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Development of free-energy-based models
for chaperonin containing TCP-1

mediated folding of actin
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A free-energy-based approach is used to describe the mechanism through which chaperonin-
containing TCP-1 (CCT) folds the filament-forming cytoskeletal protein actin, which is one
of its primary substrates. The experimental observations on the actin folding and unfolding
pathways are collated and then re-examined from this perspective, allowing us to determine
the position of the CCT intervention on the actin free-energy folding landscape. The essential
role for CCT in actin folding is to provide a free-energy contribution from its ATP cycle,
which drives actin to fold from a stable, trapped intermediate I3, to a less stable but now
productive folding intermediate I2. We develop two hypothetical mechanisms for actin
folding founded upon concepts established for the bacterial type I chaperonin GroEL and
extend them to the much more complex CCT system of eukaryotes. A newmodel is presented
in which CCT facilitates free-energy transfer through direct coupling of the nucleotide
hydrolysis cycle to the phases of actin substrate maturation.

Keywords: actin; chaperonin-containing TCP-1; protein folding; chaperones;
free-energy landscapes
1. INTRODUCTION

Molecular chaperone is a collective term used to group
those proteins that function to assist in the folding and
assembly of other proteins. The molecular chaperones
that have been most widely studied are the heat
inducible ATPases: the heat shock 60 (Hsp60); heat
shock 70 (Hsp70); and heat shock 90 (Hsp90) protein
families. The two best studied chaperone systems in
eukaryotes are Hsp70 and Hsp90, the latter being a new
target for anti-cancer therapy (Prodromou & Pearl
2003). The Hsp60 chaperones, often called chaperonins,
are found in all three kingdoms of life. The subject of
this article is the chaperonin found in eukaryotic
cytosol, the chaperonin-containing TCP-1 (CCT).
CCT is a uniquely complex chaperonin intimately
involved in actin and tubulin cytoskeletal protein
folding (Valpuesta et al. 2005; Horwich et al. 2007).

It is a commonly held view that chaperones assist
folding and conformational maturation of their protein
targets through complementary binding surfaces that are
non-specific and non-selective, since the function of
chaperones is to recognize hydrophobic amino acid side
chains, normally found buried in the interior of native
orrespondence (keith.willison@icr.ac.uk).
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protein folds or present on the surfaces of protein
monomers that will eventually be buried in ternary
complexes (Richter & Buchner 2006). For the CCT
system, perception concerning its possible roles in non-
selective versus specific protein folding reactions is
critical because the homologous bacterial GroEL chaper-
onin system does generally assist protein folding by
recognizing non-native proteins via complementary
hydrophobic interactions. However, we are influenced
by evolutionary considerations when comparing the
functions of CCT and GroEL, because they last shared
a common ancestor 3 Gyr ago. CCT evolved its
modern functions at the dawn of eukaryotes, 2 Gyr ago,
when the archaebacterium–eubacterium fusion event
occurred. CCT duplicated from a precursor, thermo-
some-like chaperonin, while also coming into contact
with at least two novel protein folds derived by lateral
gene transfer from a eubacterial symbiote, probably the
donor of the mitochondrion. The novel protein folds are
actin/hexokinase (Willison 1999) and the WD-40 pro-
peller motif (Valpuesta et al. 2002). We know that this
ancient set of CCT gene duplications was an extensive
process because it is possible to detect time resolution in
the phylogenetic footprint of the eight CCT subunits,
which shows that the actin-specific CCT subunits are the
‘youngest’ (Archibald et al. 2002; Fares & Wolfe 2003).
J. R. Soc. Interface (2008) 5, 1391–1408
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Figure 1. Chaperonin architecture. Schematic demonstrating the quaternary structure of type I and type II chaperonins based on
their respective atomic structures (Braig et al. 1994; Ditzel et al. 1998). (a) The type I chaperonin GroEL consists of two rings of
seven identical subunits. Inter-ring contacts occur via the equatorial domains, with each subunit interacting with two subunits in
the opposite ring. Conformational changes relating to the identity of the nucleotide bound within the equatorial domain are
transmitted via the intermediate domain to the apical domain. The apical domain interacts with the co-chaperonin GroES,
consisting of seven identical subunits, which caps one end of the chaperonin during a folding cycle. (b) The thermosome is a
type II chaperonin consisting of two rings of eight subunits that alternate between a and b isoforms (cylinder dimensions
16!15 nm). The distribution of domains within each subunit is the same as that for GroEL; however, each subunit interacts with
only one subunit in the opposite ring. There is no associated co-chaperonin; however, the apical domains can adopt a
conformation that effectively caps the end of the chaperonin in a similar manner to that of GroES (not shown in figure).
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Genetic analysis (Kubota et al. 1995) and structural
work on the CCT system (Llorca et al. 1999a)
has revealed the exquisite selectivity of this chaperonin
towards the actin and tubulin cytoskeletal proteins.
This selective behaviour is difficult to reconcile with the
view that CCT is orthologous in general function and
mechanism to GroEL (Farr et al. 1997), is involved in
co-translational protein folding (McCallum et al. 2000;
Etchells et al. 2005) and that it folds 9–15 per cent of
cytosolic proteins (Thulasiraman et al. 1999). The
complete spectrum of CCT-interacting proteins in
yeast is being catalogued and the 136 CCT-interacting
proteins are being placed into categories: those that are
substrates, cofactors and components of chaperone
regulating networks (Dekker et al. 2008). These
approaches should resolve the issue of the number of
bona fide substrate proteins, those completely depen-
dent upon CCT to reach their native states, which we
think is actually rather small.

