ~ and lifted from the equatorial
domain to increase the size of the inner cavity to more
than 80,~,. Target proteins bound to the hydrophobic
surfaces may therefore undergo further mechanical
unfolding.
Twisting of the equatorial domain buries the hydrophobic sites of the interacting apical domains in two
steps. After the first step the GroES-heptamer is able
to bind to the upshifted apical domain of GroEL. The
GroES-heptamer forms a domelike flexible structure with
a central orifice on top covering the inner ring cavity
of the GroEL subunit. Therefore the unfolded protein is
entrapped and protected in a cage formed by the GroEL
ring and covered by the GroES heptamer. Binding of
GroES is a prerequisite for ATP hydrolysis by the
equatorial domains of GroEL. In the second part of
conformational changes, the remaining hydrophobic residues of the apical GroEL domain disappear. The unfolded
protein is rele~ed and refolds in the cavity without
further interactions with GroEL. In the Iast part of the
cycle, ATP binding to the second ring of the GroEL
heptamer (trans) altows removal of (cis) GroES and
release of the (re)folded protein, whiet? ever~tually may
enter into a new cycle (Rye et al 1997). Since there
are two identical rings of GroEL, one em~ easily imagine
two simultaneously operating folding events in each ring
coupled in their timing by binding, cleavage and release
of ATP (Sparrer et al 1997).
Two important questions remain to be answered: (i)
What type of proteins are folded by the GroEL/S complex
and (ii) what is the polypeptide flux through this system
under norma~ and stress conditions? Ewalt et al (1997)
found that only a limited amount of proteins in E. coli
interact with the GroEL/S system, i.e., roughIy 15%
under normal and about 30% under stress conditions.
Usually, these proteins leave the chaperone very rapidly
after 10-30s, representing one round of binding and
release to the GmE. The authors distinguish between
three different groups of polypeptides: (i) A fraction of
usui[y small proteins neither requires nor interacts with
GroEL/S. (ii) A second group, representing the majority
of E. cofi proteins, can bind to the chaperone but usually
fold without GroE contact. (iii) Onty a small set of

proteins between 25-55 kDa in size really needs interaction with the GroE system. Usually these proteins
require several rounds of folding before they reach their
native state (Netzer and HartI 1998).
Organelles of eukaryotic cells contain chaperone systems similar in structure and function to the prokaryotic
GroELtS (Viitanen et at 1995; Lubert et al 1997; Neupert
1997). In addition, there is a much more speciaIized
cytosolic form called CCT or TRiC (reviewed by Hendrick
and Hartl 1993; IIartl I996). Compared to the GroE
compIex in prokaryotes, these complexes have a much
Iower abundance. They seem to be only needed for a
specialized set of proteins like tubulin (Tian et al 1996)
and actin (Vine and Drubin 1994). The CCT/TRiC complex of 970kDa contains two rings with up to eight
different, but structurally related subunits of 52-65 kDa.
TI~ough a cofactor similar to GroES is not known, the
overall mechanism o f folding may be very similar to
the GroEL/S complex (Farr et al 1997). Interestingly, it
could be shown that, simiEar to the situation in prokaryotic
cells, HspT0/Hsp40 and TRiC act together in vivo, as
demonstrated for actin and luciferase as reporter (Frydman
and Hartl 1996).
2.3 The Hsp90 (HtpG) chaperone system
Hsp90 belongs to the most abundant constitutively
expressed cytosolic chaperones in eukaryotic cells
(Hendrick and Hartl I993; Jacob and Buchner 1994;
Buchner 1996; Nemoto and Sato 1998). The cytosolic
protein in vertebrates exist in two isoforms (a and /3)
and its synthesis increases considerably under heat stress
conditions. Hsp90 homodimers are able to prevent
aggregation of denatured reporter protein in vitro (Wiech
et al ~992; Freeman and Morimoto 1996).
One important peculiarity of Hspg0 is that its chaperone
activity can be inhibited by geldanamycin and related
ansamycin compounds, described as antitumor antibiotics
(Whitesell et al 1994). The tong lasting discussion about
the ATP requirement of Hsp90 (Jakob et al 1995, 1996)
was finally solved (Prodromou et al 1997; Scheibel et
af 1998). Crystal structure analysis of the N-terminal
domain of Hspg0 clearly identified an ATP and
geldanamycin binding site. Evidently, geldanamycin does
not bind to the peptide binding domain as suggested
previousIy (Thulasiraman and Matts I996; Stebbins et
al t997), but competes with ATP for the nucleotide
binding side. Interestingly, Hsp90 has a second C-terminal
chaperone domain, which needs no ATP. Scheibel et at
(1998) present evidence that the N-terminal domain functions in stabilization of denatured proteins, whereas the
C-terminaI domain interacts with partially structured substrafes, e.g, intermediates o f de novo synthesis of proteins.
Besides its ability of keeping target proteins in a
folding competent state, Hspg0 is reported to play an
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important role in signal transduction pathways. This has
been demonstrated in detail for the maturation and
activation of SertThr- and Tyr-specific protein kinases
and fm the maturation and functional cycling of steroid
hormone receptors (Cutforth and Rubin t994; Dey et al
I996; Nai," e t a l 1996, 1997; Schulte etat" 1996; Stepanova
et al 1996; Chang et at [997; see review Pratt 1998).
Both processes require interaction with the Hsp70 system
as exemplified for steroid hormone receptors in figure
3 (Frydman and IRShfeld 1997). The interaction between
the Hsp70 and Hsp90 chaperone systems is mediated by
the two proteins HIP and HOP (Johnson et at 1998).
Subsequently, Hsp90 complex interacts with three other
proteins, two peptidyl-proly] isomerascs, FKBP52 and
Cyp40 and a smalt acidic p,otein, p23. Two of them,
FKBP52 and p23 were reported to act as molecular
chaperones themselves (Bose et al 1996, see table 3).
After release of Hsp70 the receptor is competent to bind
the steroid ligand. Final maturation and aquiration of
DNA binding competence is achieved upon dissociation
of the hormone receptor from Hsp90.

