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Newly solved chaperone structures include the thermosome, a
group II chaperonin, and a small heat-shock protein. Novel
ideas on chaperone mechanism are presented in the forced
unfolding hypothesis of GroEL action. Structures of
chaperone–pilin complexes reveal the mechanism of
chaperone interaction in bacterial pilus assembly and there
have been major advances in understanding the structure and
function of Hsp100 unfoldases. 
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Abbreviations
DHFR dihydrofolate reductase
EM electron microscopy
Hsp heat-shock protein
MDH malate dehydrogenase
NSF N-ethylmaleimide sensitive factor
PDB Protein Data Bank
sHsp small Hsp

Introduction
This year marks a great loss to the molecular chaperone
field and to many other important areas of structural biolo-
gy, with the recent death of Paul Sigler. His enormous
contributions to the understanding of chaperonins under-
lie much of the work reviewed here and elsewhere.

In this review, advances in studies on several different
types of molecular chaperone and new insights resulting
from recent structural work will be discussed. Its purpose
is to survey recent highlights, not to provide a full bibli-
ography. For those wanting more complete coverage,
there are many recent reviews on chaperonins and cellular
protein folding [1–8]. 

The remarkable mechanism of the GroEL–GroES chaper-
onin system, a ubiquitous and essential protein folding
machine, is gradually becoming more clearly understood.
The chaperonin oligomer forms a large, double-chambered
structure, in which folding polypeptides are first bound to
hydrophobic sites, then trapped inside a closed,
hydrophilic chamber as the chaperonin changes conforma-
tion during its ATPase cycle. Structural, kinetic and
mutagenesis studies reveal how the chaperonin binds and
hydrolyses ATP, but it is still not known how the
nucleotide cycle orchestrates the dramatic movements
involved in its different phases of action. Structural, spec-
troscopic and biochemical results reveal tantalising
glimpses of how peptides and non-native proteins bind to

the chaperonin, but there is no complete view of the con-
formation of a bound protein and details of the crucial
steps at the moment of release remain obscure. The struc-
tures of a group II chaperonin and a small heat-shock
protein (sHsp) open up new avenues of enquiry, but do not
yet explain their mechanisms of action. In contrast to these
nonspecific chaperones, pilin subunit–chaperone complex-
es reveal highly specific interactions in the assembly of
bacterial pili. The Hsp100/Clp chaperones, members of
the large AAA ATPase superfamily, have a global unfolding
activity and are able to rescue proteins from aggregates, in
cooperation with the Hsp70 system. The first Hsp100
structure has just appeared.

Allosteric interactions in GroEL
The structural framework of chaperonins is provided by
two rings of equatorial domains placed back-to-back, form-
ing the most rigid part of the barrel-shaped oligomer [9–12]
(Figure 1a). The intermediate and apical domains, which
extend axially from the equatorial rings, are more mobile,
but movements within a ring are concerted. Steady-state
kinetic analysis revealed a hierarchical organisation, with
positive cooperativity for ATP binding within rings, but
negative cooperativity between rings [13]. Recent tran-
sient kinetic studies using the Phe44Tryp mutant to
provide a fluorescent reporter group have shown that the
nested cooperativity mechanism also applies to the ATP-
induced conformational changes in GroEL [14•]. Another
study using tryptophan mutants examined more rapid
structural transitions induced by ATP binding and sug-
gested that there are several distinct phases of
conformational change [15•]. The kinetic findings are con-
sistent with cryo-electron microscopy (cryo-EM) studies
showing multiple conformations for different nucleotide
states [11]. The multistep transition to the ATP-bound
state led to the suggestion that the ATP-induced release of
non-native protein substrate from the binding sites is
staged, so that there is still some binding surface to retain
the substrate until GroES is bound and the cavity is
capped [15•]. The effects of GroEL cooperativity on pro-
tein folding rates have recently been examined [16•]. This
was done by comparing the folding rates of mouse dihy-
drofolate reductase (DHFR) and mitochondrial malate
dehydrogenase (MDH) in the presence of various GroEL
mutants with altered cooperativities. The fast folding of
DHFR is slowed down by increased positive cooperativity,
as bound states of the protein are favoured. The slower,
GroES-dependent MDH folding rate is largely indepen-
dent of negative cooperativity, suggesting that the rate of
encapsulation is fast relative to the rate of MDH folding.

Molecular dynamics simulations of the normal modes of
vibration in GroEL probe the intrinsic flexibility of the sub-
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unit, providing an interesting view of the allosteric transitions
[17•]. Simulations confirm that hinge bending and domain
twisting, rather than relative motion between subunits,
underlie the allosteric transitions. The results are compatible
with the range of hinge angles seen in the different crystal
structures and in cryo-EM studies. Relative tilting of the
equatorial domains could account for the transmission of con-
formational signals between the rings. The effect of ATP
binding is to decrease the flexibility of the equatorial
domains, but to increase that of the other domains.