Our own studies have focused on the CCT–actin
interaction because actin filaments are composed of
a single monomer species unlike tubulin, which forms a
complex heterodimer. We want to understand not only
the mechanism of interaction between CCT and actin
but also why the system has emerged.What benefits are
conferred by this complex interaction? What is special
and different about eukaryotic actin, folded by CCT,
when we know that the prokaryotic actins can fold and
assemble into filaments seemingly without the help of
any molecular chaperones (Michie & Lowe 2006)? This
article examines these questions from the point of view
of the energetics of the mechanism and the component
parts. We begin by describing chaperonin structure and
then discuss recognized models for chaperonin-assisted
substrate folding. This is followed by a review and an
interpretation of the experimental facts established for
J. R. Soc. Interface (2008)
the actin–CCT system, before we attempt to rationalize
this information and develop hypothetical models for
CCT folding both within and beyond the scope of the
current chaperonin models.
2. CHAPERONINS

The chaperonins were identified in 1988 as a specific
group of chaperones that displayed striking similarity
in sequence and properties: GroEL from prokaryotes;
rubisco-binding protein from plant chloroplasts; and
Hsp60 from mitochondria (Hemmingsen et al. 1988).
Their discovery, however, pre-dates this; GroEL having
been found to be essential for bacteriophage l growth in
Escherichia coli a decade earlier (Georgopoulos & Hohn
1978). These bacterial chaperonins are characterized by
an arrangement of two rings, each composed of seven
protein subunits. The rings stack back-to-back, creat-
ing a central cavity, open at either end (figure 1). Each
subunit has a three-domain topology. The equatorial
domain includes the inter-ring contact residues and a
nucleotide-binding site. The intermediate domain
transmits allosteric communication between the equa-
torial and apical domains. The apical domain includes
the binding sites for substrate recognition and also the
co-chaperonin-binding sites. The binding and hydro-
lysis of ATP in the equatorial domains orchestrates
all the concerted domain movements that propagate
throughout the multimer to drive the folding cycle of
the chaperonin (Horovitz & Willison 2005).

The archaebacterial thermosome and CCT chaper-
onins were characterized later than GroEL and clearly
they constitute a separate group that shows strong
sequence and structural homology (Valpuesta et al.
2005). The chaperonin family is now broadly separated
into two types, I and II, mainly based on evolutionary
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origin and structural features (figure 1). Type I
chaperonins are found only in eubacteria and eukary-
otic organelles of prokaryotic origin, i.e. chloroplasts
and mitochondria, and each ring always consists of
seven subunits. The two opposing rings are staggered so
that each subunit associates with two subunits from the
opposite ring. All type I chaperonins are associated
with a co-chaperonin ring that binds to the top of one
ring of the double-ring assembly during its functional
cycle, capping that end of the central cavity and thus
enclosing the protein chain to be folded. In the case of
GroEL the co-chaperonin is called GroES. The type II
chaperonins possess a higher degree of structural
heterogeneity, being composed of one, two, three or
eight distinct subunits, making up an eight-subunit ring
(or nine in the case of three distinct subunits). The two
rings are not staggered but are set flush so that each
subunit associates with just one subunit from the
opposite ring (Ditzel et al. 1998). In contrast to the type
I chaperonins, it seems that no co-chaperonin is
associated with the type II chaperonins during a folding
cycle. Instead, the apical domains possess an extended
apical protrusion that closes the cavity like a camera
iris. The structural orientation of the apical region can
change to different extents, sometimes enclosing one or
even both ends of the central cavity.
3. CHAPERONIN FOLDING MECHANISMS

The established models of GroEL chaperonin action fall
into two general categories, passive and active (Lin &
Rye 2006). ‘Passive’ models describe the chaperonin as
an inert form, exerting influence by preventing inter-
molecular interactions and confining the conformational
space accessible to a substrate. ‘Active’ models involve
specific chaperonin–substrate interactions that directly
affect the conformation of bound substrate and may,
during a folding cycle, be coupled to conformational
rearrangements of the chaperonin. Effects on the kinetics
or the thermodynamics of substrate folding may be the
consequence of either of these mechanisms.
3.1. Passive models
3.1.1. Preventing aggregation. Based on the obser-
vations that many unfolded proteins are prone to self-
aggregation, it is thought that the successful evolution
of the chaperonins in folding proteins is, in part, due to
trapping and isolating substrate monomers before
aggregation can occur (Lin & Rye 2006; Horwich
et al. 2007). This is achieved by the formation of an
environment in which a single substrate protein is
isolated, and therefore unaffected by potential non-
productive multimolecular side reactions, the so-called
Anfinsen cage (Saibil et al. 1993). To a first approxi-
mation, encapsulation can be thought of as equivalent
to infinite dilution conditions and therefore folding
to the native state occurs according to Anfinsen’s
hypothesis (Anfinsen 1973), via a search for the
minimum free-energy configuration controlled only by
the free-energy landscape of the monomeric substrate.
Once folded the substrate protein is released in its
native state, or if still non-native, at least still
J. R. Soc. Interface (2008)
monomeric and available for further rounds of
interaction with chaperonin (Burston et al. 1996). The
initial studies on GroEL folding of rubisco (Goloubinoff
et al. 1989), rhodanese (Mendoza et al. 1991) and
citrate synthase (Buchner et al. 1991), a set of proteins
with aggregation-prone unfolded states, led to the
proposal that the Anfinsen cage mechanism is central to
the productive folding of certain substrates by GroEL
(Ellis 1994), although there must be exceptions to this
general mechanism because GroEL can also help fold
substrates that are too large to be encapsulated in the
chaperonin cavity (Chaudhuri et al. 2001).