A

B

In addition to the ttsp90 complex with FK.BP52 and
p23 subunits, there may be a second type containing
p50/Cdc37 instead (Dey et al 1996; Owens-Grillo et al
1996; Hunter and Pooh 1997). This type is predominantly
involved in the maturation and functional control of
protein kinases."
2.4 HsplO0 (Ctp) f a m i l y
The members of the llspl00 family have first been
described as components of the two subunit bacterial
Clp protease system (Gottesman et al i990). The large
subunit CIpA represents an ATP-dependent unfoldase,
whereas the small subunit CIpP acts as the protease.
CIpA aione has no proteotytic activity, but it is able to
prevent target proteins from aggregation. Interestingly,
many CIpA related proteins were characterized in bacteria
and eukaryotes as stress-induced proteins. They are summarized as members of the Hspl00 family (Schirmer et
at" 1996; Gottesman et al 1997). A proteo]ytic subunit
(CIpP) is only found in bacteria, associated mainly or

C

D

Figure 2, Model or the GroELIS complex with bound protein.
(A) Unfolded proteins (yellow) exhibiting hydrophobic amino acids enter the central cavity of the GreEt_, ring and interact
with the inner wail of the ring, formed by hydro~hobic residues (rod) of the GroEL apical domain. (B) After binding ATP to
the equ~tor[n[ domains of GroEL. hydrophobic residues disappear from the cavity in two steps with conformationa] changes in
the apical domain. As ~. result GroES, providing a lid for the central cavity, can bind to GroEL. (C) The subs~ate protein is
released from the surface of the inner cavity. Trapped and protected in the cage formed by GroELIGroES, the poIypeptide is
now able to fold. (D) Binding or ATP to the opposite Gros he4~taracr (trans) leads to a lilt of the equatorial domains of both
GroEL rings. The resulting conlbrmationa] change releases the GroES lid in cis position allowing lhe substrate prolein to leave