GroEL–substrate interactions
Figure 1 summarises the main steps in the GroE–substrate
interaction. The apo-GroEL [9] and ADP-bound states
(dark grey) are acceptor states, which have a higher affini-
ty for non-native substrate. The substrate (black) is bound
to hydrophobic sites on the apical domains, which sur-
round the mouth of the cavity (Figure 1a). ATP binding
(light grey) causes substrate release; the binding and
release interaction is sufficient to fold some proteins.
Binding to the hydrophobic sites may unfold kinetically
trapped, misfolded substrates, which have a fresh chance
to fold correctly upon each release [18,19]. A schematic
diagram of the full GroEL–GroES system is shown in
Figure 1b. In this case, the acceptor state is the open end
of the GroEL–GroES–ADP complex (dark grey, with
black substrate). Subsequent binding of ATP and GroES
displaces the substrate from the hydrophobic binding sites
and traps it inside the hydrophilic folding chamber (light
grey), which is capped by GroES. The crystal structure of
the bullet-shaped complex GroEL–GroES–ADP7
revealed details of the domain movements that underlie
the trapping mechanism [12]. In addition to their 60°
extension towards the GroES ring, the apical domains of
GroEL twist by 90° in the plane of the ring. This twist
relocates the hydrophobic binding sites from their original
position lining the cavity to a buried position between
adjacent subunits or bound to GroES, thus removing the
binding sites from the substrate. During the approximate-
ly 15 s of the ATPase cycle, the released protein subunit
has a chance to fold inside the closed cavity. ATP hydroly-
sis followed by a new round of ATP binding in the
opposite ring is required before the GroES is released,
allowing the escape of the folded subunit.

It is clear that the back-to-back interaction between the
two rings of GroEL plays a critical role [20,21]. A kinetic
and structural study using fluorescence resonance energy
transfer and cryo-EM [22•] has shown the ordered
sequence of interactions between GroE complexes and
substrates. Substrates first bind to the open ring of a
GroEL–GroES–ADP complex. As described above, ATP
and GroES binding serves to encapsulate the bound sub-
strate. In addition, the bound ATP discharges the ligands
(GroES and nucleotide substrate) from the opposite ring,
which adopts a relatively closed and somewhat twisted ori-
entation, restricting access to the hydrophobic sites [22•].
No new ligands bind to the opposite ring until the ATP is
hydrolysed. When the ATP is hydrolysed, the open ring
changes conformation to a more open state, with the bind-
ing sites more accessible, and a new substrate can be
bound before the encapsulated one is released. The sec-
ond substrate is shown in Figure 1b in light grey. One
aspect that is not understood in structural terms is the exis-
tence of fast and slow pathways for GroES release [22•].
The binding of a new substrate to the open ring of the
ADP-bound bullet complex accelerates GroES release,
changing the rate-limiting step from GroES  release to
ATP hydrolysis.
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Figure 1

The functional cycle of chaperonins. (a) On the left is GroEL, with high
affinity for non-native protein and, on the right, GroEL–ATP, with low
affinity for non-native protein. ATPase activity sets up cycles of binding
and release. A, apical domain; E, equatorial domain. (b) ATPase cycle
with GroEL, GroES (ES) and folding protein substrates.
GroEL–GroES–ADP is the acceptor state for non-native protein.
Subsequent ATP and GroES binding will encapsulate the protein.
GroEL–GroES–ATP is the folding-active state. GroES binding
alternates between rings and GroES release is stimulated by ATP
binding to the opposite ring. Acceptor states are shown in dark grey
and release states in light grey. The substrate is black and the second
substrate in the full complex (b) is pale grey.
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There has also been further progress on understanding the
nature of peptide binding to GroEL. Chatellier et al. [23•]
and Chen and Sigler [24•] have used phage display
libraries to characterise peptides that bind to the isolated
apical domain. In all these cases, the peptides bound with
a similar interaction to that of the GroES mobile loop. The
family of peptides bound on the apical domain surface in a
hydrophobic groove formed by helices H and I, which face
upwards in the GroES-bound conformation. A common
feature is the packing of a hydrophobic peptide sidechain
into a cavity, but there are also polar interactions. There are
small local adaptations of the apical domain conformation
to the different peptides, but the peptides themselves can
have extended, β or α conformations [23•,25,26]. The helix
H/I binding site is likely to be only part of the story, how-
ever, as an earlier mutagenesis study [27] mapped out a
larger area of hydrophobic residues involved in substrate
binding, including loop 199–204, which is deeper inside
the GroEL cavity. Therefore, the structural information
available so far covers only GroES-like binding. An inter-
esting speculation based on a transient kinetic study [15•]
is that this loop region may be involved in anchoring sub-
strates after the initial interaction with ATP, until the
cavity is sealed by GroES. 

The diversity of protein folds that interact with GroEL in
Escherichia coli has been described using 2D gel elec-
trophoresis and mass spectrometry to identify 52
GroEL-bound proteins, out of the 10% of E. coli cytoplas-
mic proteins that were trapped on GroEL by EDTA
treatment and cell lysis [28]. There was a preponderance of
α-β and α-β-α sandwich folds, but it is not known whether
these substrates are strictly dependent on the GroE system
for their folding. 