It is important to note that in this passive model the
free energy of the folded state or any unfolded
intermediates of the encapsulated substrate is assumed
to be identical to the equivalent conformation in free
solution. The folding process is determined only by the
free-energy landscape of the isolated polypeptide, with
all intermolecular interactions prevented. Therefore,
the folding yield will increase due to prevention of off-
pathway aggregation. This mechanism has recently
been confirmed by the use of NMR spectroscopy for
GroEL–GroES-mediated folding of human dihydrofo-
late reductase (DHFR) at pH6, conditions under which
DHFR behaves as a stringent substrate. The folding
trajectories of DHFR are the same in free solution and
inside the stable cavity (Horst et al. 2007).
3.1.2. Confinement. The size limit for a substrate to be
fully encapsulated within the chaperonin internal
volume is approximately 70 kDa for GroEL/GroES
(1997) and 50 kDa for the thermosome (Ditzel et al.
1998). For encapsulated proteins with dimensions of a
similar magnitude to those of the chaperonin cavity, the
ideal ‘infinite dilution’ approximation of the Anfinsen
cage is clearly not appropriate. Non-specific steric
interactions with the inner walls of the chaperone will
result in a restriction of the conformational space
available to the substrate. This effect, termed ‘confine-
ment’ (Minton 1992), is treated as an extension of the
macromolecular crowding concept (Minton 1983) and
in both cases a geometric restriction of conformational
freedom is imposed on the system. Confinement affects
the free energy of every conformation, including
transition states as well as native and unfolded states,
and hence also the thermodynamics and kinetics of a
folding process. Experimentally, fluorescence and
circular dichroism measurements of molecules encap-
sulated in artificial matrices have shown that native
structures are favoured in confined volumes (Eggers &
Valentine 2001; Campanini et al. 2005; Cannone et al.
2005). This effect can be explained by considering
the effect of confinement on the substrate free energy.
Confinement reduces the conformational entropy,
because the more expanded a conformation, the
greater the extent to which its entropy is reduced
upon confinement. In general, the native state is
expected to be more compact than the unfolded state
and even the molten globule state (Ptitsyn 1995).
Consequently, the entropic cost associated with
folding in a confined environment is less than that in
bulk conditions, and folding is entropically favoured.
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By contrast, the enthalpic effect due to confinement is
energetically unfavourable, due to the negative effects
that confinement-induced compaction has on internal
bonding systems. Therefore, the change in the free
energy of folding in shifting from the bulk to a confined
environment may be positive or negative depending on
the relative magnitudes of the entropic and enthalpic
contributions. Simulations of the folding of small
proteins (Klimov et al. 2002; Rathore et al. 2006) and
theoretical studies (Zhou & Dill 2001) have found that
the change in entropy dominates and hence, in general,
confinement favours folding. In addition to favouring
folding thermodynamically, confinement may also
increase reaction kinetics by smoothing the folding
energy landscape (Brinker et al. 2001; Baumketner
et al. 2003). However, molecular dynamic (MD)
simulations have demonstrated that this is only the
case for certain protein motifs and is dependent on the
extent of confinement (Takagi et al. 2003). Decreasing
the available volume initially increases folding rates
until an optimum volume is reached, beyond which
further confinement inhibits the global conformational
changes required for folding by increasing activation
energy barriers and dramatically increasing the rough-
ness of the folding landscape. Interactions between the
confined substrate and solvent molecules have also been
considered and they are predicted to promote tran-
sitions between conformational states by smoothing the
underlying free-energy landscape (Papoian et al. 2004;
Kovacs et al. 2005). In addition, the confining and
ordering of solvent molecules may perturb entropy
contributions to folding, thereby minimizing the signifi-
cance of the hydrophobic effect. Recent MD simulation
models to investigate this idea have found that the
solvent confined within a hydrophobic cage has an
unfolding effect. This is attributed to a ‘pushing out’ of
confined protein towards the cage walls to minimize the
free-energy penalty that would otherwise arise from
disrupting solvent hydrogen bonding through surface
interaction (Lucent et al. 2007).

The confinement concept is now recognized as a
major factor in GroEL-assisted folding of substrates
that are encapsulated within the chaperonin (Brinker
et al. 2001; Weissman 2001; Baumketner et al. 2003;
Takagi et al. 2003; Fan & Mark 2006; Hayer-Hartl &
Minton 2006). However, recent experiments in which
the volume of the GroEL cavity was reduced and
resulted in slower folding of substrates are controversial
and may in fact be due to effects of slowing the ATPase
activity rather than confinement (Tang et al. 2006;
Farr et al. 2007). Furthermore, experimental results
demonstrating that conformational rearrangements of
GroEL interact directly with bound substrate have
demonstrated that effects other than confinement may
be important (Todd et al. 1994; Weissman et al. 1994).
3.2. Active models

The above passive models of GroEL action assume that
the chaperonin–substrate interactions are non-specific
in the sense that the role of the chaperonin is simply to
provide a geometric framework for encapsulation.
However, some studies on GroEL have suggested that
J. R. Soc. Interface (2008)
the chaperonin interacts more directly with certain
substrates, unfolding incorrectly folded conformations
before allowing refolding to the native state (Todd et al.
1994; Weissman et al. 1994). Hydrogen exchange
studies on the interaction of GroEL with rubisco
have observed that unfolding by GroEL occurs prior
to folding and that the unfolding process is ATP
dependent (Shtilerman et al. 1999). The iterative
annealing hypothesis (Todd et al. 1996) suggests that
a substrate may undergo a sequence of manipulations
while bound to the chaperone in which incorrectly
folded structures are repeatedly unfolded, each time
allowing the substrate to refold until the native state is
reached. Although there are technical disagreements
concerning these studies (Park et al. 2005), the fact that
GroEL makes multiple contacts with substrate, using
two or more apical domains (Farr et al. 2000), high-
lights forced unfolding mechanisms that are very
relevant to our thinking about CCT.

Incorrectly folded conformations represent kinetic
traps; local minima on the substrate free-energy folding
surface. Therefore, to achieve unfolding from these
traps, GroEL must effect an unfavourable process.
Initial models proposed that unfolding occurs via
thermodynamic partitioning; binding of substrate to
GroEL stabilizes unfolded conformations and therefore
shifts the folded–unfolded equilibrium of the substrate
to favour the unfolded form (Zahn & Pluckthun 1994).
Alternative kinetic models, supported by observations
that GroEL catalyses the unfolding rate constant of
proteins when bound to the chaperonin (Itzhaki et al.
1995), propose that unfolding activity is due to GroEL
increasing the rate rather than the yield of unfolded
polypeptide chains from kinetically trapped folding
intermediates. It has been suggested that the origin of
this effect could be the stabilization of partially folded
transition states by the hydrophobic interior surface of
the GroEL ring, thus lowering the activation energy
barrier for unfolding (Lin & Rye 2006).