the cavity,
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exclusively with CIpA protein. A peculiarity of the
Hspl00 chaperones is their capability to promote dissociation of aggregated proteins in an ATP-dependent
manner (Parsell et al 1994) (figure 4). Although it was
demonstrated that Hspl00 may functionally substitute
for the Hsp70140 system (Schmitt et al 1995), it is very
likely that Hsp70 and Hspl00 proteins contribute to
stress tolerance in different ways, with HspT0 acting
primarily in preventing aggegation and Hspl00 removing
aggregates already formed.
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Based on the presence of one .or two ATP binding
domains of about 200 amino acid residues, HspI00
proteins were divided in two major classes (reviewed
by Schirmer et al 1996): Class I (Hspl00 types A-D)
contain two ATP binding domains, cl~s 17 proteins
(Hspl00 M, N , X and Y) contain only one ATP binding
domain. The length of the polypeptide varies between
75 and 100kDa due to the size of the non-conserved
spacers between the two domains and additional sequences
at the C- and N-terminus. Functional active HspI00
proteins form hexamers with I2 molecules of ATP bound
to it. The electron microscopic image of the compIex
looks very similar to the structure of GroE and/or TRiC,
forming a ring with a central cavity of 2-5/~.
Recently Pak and Wickner (1997) presented data, which
support a model for refolding of a defined ClpA target
protein in E. coli, the bacteriophage RepA dimer
(figure 4A). The target protein attaches loosely to the
CIpA hexamer with bound ATE In a second step, the
protein is tightly bound to the central cavity of the
complex. After ATP hydrolysis, the complex dissociates
and releases the refolded RepA monomer. At the moment
it is not understood at which time point refolding of the
target protein occurs, either during ATP independent forming
of the stabile complex or, similar to the Hsp70 s~.stem,
by ATP-dependent release of the target polypeptide.
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The Iow molecular weight (LMW) HSPs (Hsp20 family)
have molecular masses of 15-30 kDa. They usually exist
in oligomeric complexes of 200-800 kDa. In contrast to
other chaperone families, sequence homology is restricted
to a C-terminal domain of about 30 amino acid residues
found in all members of the Hsp20 family including
mB-crystallin. Latter is a common hs-inducible protein
of mammalian cells frequently associated with Hsp27.
Table 3. Factors involved in Hsp70/Hsp90 interaction
during steroid receptor maturation.

t

Protein
Nucleus

Figure 3. Maturation of the steroid hormone receptors by
interaction with the Hsp70 and Hsp90 chaperone systems.
Premature steroid receptor protein (PR) binds to the Hsp70
core protein. After recruitment of Hsp40 and ATP hydroIysis
HIP (Hsp70 interacting protein) binds to the N-terminal domain
of Hsp70. The subsequent association of HOP (p60) is evidently
required for binding of the Hspg0 system, containing CYP40,
FKBP52 and a smal[ acidic protein, p23 as additional subunits.
Subsequently Hsp70, HIP and p60/I-{OP are rele~ed. The
receptor (PR*) is now competent for steroid binding. After
release of the Hsp90 components, the steroid receptor comple;~
undergoes dimerization and is now competent for nuclear import
and binding to its target sequences of hormone regulated genes.

Hsp70/Hsp40
HIP

H O P (p60)

Hsp90 (HtpG)
p23
CYP40
FKBP52

Function
Receptor binding; ATP hydrolysis
Stabilizing the ADP-bound Hsp70; interacts
with the ATPase domain; prerequisite for HOP
binding
Mediator tbr Hspg0 intemcfon; interacts with
the peptide binding domain of" Hsp70
Chaperone with two substmte binding domains
Involved in ATP binding of Hspg0; has in
vitro chaperone activity
Prolyl-peptidyl isomerase
Proly[-peptidyl isomerase with chaperone
activity
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Similar to the situation with other HSPs, representatives
of the Hsp20 family in eukaryotic cells are found in
plastids, mitochondria, the lumen of the endoplasmatic
reticulum and the cytoplasm, where at least in plants,
two classes of Hsp20 proteins (class I and class II) can
be distinguished (Caspers et al 1995; Boston et al 1996;
Waters et al 1996; Heckathorn et at 1998). Members
of the Hsp20 family represent the preponderant HSPs in
plants with more than 20 different members. In other
organisms (insects, mammals) there are only 2--4 and in
yeast only one representative of this HSP family. Under
heat stress conditions all LMW HSPs form large, detergent
and salt resistant complexes which in plants can be detected
as 40 nm cytosolic aggregates (heat stress granules, Nover
et al 1983, 1989; see also Scharf et al 1998).