Does GroEL stretch proteins on the rack?
A critical event in GroEL–substrate interaction is ejec-
tion from the binding sites. It has been proposed that

binding itself can cause some unfolding, by the exchange
of intramolecular hydrophobic contacts with intermolecu-
lar ones [18,29,30], but different substrates appear to bind
with different degrees of unfolding and there is no gen-
eral agreement on this point. A very interesting
hypothesis has been advanced, proposing mechanical
unfolding of a substrate bound to several apical domains
as they move apart during ATP and GroES binding. The
hypothesis is supported by the finding that substrate
interaction with GroEL–GroES–ATP (or AMPPNP)
causes almost full backbone hydrogen exchange for mis-
folded Rubisco, implying that the interaction involves an
unfolding step [31••]. Without the GroE interaction, the
protected amides exchange on a much slower timescale.
A single round of interaction (ATPase half-time ~15 s) is
sufficient for unfolding and the kinetic measurements are
compatible with full unfolding during each round of
interaction. Figure 2 shows the start and end positions of
the hydrophobic binding sites in the crystal structure of
GroEL–GroES–ADP. The transition from the open ring
to the GroES-bound state results in a greater separation
of the binding sites, so that a substrate that is bound
simultaneously to two or more sites will experience
mechanical stress. Shtilerman et al. [31••] propose that
this movement can mechanically unfold the bound sub-
strate. Once released into the hydrophilic cavity, it has a
fresh chance to find the correct fold during each round of
interaction. Recent work from the Horwich laboratory
provides direct evidence that substrates such as Rubisco
bind to multiple sites. Farr et al. [32••] constructed a sin-
gle gene containing all seven subunits of a GroEL ring in
tandem and mutated binding site residues to selectively
inactivate particular apical domains. This tour de force of
genetic engineering reveals that a minimum of three
adjacent functional binding sites are required for viabili-
ty and for in vitro folding of Rubisco, a substrate that is
strictly dependent on GroEL, GroES and ATP for 
its folding.

Molecular chaperones Saibil    253

Figure 2

Mechanical unfolding on E. coli GroEL. (a) The
open ring of the GroEL–GroES–ADP complex
seen from the outside of the complex ([12];
PDB code 1AON). The hydrophobic binding
residues [27] are shown in space-filling format.
A schematic polypeptide chain is bound to
three adjacent subunits. (b) The GroES-bound
GroEL ring, seen from the GroES position. The
binding sites are buried and more widely
separated. The bound chain is released, but
has been extended by the movement of the
sites. Figures 2–6 were produced with
BOBSCRIPT and RASTER3D [61–63].
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Group II chaperonins have a built-in lid
Another recent advance in studying chaperonin structure
has come from the crystal structure of the complete ther-
mosome, a 16-subunit group II chaperonin [33••,34].
The structure solves the long-standing puzzle about the
lack of a GroES homologue for group II chaperonins.
Instead of a separate lid protein, extensions of the apical
domains [35] join up to form a built-in lid. The rest of
the fold is very similar to that of GroEL, despite the lack
of sequence homology in the apical domains. The simi-
larities extend to the aspartate in the intermediate
domain that inserts into the ATP-binding site. The sub-
unit conformations are compared in Figure 3. A
surprising difference in the oligomer structures is that
the thermosome subunits are in register across the inter-
ring interface, unlike GroEL, which has a staggered
arrangement. This is likely to affect the allosteric prop-
erties, which are not well understood for group II
chaperonins. The crystal structures only show the fully
closed form, a flattened structure equivalent to the
GroES–GroEL–GroES ‘football’ complex. Electron
microscopy studies of archaeal forms of group II chaper-
onins have revealed an open form [36] and a
bullet-shaped form, in addition to fully closed and fully
open forms [37]. In the case of the eukaryotic cytosol
chaperonin CCT, electron microscopy studies show
some asymmetry induced by ATP binding [38].

Small heat-shock proteins — a shell, but not
a container?
The sHsps comprise a more diverse family of molecular
chaperone than the chaperonins. They are mostly
oligomeric assemblies, with a conserved N-terminal
domain related to a domain from the eye lens protein α-
crystallin. They stabilise non-native proteins and prevent
their aggregation, but probably release them to other chap-
erone systems for refolding when heat or other cellular
stress conditions are relieved. They have a high capacity
for protein binding. In the eye lens, α-crystallin is thought
to protect other lens proteins from aggregation over the
lifetime of the animal. αB-crystallin is also widespread in
other tissues and is associated with stress, for example, in
heart muscle and in neural tissue that is undergoing degen-
erative changes. α-Crystallin forms very polydisperse and
disordered assemblies, but the overall structure was shown
to be a hollow shell by cryo-EM [39]. The crystal structure
of archaeal Hsp16.5 has been determined and reveals a sta-
ble hollow shell with an octahedral arrangement of 24
subunits [40••]. Hsp16.5 consists mainly of the α-crystallin
domain, which is shown to have an immunoglobulin fold
(Figure 4). An ANS-binding site that is likely to be
involved in substrate binding [41] is partly exposed on the
surface, but it is not obvious from the structure how the
substrate is bound. The volume enclosed inside the shell
is too small to account for the amount of protein that can
be bound by other sHsps. Recent work on yeast Hsp26
shows that it dissociates into dimers at heat-shock temper-
atures, which reassemble into a completely reorganised,
larger complex in the presence of denatured protein [42]. 

Immunoglobulin fold chaperones
In the Hsp16.5 assembly, subunit dimers exchange
β strands at the edge of one β sheet (Figure 5a). This inter-
action may contribute to the order and stability of this
sHsp, but this part of the sequence is not well conserved.