Detection of large domain movements associated
with the chaperonin folding cycles (Saibil et al. 1993;
Llorca et al. 1999a,b) has motivated discussion of
‘forced’ folding mechanisms. These describe situations
where ATP-powered chaperone domain motions are
coupled to specific substrate–chaperone interactions,
to drive directly an unfavourable unfolding process.
In GroEL, these movements involve binding of the
co-chaperone GroES followed by a large confor-
mational change in the apical domains that rotate
and twist upwards (Saibil et al. 1993). These domain
rearrangements could result in the substrate-binding
sites moving apart and away from each other, thus
exerting a direct stretching force on the substrate
(Shtilerman et al. 1999). Recently, it has been shown
that the ‘trans’ ring of GroEL, the ring not associated
with GroES, can increase folding rates through
unfolding, without encapsulation (Lin et al. 2008).
However, these experiments also showed that this
unfolding effect only accounts for 10 per cent of the
yield of folded protein. Encapsulation after unfolding
is required to increase significantly the fraction of
productive folding.

http://rsif.royalsocietypublishing.org/
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3.3. Free-energy perspective

Strictly defining whether a chaperonin is acting in a
passive or active sense is a complicated issue. An
alternative determinant for the nature of chaperone–
substrate reaction is the manner in which the folding
free-energy landscape of a substrate is affected by its
interaction with the chaperone. A chaperonin acting
ostensibly as an Anfinsen cage operates by introdu-
cing a large kinetic barrier that hinders access to
intermolecular conformational ensembles, i.e. aggre-
gates, while not affecting the monomeric regions of the
free-energy landscape (Horst et al. 2007). The chaper-
onin-associated energy landscape is essentially a trun-
cated version of the free solution landscape (Jahn &
Radford 2005). In other cases, chaperonin interaction
may alter the kinetics or thermodynamics of folding by
modifying the topography of the monomer folding free-
energy landscape and thus relieve kinetic or thermo-
dynamic partitioning (Fenton & Horwich 1997).
Modification of the folding landscape may result from
confinement of substrate (and solvent), both considered
passive modes, or through direct chaperone–substrate
interactions, which are thought of as either passive
or active modes depending on whether the interaction
is constant or changes during the folding cycle.
Forced modes are associated with the ATP cycle of
the chaperonin and are represented by a series of
modifications to the substrate free-energy landscape.
A graphical representation of the free-energy basis of
these different folding concepts is shown in figure 2
where a hypothetical free-energy landscape for a protein
requiring chaperone interaction is shown. It should be
noted that this representation is limited in that, for
clarity, only one dimension of the folding landscape is
presented. For protein folding a three-dimensional
folding landscape is a more appropriate theoretical
representation (Bryngelson et al. 1995). The one-
dimensional landscape includes the fully unfolded state
U, a metastable ‘trapped’ folding intermediate IT, an
unstable ‘productive’ folding intermediate IP and the
native state N. Autonomous folding on this landscape
(figure 2a), starting from U, may produce the trapped
intermediate IT, at temperatures at which the acti-
vation energy barrier between IT and IP prevents further
folding. In the passive, kinetic chaperone model
(figure 2b), interaction with the chaperonin affects
the topography of the substrate free-energy landscape,
reducing the magnitude of this activation energy
barrier and increasing the rate of formation of the
productive folding intermediates, thus leading to the
formation of the native state. In this situation, the new
landscape is described as ‘smoothed’ (Brinker et al.
2001; Kovacs et al. 2005). In the thermodynamic model
(figure 2c), the relative free energy of intermediates is
altered by interaction with the chaperonin, so that
previously unstable intermediates, IP, become thermo-
dynamically favoured and consequently populated.
Release of substrate from the chaperonin surface
restores the original free solution energy landscape
(figure 2a) and allows rapid and spontaneous com-
pletion of folding from the populated, productive
folding intermediate to the native state. In the forced
J. R. Soc. Interface (2008)
folding mechanism (figure 2d ), an external energy
input is introduced to ‘push’ an unfavourable reaction
over a free-energy barrier, either thermodynamic or
kinetic. The chaperonin achieves this by first forming a
stable complex with the trapped intermediate, IT,
yielding an initial chaperonin–substrate complex land-
scape. Next, a conformational change in the chaperone
results in a modified energy landscape where the
previously trapped intermediate is destabilized and
the productive folding intermediate is favoured.

For GroEL, the extent to which these various
mechanisms contribute to chaperonin folding is dis-
puted. The short lifetime of GroES–GroEL association
(approx. 20 s; Burston et al. 1995) relative to encapsu-
lation-only folding lifetimes (approx. 30 min) precludes
the possibility that encapsulation alone is responsible
for folding while folding via forced unfolding alone has
been shown to produce low yields (Lin et al. 2008).
Consequently, it is thought that a combination of the
mechanisms is deployed, whereby forced unfolding
precedes release into the GroEL–GroES cavity, thus
allowing rapid folding to occur from unfolded inter-
mediates taking folding pathways that are kinetically
favoured under encapsulation. The extent to which
each of these kinetic and thermodynamic factors
contributes must also be dependent on the particular
substrate protein under study.
4. CCT AND ACTIN

4.1. The folding and unfolding pathways of actin

The study of CCT–substrate interaction, and in
particular that of CCT–actin (Llorca et al. 1999b),
has focused on structural characterization of chaper-
onin–substrate complex. Less regard has been given to
understanding the underlying thermodynamics and
kinetics of the folding process. Here, we explore a
free-energy-based approach to the problem, initially
based upon the theoretical and mechanistic constructs
described in §3. A thorough understanding of the CCT
folding mechanism can only be achieved once the
biological and biochemical purpose of the interaction
has been clarified. As shown for the GroEL-based
examples, the chaperone dependence of a protein is a
consequence of the character of the independent
substrate free-energy landscape, from which the resul-
tant occurrence of aggregation-prone or kinetically
trapped intermediates hinders autonomous folding.
Once the reason for the folding deficiency in the
substrate is revealed, the free-energy contribution of
the chaperone can then be understood, either within
the framework of the established GroEL schemes
(figure 2b–d ) or by novel models. From this free-
energy perspective, it then becomes possible to
propose hypotheses to describe specific aspects of the
reaction mechanism.