~O
A

~

ATP

The intriguing multiplicity and stress induced abundance of LMW HSPs especially in plants, led to speculations about their specific role for stress-induced
protection of cellular structures. Kimpel and Key (1985)
hypothesized that LMW I-ISPs may serve as a protective
matrix for hs-damaged proteins. In support of this, members of the Hsp20 family were shown to prevent aggregation of thermally inactivated reporter proteins in vitro.
The protective effect does not need ATP (Horwitz 1992;
Jakob et af 1993; Plater et af 1996; Ehrnsperger et af
1997; Lee et aI 1995, 1997). The in vitro effects were
recently complemented and extended by in vivo studies
using plant cells and firefly luciferase as reporter
(Forreiter et aI 1997, see foIlowing section). The peculiarity of the Hsp20 compIexes is evidentIy their capability
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Figure 4. Protein folding by chaperones of the Hspl00 family, exemplified for the E. cell CIpA.
Chaperones of the Hspl00 family are involved in several cellular processes. So far two important features have been analysed:
(A) Maturation of protein oligomers by monomefization. In the presence of ATP, E. coil CIpA subunits (green) associate to a
functional hexamer. This compIex is competent for loosely binding the inactive RepA dimer. Subsequently the target protein is
tightiy bound to the chaperone. After nucleotide exchange, the complex dissociates releasing two mature RepA monomers (Pak
and Wickner 1997). (B) Under severe stress conditions with massive accumulation of aggregated proteins functionally active
Hspl00 (CIpA) hexamers help to remove protein aggregates. In an ATP-dependent process proteins are resolubilized from the
aggregates by a hitherto unknown mechanism. They undergo refolding or degradation, e.g., by recruiting the CIpP protease.
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to bind and stabilize considerable amounts of denatured
proteins at their surface. Other chaperone systems, e.g.,
the HspT0 machine, are needed to promote reIease and
eventual refolding of the damaged protein. A model
expIaining these observations is shown in figure 5.

rubrum) ribulose bisphosphate carboxytase and the regeneration of the enzymatic activity in the presence of
GroEL/S and ATP (Goloubinof et al 1989). Besides the
disappearance and reappearance of the enzymatic (biological) activity, several other methods are used to follow
the denaturation/renaturation of a given reporter protein
and the protective effects of chaperones (table 4). Light
scattering measurements are valuable for detection of
protein aggregation. Even small conformational changes
can be monitored by stopped-flow fluorescence, CD or
NMR measurements or eventually by changes of the Trp
fluorescence. Binding of ANS (8-anilino naphthalene
l-sulfonic acid) indicates exposition of hydrophobic residues at the surface of a protein (reviewed by Matthews
1993). Finally, complexes of immature or unfolded proteins with chaperones can be characterized by coimmunoprecipitation.
An important system for studying chaperone activity
turned out to be the rabbit reticulocyte lysate, broadly

3. Test systems for chaperone activity
After early in vivo observations on aberrant phage head
assembly in GroE mutants of E. coli (GeorgopouIos et
al 1972; Hendrix 1979) and on defective protein targeting
in Hsp70-deficient yeast cells (Chirico et at I988;
Deshaies et al I988), the important contributions to our
understanding of the biochemical and structural basis of
chaperone function came from in vitro experiments. To
this aim, an increasing number of different reporter
proteins are available (summarized in table 4). The first
report on an in vitro chaperone analysis was based on
the chemical denaturation of bacterial (Rhodospirillum
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~ HEAT ~
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(Heatstressgranules)
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HSP20oligomer
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Figure S, Protzin stabilization by small stress protdns of tho Hsp20 family,
Under stress oonditions Hsp20 oligomors provide an unspocific surface for binding partially denatured protoins, This protein
comple• can oithor interact with Hsp70/40 ['or imrnodiato rofolding, releasing of fanot]on~[ ~ctivo protein, or undor prolonged.
sevoro hoat s~re.ss oonditions form collu]ar aggrogatos 'ontrapping partially unfbldod protNns in a folding cornpotont stato, which
in plant coils are dotoctod as l~rgo cytosolio compto• of 40 mn in siz~ (h~at stress gr~nulos), Under recovory conditions th~so
eomplox~ dis~ssomb[o, rzleusing Hsp20 o]igem~rs, which can subsequently intorac~ with Hsp70 far rolblding,
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Table 4. (A) Reporter proteins used to analyse chaperone activity i~ vitro (for reviews see also Gatenby et at I990;
Buchner 1996; Ellis 1994, 1997; Gatenby and Viitanen 1994; Hartl 1996; Jakob and Buchner i994; Rassow and Pfanner
1996; Thomas et al 1997; M,'utin 1997; Ruddon et al 1996).