The Hsp16.5 dimer bears an interesting relationship to a
different type of chaperone, that involved in the assem-
bly of bacterial pili, for which the chaperone appears to
be completely specific to its pilin substrate. The
periplasmic chaperones PapD and FimC stabilise and
transport subunits of their respective bacterial pili, until
their export across the outer membrane and insertion
into the pilus structure. Pili are surface projections
responsible for host recognition and adhesion of bacteria.
The Pap and Fim systems have an important role in uri-
nary tract infections. These chaperones were known to
have immunoglobulin folds [43,44], but two recent
papers present a significant advance. They both report
the structure of the full chaperone–substrate complex
[45••,46••] (Figure 5b). Although the two structures are
differently arranged, in both cases the chaperone
donates an edge strand to a pilin subunit, which also has
an immunoglobulin fold. Without the donated strand,
the pilin subunits have an exposed hydrophobic core and
are unstable. 
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Figure 3

Comparison of group II and group I chaperonin subunits. (a) One
subunit of the thermosome, the archaeal group II chaperonin ([33••];
PDB code 1A6D). (b) Subunit of GroEL with a bound GroES
(darker shading) [12]. There is a clear relationship between the
folds of the three domains in each of the two structures, but they
have somewhat different orientations for the intermediate domain.
The apical domain extension (top) of the thermosome subunit plays
an equivalent role to GroES.
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Upon assembly into the pilus rod, each pilin subunit pro-
vides the donor strand for its neighbour from a piece of
disordered chain that is homologous to the chaperone
donor strand. Curiously, the donated strand from the chap-
erone is parallel to the adjacent strand, unlike the
complete immunoglobulin topology. For the assembled
pilus, an assembly with antiparallel strand exchange gives
a model that fits very well with the pilus dimensions seen
by EM [47]. This chaperone mechanism, with its specific
recognition, resembles the specific assembly of the sHsp
subunits and is in marked contrast to the nonspecific
promiscuous nature of chaperone–substrate recognition
typical of Hsps such as Hsp70, GroEL and sHsps.

Unfoldases to the rescue
The Hsp100/Clp chaperones are members of a wider fam-
ily, the AAA ATPases, with a broad spectrum of interesting
functional properties [48,49,50•]. They have one or two
nucleotide-binding domains containing the Walker A and
B nucleotide-binding sequences and are typically hexam-
eric rings. Unique among chaperones, they can rescue
previously aggregated proteins, in cooperation with the
cognate Hsp70 system [51•,52•], or can cause global
unfolding of even a stably folded protein if it is tagged with
the correct recognition sequence [53•]. Other members of
this family have unwinding or protein dissociation roles,
such as the DNA helicases, the clamp-loader subunit of a
DNA polymerase complex and proteins involved in vesicle
fusion, such as N-ethylmaleimide sensitive factor
(NSF) [49,50•]. 

Hsp100 chaperones are often found in association with a
protease ring, as in the ClpA (chaperone)–ClpP (protease)
complex, analogous to the proteasome. The complex is a
stack of four rings, with the double-ring protease in the
middle, flanked by an ATPase ring at either end. It is
thought that the substrate is first unfolded by a chaperone
ring and then passed to the protease. A cryo-EM structure
of the ClpA–ClpP complex shows symmetry mismatch,
whereby ClpA is a hexameric ring and ClpP is a heptamer,
suggesting a rotary mechanism for substrate translocation
[54•]. If the green fluorescent protein, which has a very sta-
ble fold, is C-terminally tagged with the 11-residue
recognition sequence, it is fully unfolded by ClpA and
ATP [53•]. If ClpP is present, it is fully degraded.

Otherwise, it is released back into solution into an equilib-
rium with the refolded protein. 

The crystal structure of one of the NSF nucleotide-bind-
ing domains, responsible for hexamerisation, shows a
wedge-shaped αβα domain with a projecting α-helical
region [55•,56•]. The first Hsp100 structure from this fam-
ily, that of protease-associated HslU (with one AAA
module), has just appeared [57••] (Figure 6). In this case,
both the chaperone (HslU is presumed to be a chaperone
by analogy with other family members) and the protease
(HslV) rings in the complex have sixfold symmetry. The
HslU α-helical domain is larger than in the NSF domain
and is connected to the wedge-shaped N-terminal domain
by a flexible hinge adjacent to the nucleotide-binding site.
The hinge is more closed in the presence of bound
nucleotide. An inserted α-helical region (the I domain)
forms a long extension from the nucleotide-binding
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Figure 4

The 24-subunit shell of the Methanococcus jannaschi sHsp Hsp16.5,
seen along the fourfold axis ([40••]; PDB code 1SHS). The subunits at
the back of the shell are shown with darker shading. 

Figure 5

A comparison of strand interactions in
immunoglobulin fold chaperones. (a) The
Hsp16.5 dimer [40••], showing the edge
strand exchange between subunit dimers.
(b) The E. coli PapD–PapK complex ([45••];
PDB code 1PDK), showing the edge strand
donation by the chaperone PapD (lighter
shading) to the pilin subunit PapK (darker
shading).
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domain and this extension forms slender contacts to HslV.
Comparison with a negative-stain EM study suggests that
there may also be other modes of binding between HslU
and HslV [58]. In the free HslU crystal forms, not all the
nucleotide sites are occupied and the observation of alter-
nate subunits with bound ligand suggests possible
negative cooperativity of nucleotide binding. In the
HslV–HslU complex, all the subunits have bound ligand.