Actin is a globular protein, ubiquitous in eukaryotic
cells, and is an obligate folding substrate of CCT
(figure 3). It is one of the most abundant cellular
proteins, comprising over 5 per cent of total protein
mass in many cell types and as much as 20 per cent in
muscle cells. Actin monomers, G-actin, assemble to a

http://rsif.royalsocietypublishing.org/
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Figure 2. Free-energy representation of GroEL folding models. (a) One-dimensional free-energy surface of a hypothetical
chaperonin substrate demonstrating relative positions of the unfolded state U, a kinetically trapped folding intermediate IT,
a productive folding intermediate with higher free energy IP, and the native state N, the global energy minimum. Autonomous
folding of the substrate from U proceeds to the local minimum IT. A high activation energy barrier partitions this state from
further folding intermediates. (b) The kinetic model; the chaperonin acts as a catalyst. Substrate binding reduces the kinetic
energy barrier (solid line) between the intermediates IT and IP relative to the original energy surface (dashed line), allowing
significant population of the IP conformation, from which folding to N occurs—either bound or not bound to the chaperonin
walls. (c) The thermodynamic model; binding to GroEL modifies the energy landscape (solid line) and stabilizes the intermediate
IP relative to IT and N, resulting in population of IP. Substrate is then released from the chaperonin walls and folding occurs from
this productive intermediate on the original chaperonin free landscape (dashed line), increasing the probability of native state
formation. (d ) The forced unfolding model; initially, binding of substrate to chaperone is favoured due to the low free energy of
the chaperonin–substrate complex (red line). Once bound, ATP-powered conformational rearrangements of the chaperone
directly drive modification of the substrate energy levels to a new energy landscape (arrow to black solid line), resulting in
‘unfolding’ from IT to IP. In a similar manner to the kinetic and thermodynamic examples (b and c), release of IP from the
chaperonin walls results in spontaneous folding to the native state on the chaperonin-free landscape.

1
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Figure 3. Structures of actin in folded and CCT-bound conformations. (a) Atomic structure of rabbit skeletal muscle G-actin
taken from Kabsch et al. (1990; PDB code 1ATN) in the standard front view with the subdomains 1–4 numbered at the corners.
Ca2C (green sphere) and nucleotide (ball and stick) are bound in the cleft between the subdomains 3 and 4 (the large domain),
and 1 and 2 (the small domain). CCT-binding sites, as identified by a b-actin peptide array and site-directed mutagenesis (Hynes
& Willison 2000; McCormack et al. 2001b), are coloured; site I (red), II (green) and III (cyan). The C-terminus (gold) and the
highly conserved ‘hinge’ residues G146 and G150 (purple) have been highlighted. (b) Electron microscopy reconstructions of the
actin–CCT complex in the (i) absence and (ii) presence of ATP (AMPPNP), demonstrating the structural changes undergone by
actin during the CCT functional cycle. The atomic structure of actin has been docked to the intra-cavity volume. The N-terminal
domain (red) binds to CCT with lower affinity than the C-terminal domain (white). ATP binding to CCT induces large
movements of the apical domains that give rise to a more native conformation for the bound actin. This image is reproduced from
Llorca et al. (2001).
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filamentous form, F-actin. In vivo, these microfilaments
are involved in a range of cellular functions including
cell motility, polarity, intracellular transport, tensile
J. R. Soc. Interface (2008)
strength and cytokinesis. Actin is a member of an
evolutionarily ancient family composed of actins and
actin-related proteins (ARPs; Goodson & Hawse 2002),
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as well as being a member of a larger, structure-based
‘actin-fold’ superfamily that includes hexokinase,
ARPs, Hsp70s, several phosphatases, histone proteins
and MreB (Bork et al. 1992). The bacterial protein
MreB is closely related to actin in size and in both
monomeric and filamentous structure and has been
identified as the prokaryotic ancestor of actin (van den
Ent et al. 2001).

The stability of native actin is completely dependent
on the presence of both the cation and nucleotide that
are bound in the cleft between the large and small
domains of the actin fold. Release of these moieties
under physiological conditions leads to spontaneous
unfolding of the protein (Lehrer & Kerwar 1972; Nagy &
Strzelecka-Golaszewska 1972; Kuznetsova et al. 1988).
There has been extensive study into the mechanism of
nucleotide and metal ion loss/exchange (Nowak et al.
1988; Gershman et al. 1991; Estes et al. 1992; Kinosian
et al. 1993; McCormack et al. 2001a), to allow further
understanding of both the process of actin poly-
merization and the unfolding pathway (Bertazzon
et al. 1990; Schuler et al. 2000; Kuznetsova et al. 2002;
Turoverov et al. 2002; Altschuler et al. 2005; Povarova
et al. 2007). Actin unfolding is generally thought to occur
via the sequential loss of cation and nucleotide to
produce an unfolded intermediate I2, which in turn
spontaneously unfolds further to form an aggregation-
prone intermediate I3 (Altschuler et al. 2005). At low
cation concentration, where an excess of EDTA over
divalent cation ensures that cation loss is essentially
irreversible, we have shown that actin unfolding
J. R. Soc. Interface (2008)
occurs via the following reaction scheme (Altschuler
et al. 2005):

N$ATP$Ca $$%
k1

) C
I1$

Ca2C

ATP $$%!$$
k2

kK2
C
I2

ATP

$$%
)

I3; ð4:1Þ

where N represents native G-actin and I1,2,3 are
unfolding intermediates. The intermediate I3 is formed
when actin is unfolded in the presence of EDTA or as a
result of heat denaturation, moderate denaturant
concentration, by dialysis from high concentra-
tion of denaturant and spontaneously during storage
(Kuznetsova et al. 2002). At moderate to high protein
concentrations, irreversible aggregation of this species
occurs (Bertazzon et al. 1990; Kuznetsova et al. 1999).
The I1$ATP $$%!$$ I2CATP equilibrium is rapidly estab-
lished relative to the other steps (Kinosian et al. 1993),
and based on this assumption our stopped-flow fluor-
escence study has verified the reaction scheme and
calculated the kinetic parameters (Altschuler et al. 2005).