Reporter

Chaperones
analysed

Firefly luciferase (FFL)

Hsp90/Hsp70

RefP

In vitro translation in RL; FFL associates with components of Hsp70/90

1

systems (IP), which promote refolding after thermal or chemical
denaturation; inhibition of Hsp90 by GA causes degradation of FFL

Photinus pyralis

Hsp90/Hsp70

Renaturation of heat-denatured FFL in RL requires HspT0/40; Hsp90
not essential, if Hsp70/40 is present
Renaturation of heat-denatured FFL in RL; Hop needed for optimat
folding efficiency

2
53

Reactivation of themally denaturated FFL needs DnaKIJtGrpE; prevents
aggregation; GroEL/S has no detectable effect
Folding of in vitro translated FFL (RL) needs TriC and Hsp70 but
not Hsp90

3

Hsp20

Pea Hspl8 dodecamer stabilizes N~L during thermal denaturation; can
be reactivated by other chaperones

5

CIpA, DnaK/J

Protection of FFL against heat inactivation by CIpA or DnaK/J;
reactivation needs DnaKtJ

6

Hsp90

Prevents aggregation of chemically denatured CS and allows reactivation;
only the C-terminal ATP-independent chaperone domain of Hspg0
required

7, 32

DnaKtDnM/GrpE

TfiC/Hsp70

Citrate synthase (CS)
pig heart

Results and remarks"

1. 4

GroEL/S

Prevents aggregation of chemically denatured CS and allows reactivation

8

Hsp20

Binding of denatured CS to Hsp20 complexes (Hsp25, Hsp27,
,:zB-crystallin) prevent5 aggregation and allows reactivation

9

FKBP52, p23

Tbe,'mal aggregation of CS at 43~

Hsp90, Hsp70t40

RefoIding after chemical denaturation requires HspT0/40;
stabilizes denatured GAL .in a refolding-competent state

p23, CyP40

Protection of GAL against irreversible damage during heat denaturation;
no effect on renaturation

12

a-Glucosidase (GS)
yeast

GroE, Hsp20

Binding of denatured GS to the chaperone complexes prevents
aggregation and allows reactivation

9, 14

Ornithine transcarbamylase (OTC)

GroEL/S

Productive relblding of chemically denatured OTC by the GroE. system

11

Rhodanese (R)
bovine

GroEL/S

GroE-dependent reconstitution of enzyme activity after chemical
denaturation; substrate dependent cycling of the GroELtS complex

38, 25

Green flourescent
protein (GFP)

GroEL/S

Mechanism of reactivation of chemically denatured GFP by GroE

15

Hsp20

Pea Hspl8 stabilizes MDH during thermal denaturation; 12 mols MDH
bound by one Hspl8 dodecamer

GmEL/S

Mechnism of mactiva~ion of chemically denatured MDH by the GroE
system; efficiency improved by Mr,~+ ions

15, I6,
40

DNase [
bovine

G roEL/S

ThermalIy inactivated enzyme renatures in presence of GroEL/S; use
of immobilized chaperone

51

Enolase
yeast

GroEL/S

Thermally inactivated e0zyme renatures in presence of GroEL/S; use
of immobilized chaperone

51

Tailspike protein (TP)
phage P22

GroEL/S

Chemically denatured TP bound to GroEL/S; released upon addition
of ATP; folding and trimerizatiori inhibited at 42=C

43

Pre-/3-1actamase (PrmL)

GroEL/S

Only Pre-L but not mature tbrm interacts with GroEL/S; two folding
intermediates defined

44

GroEL/S

Only non-glycosylated form of I interacts strongly with GroEL/S;
improved reactivation yield in presence of ATP

45

/J-Oalactosidase (GAL)
E. coIi

Malate dehydrogenase (MDH)
__p~g. heart

E. coti

Invertase (i)
yeast

is prevented by FKBP52 or p23
Hsp90

10
12, 13
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Reporter

Chaperones
analysed

Barnase (B)