Yeast Hsp104 is involved in thermotolerance and is
required for the generation of the yeast prion [PSI+] [59],
presumably by producing partially unfolded Sup35, which
can then assemble into prion fibrils. Prion formation is
inhibited by high levels of Hsp104, perhaps because the
equilibrium is shifted towards unfolding at the expense of
fibril formation. Rescue operations in heat-stressed yeast
are performed by the combination of Hsp104 with Hsp70
and Hsp40 [51•]. In E. coli, a similar activity is found for
ClpB acting in association with the Hsp70 system (DnaK,
DnaJ and GrpE) [52•]. A recent analysis of the proteins
that are dependent on this system in heat-stressed E. coli
cells reveals a preponderance of larger proteins that would
not fit inside the GroEL–GroES chamber [60].

Conclusions
In summary, there have been new developments in under-
standing the GroE chaperonin system, still one of the best
understood of the general molecular chaperones. The mul-
tiple binding and unfolding of protein substrate, along
with the large hinge rotations, has led to the intriguing
proposal of mechanical unfolding as part of the mecha-
nism. The strand donation and exchange mechanism of
the specific chaperones of the bacterial pilus provide a
strong contrast to the nonspecific chaperone mechanisms.
Finally, novel functions of chaperones belonging to the
emerging superfamily of AAA ATPases include substantial
unfolding and solubilisation of aggregated proteins, rather

than folding. The idea of mechanical unfolding is also
plausible for the Hsp100 chaperones, as they are also ring
ATPases in which the nucleotide is expected to cause con-
formational changes [50•]. However, they exhibit a reverse
action to GroEL in the sense that it is native proteins that
are recognised (by the tag sequence) and these are unfold-
ed (pulled apart?) by the chaperone ATPase cycle.

Acknowledgements
I thank the Wellcome Trust and BBSRC for support, and Neil Ranson, Art
Horwich, Amnon Horovitz, Matthias Bochtler and Trevor Sewell for
comments on the manuscript.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Hartl FU: Molecular chaperones in cellular protein folding. Nature
1996, 381:571-580.

2. Sigler PB, Xu Z, Rye HS, Burston SG, Fenton WA, Horwich AL:
Structure and function in GroEL-mediated protein folding. Annu
Rev Biochem 1998, 67:581-607.

3. Bukau B, Horwich AL: The Hsp70 and Hsp60 chaperone machines.
Cell 1998, 92:351-366.

4. Ranson NA, White HE, Saibil HR: Chaperonins. Biochem J 1998,
333:233-242.

5. Braig K: Chaperonins. Curr Opin Struct Biol 1998, 8:159-165. 

6. Horovitz A: Structural aspects of GroEL function. Curr Opin Struct
Biol 1998, 8:93-100.

7. Bukau B (Ed): Molecular Chaperones and Folding Catalysts.
Regulation, Cellular Function and Mechanisms. Amsterdam:
Harwood Academic Publishers; 1999.

8. Ellis RJ, Hartl FU: Principles of protein folding in the cellular
environment. Curr Opin Struct Biol 1999, 9:102-110.

9. Braig K, Otwinowski Z, Hegde R, Boisvert DC, Joachimiak A,
Horwich AL, Sigler PB: The crystal structure of the bacterial
chaperonin GroEL at 2.8 Å resolution. Nature 1994, 371:578-586.

10. Chen S, Roseman AM, Hunter AS, Wood SP, Burston SG, Ranson NA,
Clarke AR, Saibil HR: Location of a folding protein and shape

256 Macromolecular assemblages

Figure 6

The structure of an AAA ATPase. The
hexameric Hsp100 HslU ([57••]; PDB code
1DOO) has three domains. The N and C
domains, connected by a flexible hinge region,
are related to domains in previously determined
AAA modules, such as the NSF oligomerisation
domain. (a) End view of the N and C domains
in the hexamer. (b) Side view of a complete
subunit, showing the I domain extending
downwards. The ATP is black and in space-
filling format. In this crystal form, four subunits
have bound nucleotide. The N domain contains
the nucleotide-binding site and forms the main
body of the hexameric ring. In the N domain, a
long insertion forms the mainly helical I domain.
Residues 175–209 in the I domain are
disordered and are not shown. The I domain
contacts the HslV protease ring, which would
be below the HlsU in side view (b).

sba217.qxd  03/27/2000  12:41  Page 256



changes in GroEL-GroES complexes imaged by cryo-electron
microscopy. Nature 1994, 371:261-264.

11. Roseman AM, Chen S, White H, Braig K, Saibil HR: The chaperonin
ATPase cycle: mechanism of allosteric switching and movements
of substrate-binding domains in GroEL. Cell 1996, 87:241-251.

12. Xu Z, Horwich AL, Sigler PB: The crystal structure of the
asymmetric GroEL-GroES-(ADP)7 chaperonin complex. Nature
1997, 388:741-750.

13. Yifrach O, Horovitz A: Nested cooperativity in the ATPase activity of
the oligomeric chaperonin GroEL. Biochemistry 1995, 
34:5303-5308.

14. Yifrach O, Horovitz A: Transient kinetic analysis of adenosine
• 5′′-triphosphate binding-induced conformational changes in the

allosteric chaperonin GroEL. Biochemistry 1998, 37:7083-7088.
A tryptophan reporter was used to demonstrate that protein conformational
changes follow the nested positive/negative cooperativity scheme proposed
earlier on the basis of steady-state studies of ATP binding [13].