I2 can be stabilized with respect to further unfolding
towards I3 by high concentrations of sucrose (Kasai
et al. 1965; De La Cruz & Pollard 1995) or glycerol
(Altschuler 2006). Whether the osmolytes play a
kinetic or thermodynamic role in this regard is unclear.
This stabilized, nucleotide-free actin intermediate is
regarded as quasi-folded because polymerization and
DNase I-binding activity is maintained (De La Cruz
et al. 2000). The nucleotide-binding cleft is intact and
thought to adopt, at least transiently, a partially ‘open’
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state, similar to that observed in the profilin–actin
structure (Chik et al. 1996), rather than the ‘closed’
state observed for uncomplexed ATP- or ADP-actin, in
which the nucleotide-binding site is blocked (Otterbein
et al. 2001; Graceffa & Dominguez 2003). The free-
energy difference between the open and closed folded
structures of nucleotide-free actin is thought to be small
(Kinosian et al. 2004). However, it has been shown that
when this cleft closure is accompanied by nucleotide
binding, i.e. I2/I1 ATP, there is an associated decrease
in free energy of 28.7 kJ molK1 (Altschuler et al. 2005),
which, considering the X-ray structural analysis, is
provided predominantly through interaction of nucleo-
tide with subdomains 3 and 4 (Nolen & Pollard 2007).

Since the transition from I2 to I3 is spontaneous
under physiological conditions (Altschuler et al. 2005;
Povarova et al. 2007), the unfolded intermediate I3
must have a lower free energy than the nucleotide and
cation-free folded conformation I2 (figure 4). This is
unusual in that it is a generally accepted dogma that
the folded state of a protein resides at a free-energy
minimum and that procession along the folding
coordinate is associated with a decrease in free energy.
In the case of actin the nucleotide-free folded state I2 is
kinetically, rather than thermodynamically, stable
with respect to I3 (figure 4). Thus, cation and nucleotide
binding is required to stabilize this metastable, not
completely folded conformation of actin.

In vitro unfolding/refolding assays have demon-
strated that I3 represents the conformation recognized
and folded by CCT (Altschuler et al. 2005). This CCT-
binding intermediate can also be formed by dilution out
of concentrated chaotropic agents (Melki & Cowan
1994) and by in vitro expression in prokaryotic cell
extract systems (Stemp et al. 2005; Pappenberger et al.
2006) and it is reasonable to assume that both nascent
and fully unfolded actin spontaneously (re)folds to this
intermediate state.

In summary, the details have been established as
follows.

—Fully unfolded actin, U (upon dilution from high
concentration of denaturant), and nascent actin,
AcNasc (from in vitro expression systems), spon-
taneously form the intermediate I3.

—CCT binds and folds the intermediate I3.
—The quasi-folded, nucleotide-free intermediate I2

spontaneously binds nucleotide and cation to form
native actin N.

These results can be represented by the following
partial reaction schemes:

U/ I3; ð4:2Þ
AcNasc/ I3; ð4:3Þ

I2/ I1$ATP/N$ATP$Ca2C; ð4:4Þ

ðATPCCa2CÞC I3

CCCT/

fATP ADP

. /N$ATP$Ca2CCCCT: ð4:5Þ

The arrows indicate the direction of the spontaneous
reaction and, with the exception of the I3/I2 transition,
J. R. Soc. Interface (2008)
all phases of the folding pathway are indeed spontaneous
and rapid under physiological conditions. Therefore, by
deduction, it must be the I3/I2 step that requires the
involvement of CCT. It can also be asserted that CCT
acts on ligand-free actin, through folding I3 to I2, both of
which are ligand-free actin polypeptide chains. Sub-
sequent interaction of the actin intermediate with
nucleotide and cation is important for the kinetic
and/or thermodynamic stability of the protein but does
not necessarily require further chaperone interaction.
A one-dimensional free-energy landscape for actin has
been constructed, which summarizes these conclusions
(figure 4). This landscape depicts the relative free
energies of the experimentally observed actin intermedi-
ates, I1, I2 and I3 as well as the native state N, and the
unfolded/nascent chain (which have been roughly
grouped together in this model). At moderate protein
concentrations unfolded actin irreversibly forms aggre-
gates, which may be the lowest free-energy species
(although not monomeric). This is represented as the
deepest well on the free-energy landscape.

The position of the CCT-interacting form of actin on
the free-energy landscape can now be understood. CCT
mediates folding of the intermediate I3 to the nucleo-
tide-free folded I2. This is an endothermic process with
high activation energy and an overall ‘uphill’ free-
energy gradient (figure 4). Thus, a thermodynamic role
for CCT is proposed whereby the chaperonin mediates
an energetically unfavourable process. There may also
be a kinetic component, to lower the activation energy
barrier to increase the folding reaction rate but this is
not the primary effect of CCT. This suggestion can be
conceptualized in the context of the various GroEL
unfolding models that we have presented in figure 2. In
the case of actin, I3 is equivalent to the trapped
intermediate IT, and I2 corresponds to the productive
folding intermediate IP. Actin folds autonomously to I3
(hIT) but cannot access I2 (hIP) to complete its
folding to the native state, due to both kinetic and
thermodynamic partitioning effects. Folding via the
various models of the type in figure 2b,c or d may occur
on CCT, to allow population of the I2 intermediate. The
subsequent release from CCT restores the kinetic
partition between I3 and I2, establishing the metastable
I2 population. To reiterate, this ‘folded’, I2 confor-
mation of actin is subsequently thermodynamically
stabilized by the binding of nucleotide and cation in
the interdomain cleft, forming the native state N.
The rates of both nucleotide and cation association,
I2/I1$ATP/N$ATP$Ca2C, are much faster than
unfolding back to I3. Therefore, as for the case of the
hypothetical protein in figure 2a, release of productive
folding intermediate from the chaperone results in the
formation of the native state. The difference in free
energy between the trapped intermediate of actin I3 and
the native state N is likely to be small but has not yet
been measured. An interesting peculiarity of working
with actin is that it slowly, but spontaneously, unfolds
from N to I3 in storage buffers containing cation and
nucleotide (Kuznetsova et al. 1988), suggesting that I3
may in fact be the lowest energy state of all. Never-
theless, the kinetic barrier due to the large activation
energy of unfolding I2 to I3 dominates the folding
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landscape significantly and prevents unfolding on
biologically relevant time scales. In vivo, it is unlikely
that a significant population of monomeric, folded actin
actually exists. The most stable structures are likely to
be multimeric, either homo- or hetero-oligomers as in
microfilaments (F-actin) or in complexes with actin-
binding proteins (ABPs).
4.2. The role of CCT