GroEL/S

Binding of chemically denatured B to GroELtS retards reactivation
unless ATP is added

42

Maltose binding
protein (MBP)
E. coti

GroEL/S

Refolding of chemically denatured MBP needs several rounds of
binding/release; role of symmetrical GroEL/GroES complex (football
Slate)

19

Ribulose-bisphosphate
carboxylase (Rubisco)
Rhodospirium rubrum

GroEL/S

Mechanism of reactivation of chemically denatured Rubiseo by
GroEL/system; first paper on in vitro refolding of chemically denatured
Rubisco by GroEL/S and ATP

15, 16

GroEL/S
Cpu60/Cpn 10

Refolding of chemically denatured Rubisco needs Cpn60tI0 (plastidic
GroE) and ATP

17, 18

Photosystem II
Tubulin (T)
Actin (A)

Hsp20
TriC

Protection of PSII in isolated chloroplasts by lmw Hsps

54

De novo synthesis in a RL; folding needs several cycles of interaction
with 900kDa TriC complex; release of assembly-competent T from
TriC complex

20, 36

Tubulin (T)

TriC

Definition of intermediate states of T folding; 4 essential protein
cofactors identified

21

Actin

TriC, Hsp70

Folding of in vitro translated A (RL) requires sequential binding to
Hsp70 and TriC complexes; aberrant proteins degraded; actin bound
to the cenlxal cavity of TriC complex

4, 37

Insulin

Hsp90

Disruption of disulphide bonds leads to aggregation of B-chain;
suppressed in presence of Hsp90; both N-terminal and C-terminal
domains of Hsp90 effective; chaperone activity of the N-terminal
domain needs ATP and is inhibited by GA

32

Steroid hormone
receptor (HR)
Glyceraldehyde phosphate dehydrogenase

Hsp90/Hsp70,
p23, p60

In vitro assembly and maturation of HR in RL containing all components
of the Hsp90 and Hsp70 machines (see figure 3)
Pea Hspl8 stabilizes GAPDH during thermal denaturation; 12mo|s
GAPDH bound by one Hspl8 dodecamer

33, 34,
50
5

GroE, Cyp20

Renaturation of chemically denatured DHFR needs sequential action
of GroEL/S and CyP20

22

RepA

GroEL/S
CIpA, DnaKtJ

Folding of DHFR in the central cavity of the GroEL/8 complex
Dissociation of RepA dimer and subsequent DNA binding mediated
by DnaKtJ or ClpA

38
6

Catalase (C)

Hsp20

Mouse Hsp25 and ~zB-crystallin stabilize C during thermal denaturation;
formatioa of soluble chaperonetcatalase complexes

52

Carbonic anhydrase

Hsp20

c~B-Crystallin stabilizes unfolded state of CA

23

(GAPDH)
Dehydrofolate
reductase (DHFR)

Hsp20

Results and remarks~

RefJ~

(CA)

(B) Reporter systems used to analyse protein folding in vivo.
Reporter protein

Test system

Chaperones tested

ResuIts and remarks

Ref.

Firefly luciferase"
(FFL)

Arabidopsis thaliana
transgenic cell culture

Hsp90, Hsp70,
Hsp20

Thermal inactivation and reactivation in
thermotolerant ceils compared to cells
expressing individual chaperones (for results
see figure 6)

24

E. coli

DnaK/J, GroEL/S

3

Human cancer cells
(colon, breast)

Hsp90

Reactivation of thermally inactivated FFL
h, vivo needs DnaK/J and GroEL/S systems
Protection during
themal
inactivation
facilitates recovery; FFL degraded if Hsp90
activity inhibited by GA

I
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Reporter protein

Test system

Chaperones tested

Results and remarks

Rot',

Yeast

Hsp90

Use of Hsp90 ts mutant at non-permissive
temperatures;
lack of Hspg0
affects
reactivation but has no influence on de novo
synthesis or thermal inactivation of FFL

26

Yeast

i I,spl O0

Renaturation of heat damaged BI., defective
in tlspl00-dericient strains; Ilspl00 cannot
be replaced by Hsp70