15. Cliff MJ, Kad NM, Hay N, Lund PA, Webb MR, Burston SG, Clarke AR:
• A kinetic analysis of the nucleotide-induced allosteric transitions

of GroEL. J Mol Biol 1999, 293:667-684.
The use of a different tryptophan reporter and faster kinetics measurements
demonstrates a series of conformational changes and suggests the pres-
ence of intermediate states during ATP and GroES binding, and substrate
release.

16. Yifrach O, Horovitz A: Coupling between protein folding and
• allostery in the GroE chaperonin system. Proc Natl Acad Sci USA

2000, 97:1521-1524.
The effects of positive and negative cooperativity on the GroEL-assisted
folding rates of two proteins were measured using a set of previously char-
acterised GroEL mutants with altered cooperativities. Strong intra-ring pos-
itive cooperativity slows the folding of a fast folder that is not dependent on
GroES, by slowing the allosteric transition leading to substrate release.
Strong negative cooperativity also slows its folding in the absence of GroES,
but accelerates it in the presence of GroES. These results are attributed to
effects on the kinetic partitioning between folding in solution or inside the
complex. For a slower folding substrate that is dependent on GroES, folding
rates are largely independent of cooperativity, as folding only takes place
inside the complex. The work demonstrates the balance achieved by the
GroE mechanism to allow the efficient folding of diverse substrates.

17. Ma J, Karplus M: The allosteric mechanism of the chaperonin
• GroEL: a dynamic analysis. Proc Natl Acad Sci USA 1998,

95:8502-8507.
A novel molecular dynamics approach was used to investigate vibrational
modes of the GroEL subunit and inter-ring interface. Hinge rotations and
domain twisting are shown to arise from the intrinsic flexibility of the subunits.
The results are compatible with structural studies and reinforce the idea that
the allosteric movements occur about hinges within the subunits, rather than
being relative motions between subunits, as previously described for classi-
cal allosteric systems.

18. Todd MJ, Viitanen PV, Lorimer GH: Dynamics of the chaperonin
ATPase cycle: implications for the mechanism of assisted protein
folding. Science 1994, 265:659-666.

19. Weissman JS, Kashi Y, Fenton WA, Horwich AL: GroEL-mediated
protein folding proceeds by multiple rounds of binding and
release of non-native forms. Cell 1994, 78:693-702.

20. Rye HS, Burston SG, Beechem JM, Xu Z, Sigler PB, Horwich AL:
Distinct actions of cis and trans ATP binding within the double
ring of the chaperonin GroEL. Nature 1997, 388:792-798.

21. Kad NM, Ranson NA, Cliff MJ, Clarke AR: Asymmetry, commitment
and inhibition in the GroE ATPase cycle impose alternating
functions on the two GroEL rings. J Mol Biol 1998, 278:267-278.

22. Rye HS, Roseman AM, Chen S, Furtak K, Fenton WA, Saibil HR,
• Horwich AL: GroEL-GroES cycling: ATP and non-native

polypeptide direct alternation of folding-active rings. Cell 1999,
97:325-338. 

This very detailed fluorescence energy transfer study, coupled with cryo-
electron microscopy, shows an ordered sequence of substrate interactions
with the alternating acceptor and folding rings of the GroE complexes.

23. Chatellier J, Buckle AM, Fersht AR: GroEL recognises sequential
• and non-sequential linear structural motifs compatible with

extended ββ-strands and αα-helices. J Mol Biol 1999,
292:163-172.

A set of peptides that bind to the isolated apical domain of GroEL was gen-
erated by random mutagenesis of the binding surface of the fungal enzyme
cellobiohydrolase I. Seven discontinuous residues bind in a similar manner
as the GroES mobile loop and as the previously studied binding peptide

from an N-terminal tag. The positions of binding residues are compatible with
extended, α or β conformations.

24. Chen L, Sigler PB: The crystal structure of a GroEL/peptide
• complex: plasticity as a basis for substrate diversity. Cell 1999,

99:757-768.
Phage display was used to generate peptides that bind strongly to the iso-
lated apical domain of GroEL from random 12-mers. The crystal structure of
the tightest complex was determined and the complex of 14 copies of the
peptide bound to intact GroEL was crystallised and partially refined.
Adjustments of the apical domain conformation to the bound peptide were
observed when comparing the different peptide complexes.

25. Buckle AM, Zahn R, Fersht AL: A structural model for GroEL-
peptide recognition. Proc Natl Acad Sci USA 1997, 94:571-575.

26. Kobayashi N, Freund SMV, Chatellier J, Zahn R, Fersht AR: NMR
analysis of the binding of a rhodanese peptide to a
minichaperone in solution. J Mol Biol 1999, 292:181-190.

27. Fenton WA, Kashi Y, Furtak K, Horwich AL: Residues in the
chaperonin GroEL required for polypeptide binding and release.
Nature 1994, 371:614-619.

28. Houry WA, Frishman D, Eckerskorn C, Lottspeich F, Hartl FU:
Identification of in vivo substrates of the chaperonin GroEL.
Nature 1999, 402:147-154. 

29. Jackson GS, Staniforth RA, Halsall DJ, Atkinson T, Holbrook JJ,
Clarke AR, Burston SG: Binding and hydrolysis of nucleotides in
the chaperonin catalytic cycle – implications for the mechanism
of assisted protein folding. Biochemistry 1993, 32:2554-2563.

30. Zahn R, Perrett S, Fersht AR: Conformational states bound by the
molecular chaperones GroEL and SecB: a hidden unfolding
(annealing) activity. J Mol Biol 1996, 261:43-61.