The formation of I2 from I3, carried out during the
interaction between actin and CCT, represents a
thermodynamically unfavourable transition. In order
for the free energy of the overall system to decrease, this
process must be coupled to a thermodynamically
favourable reaction. Since each assembled CCT
complex is expected to be able to carry out multiple
rounds of folding, the free energy of the chaperone must
be the same at the start and the end of the folding cycle.
The free-energy decrease required to balance the I3–I2
transition must be derived from an external source,
which is, of course, nucleotide hydrolysis by CCT
subunits. CCT contains eight potential ATP-binding
sites per ring. ATP binding or hydrolysis induces
conformational changes in CCT subunits, which in turn
affect the conformation of the bound substrate. The
substrate–chaperonin interactions provide the molecu-
lar capability for the chaperone to effect the necessary
free-energy transfer between nucleotide hydrolysis and
substrate folding.

During a functional cycle of CCT, the subunits
undergo a series of conformational changes (Rivenzon-
Segal et al. 2005).These are causedby the differing states
of the bound nucleotide. ATP binding induces a closed
conformation and ADP an open conformation (Llorca
et al. 1999b). There is some dispute over the confor-
mations adopted by the ADP–Pi and nucleotide-free
states of CCT, which may represent intermediates
between the open and closed forms. In order to generalize
these findings we have constructed a hypothetical
conformational cycle, an approach similar to that
adopted for molecular motors (Astumian 2005). This
provides a useful framework from which to understand
J. R. Soc. Interface (2008)
how chaperonin free-energy surfaces may change
depending on the nucleotide status of CCT, first in the
absence and in the presence of substrate. Figure 5 shows
a hypothetical one-dimensional free-energy surface for a
single ring of CCT representing four possible ring
conformations. It should be noted that this landscape
is periodic as it represents a continuous cycle and also
that it depicts the conformations of theCCT ring not the
folding intermediates of the protein. The landscape
topography is dependent upon whether the ring is ATP
or ADP bound. The hydrolysis of ATP to ADP, or the
exchange of ADP for ATP, provides the necessary free
energy for transition between the two energy surfaces.
Four intermediate conformations are represented, i–iv,
where i is the lowest free-energy conformation for ADP-
bound CCT, iii is the lowest free-energy conformation
for ATP-bound CCT and ii/iv represent intermediates
between these states. These can be related to the various
structures identified by electron microscopy (Llorca
et al. 1999b), although to maintain generality in this
model they have not been directly assigned as such. The
nucleotide state determines which conformation is the
most stable, and the landscape asymmetry determines
the order of population of the intermediate states;
i/ii/iii when ATP bound and iii/iv/i when ADP
bound. Therefore, switching of the nucleotide state
results in the sequence of conformational changes
i/ii/iii/iv/i. In this way, a thermodynamically
powered folding cycle with kinetically controlled direc-
tionality is created.

Upon interaction of CCT with substrate, the cycle
can be coupled to substrate free-energy changes. An
unfavourable folding reaction can be driven by coupling
phases that release energy (‘downhill’ progression along
the energy landscape; figure 5) to specific transitions in
substrate folding, while ensuring that phases requiring
energy input (shifting between the ATP and ADP
energy landscapes; figure 5) are uncoupled. Thus, CCT
can direct folding while ensuring that the free energy of
the chaperonin itself is the same at the start and end of
a folding cycle. In reality, the folding system is more
complicated than the framework presented here. The
ATP-driven conformational changes in CCT occur via
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an intra-ring sequential allosteric mechanism (Llorca
et al. 2001; Rivenzon-Segal et al. 2005) rather than the
concerted mechanism exhibited by GroEL. A sequen-
tial mode of allosteric switching provides opportunity
for more complicated sequences of energy transitions
to occur. Each subunit may be capable of undergoing
independent cycles. Individual actin domains may first
be folded via coupling to energy cycles of certain CCT
subunits and global interdomain rearrangements
managed subsequently by other subunit cycles.
5. CCT–ACTIN FOLDING MODELS

Here we present two models, the ‘strong’ and ‘weak’
interaction schemes via which we hypothesize that CCT
couples its own energetically favourable subunit confor-
mational changes to unfavourable phases in substrate
folding, such as that described for actin in §4. Both
models are approached from a free-energy perspective
and, although they incorporate some mechanistic detail
based on previous experimental studies, our primary
aim is to present a general theoretical framework rather
than define a detailed mechanism. We expect that
future experimental data will provide further detail, to
allow finer resolution of the mechanism.
5.1. Strong actin–CCT interaction model