27

E coti

GroEIJS

Folding of BL needs GroEL/S particularly if
synthesized at 42"C

28

fl-Galactosidase
(GAL) E. coil

Yeast

Hsp90

Use of Hspg0 ts mutant at non-permissive
tenlperaturek lack of Hsp90 has no influence
on de novo synthesis or thermal inactivation
of GAL

26

Actin (A)
Tubulin (T)

Xenopus faevis

TriC

Folding of newly synthesized actin and tubul[n
requires repeated cycles of interaction with
TriC complex

20

Actin (A)
Tubulin (T)

Yeast

TriC

Mr:rations in components of TriC complex
result in defective actinttubuiin organization
and cell division

29, 41

ppt0 "-~
(Tyr kinase)

Yeast

Hsp90

Use of Hsp90 ts mutant at non-permissive
temperatures; lack of Hspg0 causes defects
in processing (activation) of newly synthesized
pp60 ~'~'~

26, 30,
48

Raf-I (Ser/Thr
kinase)

Human cancer
cells (breast)

Hsp90

Herbimycin A treatment causes stabiI.izafion
of Raf/Hsp90 complex lIP) and subsequent
degradadon of Raf-I

1

NIH 3T3 ceils

Hsp90

GA binding to Hsp90 disrupts Raf-I/Hspg0
complex and destabilizes Raf-1; inhibition of
Raf-l-dependent signalling

47

Chloramphenicol
acetyltransferase
(CAT)

E. coti

GroEL/S

OnIy 15% of newly formed cell proteins need
interaction with GroE system lIP); CAT folds
independent',y. R needs severn cycles of
interaction with GroEL/S

3I

Hsp60 Yeast
mitochondria

Yeast

Hsp60

Yeast mitochondria[ GroE (Hsp60) needed for
iLs own assembly (analysis of yeast mutant mif4)

46

Dihydrofolale
reductase (DHFR)
vertebrate

Yeast

lisp10 (GroES)

Yeast ts mutant in mitochoodrial GroES
(Hspl0) are defective in assembly of matrix
proteins at 37~ no effect on DHFR folding

39

Steroid hormone
receptor (HR)
ppt0 ' ' ~ , vertebrate

Yeast

Hsp90, p60,
CyP40

Gene disruption or ts mutant strains of
componeels of the Hsp90 machine are
defective in maturation and processing of HR
and pp60 ....

35, 49

Bacter[al

luciferase
(BL)

oocytes

"IP, Immune precipitation; HA, GA, herbimycin and geldanamycin (ansamycin inhibitors of Hsp90 activity); RI,, reticulocyte
lysate used for in vilro translation and source of chaperones.
IJReferences: l. Schneider et at 1997; 2. Sehumacher et at 1996; 3. Schrtder et al I993; 4. Frydman and Hartl 1996; 5. Lee
et al 1997; 6. Wickner et al 1994; 7. Wiech et af 1992; 8. Buchner et al 1991; 9. Jakob et at I993; 10. Bose et af 1996;
11. Weissman el al 1995; 12. Freeman et at 1996; 13. Freeman and Morimoto 1996; 14. [I/511-Neugebauer et at 1991; Rye et
al 1997; 16. Azem et al 1995; I7. Goloubinoff et al 1989; 18. Viitanen et al 1995; 19. Spatter et al I997; 20. Fan" et al
1997; 21. Tian et al 1996; 22. Von Ahsen et at 1997; 23. Rajaraman et al 1996; 24, Forfeiter et at 1997; 25. Hayer-Hartl
et at 1996; 26. Nathan el at 1997; 27. Parsell et at 1994; 28. Escher and Szalay 1993; 29, Vine and Durban 1994; 30. Nathan
and Lindquist 1995; 31, Ewalt et at 1997; 32, Scheibel et al ]998; 33. Hutchison et al 1995; 34. Nair er al 1997; 35. Duina
et al 1996; 36. Yaffe et al 1992; 37. Marco et af 1994; 38, Mayhew et at 1996; 39. H6hfe!d and Hartl 1994; 40. Diamant
et al 1995; 41. Chen et at I994; 42. Corrales and Fersht 1996;"'43. Brunshier et al 1993; 44. Zahn and Pltickthun t992; 45.
Kern et al 1992; 46. Cheng et al 1990; 47, Schulte et af 1996; 48. Xu and Lindqu[st 1993; 49. ('hang et af 1997; 50. Dittmar
et al 1997; 51. Teshima et al 1997; 52. Hook and Harding 1997; 53. Johnson et at I998; 54. Heckathom et at 1998.
~Although firefly luciferase is a peroxisomal enzyme (Gould et al 1990), the majority of the protein remains in the cytoplasm
if expressed in foreign cells (Forfeiter et al 1997), and is therefore accessible for interaction with cytoplasmatic chaperones.
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used for efficient in vitro translation of proteins. The
application for chaperone research started with the
demonstration that steroid receptor complexes with com~
ponents of the Hspg0 and Hsp70 machines (figure 3)
can be assembled in vitro (Scherrer et al 1990, 1992;