31. Shtilerman M, Lorimer GH, Englander SW: Chaperonin function:
•• folding by forced unfolding. Science 1999, 284:822-825.
Hydrogen exchange was monitored in a protein interacting with the
GroEL–GroES–ATP system, showing that the interaction causes substantial
unfolding. The results are used to support the idea of mechanical unfolding
caused by the spatial separation of GroEL binding sites during the hinge
rotations leading to GroES binding.

32. Farr GW, Furtak K, Rowland MB, Ranson NA, Saibil HR, Kirchhausen T,
•• Horwich AL: Multivalent binding of non-native substrate proteins

by the chaperonin GroEL. Cell 2000, 100:561-573.
All seven subunits of a GroEL ring were expressed as one chain and shown
to dimerise into a relatively functional assembly. Full function is obtained if
the connected N and C termini are proteolytically cleaved. In combination
with mutations that inactivate substrate binding by apical domains, this con-
struct was used to test the number and arrangement of functional domains
necessary for GroE function. Three adjacent functional domains appear to
be the minimum required.

33. Ditzel L, Löwe J, Stock D, Stetter KO, Huber H, Huber R, Steinbacher S:
•• Crystal structure of the thermosome, the archaeal chaperonin and

homolog to CCT. Cell 1998, 93:125-138.
The structure of the thermosome 16-mer reveals how the long protrusion on
the apical domains joins up to form a built-in lid, replacing the function of
GroES. Another surprise is the interface between the two rings, which has a
different arrangement from that in GroEL. Despite the presence or absence
of various nucleotides, only a fully closed form is observed in the crystals. 

34. Gutsche I, Essen LO, Baumeister W: Group II chaperonins: new
TRiC(k)s and turns of a protein folding machine. J Mol Biol 1999,
293:295-312. 

35. Klumpp M, Baumeister W, Essen LO: Structure of the substrate
binding domain of the thermosome, an archaeal group II
chaperonin. Cell 1997, 91:263-270.

36. Nitsch M, Walz J, Typke D, Klumpp M, Essen L-O, Baumeister W:
Group II chaperonin in an open conformation examined by
electron tomography. Nat Struct Biol 1998, 5:855-857.

37. Schoehn G, Quaite-Randall E, Jimenez JL, Joachimiak A, Saibil HR:
Three conformations of an archaeal chaperonin, TF55 from
Sulfolobus shibatae. J Mol Biol 2000, 296:813-819.

38. Llorca O, Smyth MG, Carrascosa JL, Willison KR, Radermacher M,
Steinbacher S, Valpuesta JM: 3D reconstruction of the ATP-bound
form of CCT reveals the asymmetric folding conformation of a
type II chaperonin. Nat Struct Biol 1999, 7:639-642.

39. Haley DA, Horwitz J, Stewart PL: The small heat-shock protein,
ααB-crystallin, has a variable quaternary structure. J Mol Biol 1998,
277:27-35.

Molecular chaperones Saibil    257

sba217.qxd  03/27/2000  12:41  Page 257



40. Kim KK, Kim R, Kim SH: Crystal structure of a small heat-shock
•• protein. Nature 1998, 394:595-599.
The first structure of a member of the α-crystallin family reveals an
immunoglobulin fold for the conserved domain. This archaeal small heat-
shock protein from Methanococcus jannaschi is a hollow shell of 24 sub-
units with octahedral symmetry.

41. Lee GJ, Roseman AM, Saibil HR, Vierling E: A small heat shock
protein stably binds heat-denatured model substrates and can
maintain a substrate in a folding-competent state. EMBO J 1997,
16:659-671.

42. Haslbeck M, Walke S, Stromer T, Ehrnsperger M, White HE, Chen S,
Saibil HR, Buchner J: Hsp26: a temperature-regulated chaperone.
EMBO J 1999, 18:6744-6751.

43. Holmgren A, Branden CI: Crystal structure of chaperone protein
PapD reveals an immunoglobulin fold. Nature 1989, 342:248-251.

44. Pellechia M, Güntert P, Glockshuber R, Wüthrich K: NMR solution
structure of the periplasmic chaperone FimC. Nat Struct Biol
1998, 5:885-890.

45. Sauer FG, Fütterer K, Pinkner JS, Dodson KW, Hultgren SJ, Waksman G:
•• Structural basis of chaperone function and pilus biogenesis.

Science 1999, 285:1058-1061.
See annotation to [46••].

46. Choudhury D, Thompson A, Stojanoff V, Langermann S, Pinkner J,
•• Hultgren SJ, Knight SD: X-ray structure of the FimC-FimH

chaperone-adhesin complex from uropathogenic Escherichia coli.
Science 1999, 285:1061-1065.

Two papers [45••,46••] report chaperone–substrate complexes with two dif-
ferent forms of bacterial pilin. Although the structures are somewhat different,
they both reveal a new mechanism of chaperone action. The immunoglobulin
fold of the substrate is missing an edge strand, exposing its hydrophobic
core. The chaperone donates an edge strand and accompanies the pilin to
the outer membrane, where it is exported to form the growing pilus. In the
pilus assembly, each pilin supplies an edge strand to its neighbour.

47. Bullit E, Makowski L: Structural polymorphism of bacterial
adhesion pili. Nature 1995, 373:164-167.

48. Schirmer EC, Glover JR, Singer MA, Lindquist S: Hsp100/Clp
proteins: a common mechanism explains diverse functions.
Trends Biochem Sci 1996, 21:289-296.