Hutchison et aI 1992). Meanwhile, many other examples
were reported (see Nair et al 1996 and examples in
table 4, part A). The complexity ef the reticulocyte
lysate evidentIy allows experiments very close to the
cellular milieu.
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Figure 6. Influence of different chaperones on thermal denaturation and refolding of firefly luciferase.
(A) 20 min of thermal inactivation of luc[l'erase at 41~ (red background) was followed by I00 rain
recovery at 25~ (white background). Thermal stabiZity of luciferace observed in pivo is further enhanced
in the presence of endogenous chaperones (thermotolerant ceils), In these cells almost complete recovery
is observed after 100 min. Reactivation of luciferase in control ceils can be considerably improved by
overexpression of Hsp90, No protective effect is observed in cell lysate compared to samples of
commercial luciferase incubated at 41~ (A). (B) Thermal inactivation and reactivation of luciferase
in the presence of Hsp20 andtorr HspT0 chaperones9 Protoplasts were transformed with the indicated
chaperone expression p[,'tsmid 16h prior to the luciferase assay. Expression of cytosolic Hsp17-6
improves the thermal stabitity and facilitates recovery, whereas expression of Hsp70 has no effect.
Only under co-expression with Hsp20 chaperones a synergistic effect is observed and may reflect the
HspT0 mediated release and refold[ng of Iuciferace from the Hsp20 compIex.

Heat induced stress proteins

With our increasing knowledge about the specificity
and multiplicity of chaperone activities, it became more
and more mandatory to complement and verify the in
vitro investigations by results obtained in vivo (table 4,
part B). From the very beginning, yeast strains with
genetically based defects in their chaperone systems have
been vaIuabIe tools in this context. Recently, the generation of a transgenic Arabidopsis cell line expressing
high levels of firefly lueiferase was reported (Forfeiter
et al t997), The convenient genetic manipulation of this
cell tine by protoplasting and PEG-mediated transformation provides the basis for testing individual chaperones
or combinations of them in a plant cell system. IlIustrative
examples are given in figure 6. In control cells luciferase
is inactivated at 4t~
with a half-life of 6-Tmin
(figure 6A). Inactivation can be considerably delayed, if
cells are allowed to become thermotolerant by inducing
synthesis of endogenous heat stress proteins prior to
tuciferase denaturation at 4I~
In this case, the half
life of luciferase is 11 rain and renaturation after 20 min
at 41~
i s very efficient. A number of interesting
differential effects can be obtained, if control protoplasts
are transformed with chaperone expression plasmids 16 h
before the thermal inactivation of Iuciferase (for results
see figure 6B).
BasicatIy, the results with the transgenic Arabidopsis
system confim~ and extend the conclusions drawn from
in vitro tests.
Hsp70 has no measurable effect unless combined with
expression of Hsp20.
- Hsp20 proteins are not only involved in prevention
of thermal aggregation as described in vitro (Lee et
al 1997; Ehrnsperger et al 1997), but also prevent
enzyme inactivation and improve recovery, probably
as a result of interaction with other chaperone systems,
e.g., Hsp70,
- H s p 9 0 is only essential for the recovery, i.e., it
evidently keeps Iuciferase in a refolding-competent
state.
-

It wilI be decisive to analyse the biochemical differences
between the in vivo conservation of stress-damaged proLeins by the Fls.p20 vs. Hsp90. Other in vivo test systems
Iike the transgenic Arabidopsis cell line will be important
to elaborate the cellular basis of chaperone action in
general and to understand their interplay in the protein
folding network.
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