49. Patel S, Latterich M: The AAA team: related ATPases with diverse
functions. Trends Cell Biol 1998, 8:65-71.

50. Neuwald AF, Aravind L, Spouge JL, Koonin EV: AAA+: a class of
• chaperone-like ATPases associated with the assembly, operation

and disassembly of protein complexes. Genome Res 1999, 9:27-43.
An extremely useful review that defines a large protein family with extremely
diverse membership.

51. Glover JR, Lindquist S: Hsp104, Hsp70 and Hsp40: a novel
• chaperone system that rescues previously aggregated proteins.

Cell 1998, 94:73-82.
See annotation to [52•].

52. Goloubinoff P, Mogk A, Peres Ben Zvi A, Tomoyasu T, Bukau B:
• Sequential mechanism of solubilization and refolding of stable

protein aggregates by a bichaperone network. Proc Natl Acad Sci
USA 1999, 96:13732-13737.

Two papers [51•,52•] report a mechanism for rescuing protein from aggre-
gates involving the cooperation of two ATP-dependent chaperone systems
– the Hsp100/Clp family solubilises the aggregated protein and releases it
in a state that can be refolded by the Hsp70 system. The first case is demon-
strated in yeast and the second study is in E. coli.

53. Weber-Ban EU, Reid BG, Miranker AD, Horwich AL: Global
• unfolding of a substrate protein by the Hsp100 chaperone ClpA.

Nature 1999, 401:90-93.
A remarkable demonstration of the unfolding ability of a bacterial Hsp100
controlled by a specific recognition sequence. The stable green fluorescent
protein is totally unfolded by ClpA in the presence of ATP if it is tagged with
the 11-residue recognition sequence at its C terminus.

54. Beuron F, Maurizi MR, Belnap DM, Kocsis E, Booy FP, Kessel M,
• Steven AC: At sixes and sevens: characterization of the symmetry

mismatch of the ClpAP chaperone-assisted protease. J Struct Biol
1998, 123:248-259.

A low-resolution cryo-EM map of the ClpA–ClpP assembly shows its similarity
to the proteasome and suggests that the curious symmetry mismatch may be
involved with a rotatory action. The ClpA map shows the two-tiered ring struc-
ture formed by the hexamer of subunits, each containing two AAA modules.

55. Lenzen CU, Oppitz D, Whiteheart SW, Weis WI: Crystal structure of
• the hexamerization domain of N-ethylmaleimide sensitive fusion

protein. Cell 1998, 94:525-536.
See annotation to [56•].

56. Yu RC, Hanson PI, Jahn R, Brünger AT: Structure of the ATP
• dependent oligomerization domain of N-ethylmaleimide sensitive

factor complexed with ATP. Nat Struct Biol 1998, 5:803-811.
Two papers [55•,56•] report the structure of an AAA ATPase module. N-eth-
ylmaleimide sensitive factor (NSF) has two AAA modules and the one deter-
mined in both studies is necessary for hexamer formation. The structures
reveal the nucleotide-binding site and oligomer assembly. The similarity to
the δ′ clamp-loader subunit of DNA polymerase III helps to define the con-
served elements in the superfamily. The module consists of a wedge-shaped
nucleotide-binding domain, which forms the body of the hexamer, and a pro-
jecting helical domain.

57. Bochtler M, Hartmann C, Song HK, Bourenkov GP, Bartunik HD,
•• Huber R: The structures of HslU and the ATP-dependent protease

HslU-HslV. Nature 2000, 403:800-805.
This paper reports crystal structures of the hexameric Hsp100 HslU alone and
in complex with the double-ring protease HslV, which also has sixfold symmetry.
The two major domains of HslU are connected by a flexible hinge region and
rotate into a more closed conformation in the presence of bound nucleotide.
These two domains clearly have the same fold as the other AAA modules. In
addition, a long extension of the nucleotide-binding domain contacts HslV.

58. Rohrwild M, Pfeifer G, Santarius U, Muller SA, Huang HC, Engel A,
Baumeister W, Goldberg AL: The ATP-dependent HslVU protease
from Escherichia coli is a four-ring structure resembling the
proteasome. Nat Struct Biol 1997, 4:133-139.

59. Chernoff YO, Lindquist SL, Ono B, Inge-Vechtomov SG,
Liebman SW: Role of the chaperone protein Hsp104 in
propagation of the yeast prion-like factor [psi+]. Science 1995,
268:880-884.

60. Mogk A, Tomoyasu T, Goloubinoff P, Rüdiger S, Röder D, Langen H,
Bukau B: Identification of thermolabile Escherichia coli proteins:
prevention and reversion of aggregation by DnaK and ClpB.
EMBO J 1999, 18:6934-6949.

61. Kraulis PJ: Molscript - a program to produce both detailed and
schematic plots of protein structures. J Appl Crystallogr 1991,
24:946-950.

62. Esnouf RM: An extensively modified version of Molscript that
includes greatly enhanced coloring capabilities. J Mol Graphics
1997, 15:132-134.

63. Merritt EA, Murphy MEP: Raster3d version-2.0 - a program for
photorealistic molecular graphics. Acta Crystallogr D 1994,
50:869-873.

258 Macromolecular assemblages

sba217.qxd  03/27/2000  12:41  Page 258