There is experimental evidence that strong inter-
molecular interactions play a role in the course of
CCT–actin folding (Hynes &Willison 2000; McCormack
et al. 2001b; Neirynck et al. 2006; Pappenberger et al.
2006). Immunoprecipitation of CCT pre-loaded with
unfolded actin has identified specific CCT subunits
involved in mediating a specific interaction with actin
and a complementary b-actin peptide array analysis has
mapped the corresponding sites on actin (Hynes &
Willison 2000). More recently, in vitro translation and
CCT folding assays of a huge alanine scan series of actin
mutants have revealed further information on the
character of these and other discrete binding sites
(Neirynck et al. 2006). On actin, these regions contain
polar and charged residues, indicative of specific- and
structured-binding sites. On CCT, the interactions occur
through the apical domains of the subunits, regions
known to be flexible (Pappenberger et al. 2002) and
conformationally dependent on the character of the
nucleotide bound to the equatorial region (Llorca et al.
1999b). Specific CCT subunit–actin-binding interactions
result in the creation of local free-energy minima
associated with intermolecular side-chain interactions,
as well as long-range effects due to multivalent bonding
causing realignment between substrate domains bound
at different CCT sites. The free energy of a CCT-bound
actin intermediate would be dependent on the extent
of subunit binding, on the conformation of the bound
subunit and on the actin conformation. Consequently,
the chaperonin-associated actin free-energy landscape
differs from the unassociated landscape model (as for the
hypothetical substrate in figure 2). As the folding cycle of
CCT progresses, the subunit conformations change and
therefore the free-energy landscape of the actin is
modified. The free energy required to effect this activity
J. R. Soc. Interface (2008)
is attained by coupling CCT–actin landscape modifi-
cations to downhill phases in the CCT cycle described
in figure 5, the energetically favourable transitions
i/ii/iii in the ATP-bound state or iii/iv/i in the
ADP-bound state. These favourable transitions are
coupled to the unfavourable change in free energy
required to modify the CCT-bound actin free-energy
landscape. This is demonstrated by the hypothetical
energy surfaces in figure 6a. The free-energy surface
of actin is dependent upon the conformational state of
CCT. As the CCT cycle progresses, the actin free-energy
landscape first favours binding I3CCCT/CCT-I3, then
chaperone-bound folding CCT-I3/CCT-I2, and finally
release CCT-I2/I2. For illustration, four intermediates
are shown, but this is not meant to indicate the actual
number involved. It is likely that further complexity in
the reaction mechanism arises due to the identity of the
individual CCT subunit(s) bound and on the ATP-
binding/hydrolysis activity of the subunit(s). A reaction
scheme summarizing how actin folding is synchronized
with the CCT cycle is shown in figure 6b. In addition,
depending on the extent to which substrate binding
affects the free energy of CCT, there may be varying
degrees of ‘feedback’ between substrate conformation
and the chaperonin cycle, introducing the possibility of
substrate–chaperonin allosteric regulation, which may
serve to provide greater synchronicity between the
development of substrate folding and the progress of
the CCT cycle. The strong model describes actin
as bound to distinct CCT subunits and if ATP
binding/hydrolysis occurs sequentially it follows that
additional actin intermediates may be stabilized at each
step of the sequential cycle. These intermediates may
represent conformations corresponding to local minima
along the CCT-bound I3–I2 coordinate and provide a
means by which the free energy derived from ATP
hydrolysis from each subunit results in a stepwise
increase of the actin free energy while maintaining
strong multivalent interactions.

Over the course of one folding cycle, the overall
change in free energy is positive for actin (I3/I2), zero
for CCT and negative for the hydrolysed nucleotide
(ATP/ADP). The coupling between ATP hydrolysis,
CCT free-energy transitions and the actin folding land-
scape is directly analogous to the aspects of the free-
energy models described in figure 2. First, interaction
between CCT and actin stabilizes discrete folding
intermediates, in the manner of the thermodynamic
model. Then, the coupling of free energy released byATP
hydrolysis to drive substrate re-arrangements occurs,
modifying substrate energy levels, which is equivalent to
the forced unfolding model.
5.2. Weak actin–CCT interaction model

An alternative model for actin–CCT is possible
whereby folding is driven by weak intermolecular

interactions. Initial capture of unfolded actin does not

necessarily occur via specific interactions, as required

for co-translational capture models (Spiess et al. 2006),
and there is no subsequent strong interaction between
CCT subunits and actin folding intermediates, i.e. no
deep local minima on the CCT-bound actin free-energy
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surface. Instead, both binding domains of actin are
released and explore the conformational space avail-
able within the CCT cavity, confined by non-specific
J. R. Soc. Interface (2008)
intermolecular interactions. This situation neverthe-
less differs from that in bulk solution as the accessible
volume is confined due to the nature of the inner wall
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environment and the steric constraints imposed by the
CCT cavity dimensions. Evidence for such a model is
provided by experiments suggesting that certain CCT-
interacting proteins are recognized through their
hydrophobic surfaces (Spiess et al. 2006; Horwich
et al. 2007). In this case, sequential binding/hydrolysis
of ATP by individual subunits might serve to first
release substrate into the cavity and then modify the
available conformational space, increasing the confine-
ment of the free actin domains. Confining the
substrate reduces the system entropy; therefore, this
requires an input of free energy, provided by the ATP-
driven conformational changes of the chaperonin cycle
shown in figure 5. This model can be related to
elements of both the confinement model and aspects of
the forced ATP-driven model. Confinement of chaper-
one-associated substrate alters the free-energy land-
scape of the initial substrate structure in a similar way
to that of the GroEL/GroES cage. An active
component is introduced by subsequent apical domain
rearrangements that alter this confining potential to
direct substrate thermal motions in a productive
folding direction. However, we note that electron
microscopy analysis shows that actin still remains
bound to CCT even after the cavity has been closed
and the actin encapsulated (Llorca et al. 2001),
although as yet unresolved CCT–actin intermediates
may involve release of one or both actin domains
during the folding cycle (Farr et al. 1997). The
multiple cycles of binding and release model for
CCT–actin folding of Farr et al. (1997) is a weak
interaction model analogous to the GroEL mechanism
(Horwich et al. 2007).

This scenario of a sequentially changing confor-
mational space can be considered as similar to the
concept of a fluctuating Brownian ratchet (Astumian
1997), where the actin structure represents a com-
ponent diffusing under Brownian motion on a potential
gradient, the substrate energy landscape. A change in
CCT subunit orientation, resulting in system confine-
ment, confers an additional potential gradient on this
landscape, reducing the probability that the expanded
substrate structures are sampled. If this occurs in a
stepwise manner, a ratchet-type system can be visual-
ized whereby the CCT domain movements serve to
confine the substrate to an increasing extent, resulting
in a stepwise increase in free energy, until the point at
which I2 becomes the most stable conformation.

Greater complexity may be built into such a model
by the consideration of the intra-ring sequential
conformational changes that are known to occur in
the CCT subunits. This could potentially allow the
development of synchronicity between the oscillating
ratchet potential and the characteristic time constants
of specific substrate rearrangements. Through such a
mechanism it would be possible for the chaperone to
exert fine control over the timing of substrate folding.
Recently, two-dimensional lattice models have been
used to simulate folding of proteins within chaperonin
cavities (Jacob et al. 2007). The findings support the
suggestion that altering the nature of a confining
potential in a sequential manner may be an important
aspect in the folding of multidomain proteins.
J. R. Soc. Interface (2008)
Although the relevance of the Brownian ratchet
model discussed here with regards to chaperonin-
mediated protein folding is highly speculative, its
relevance to biological systems is already well estab-
lished. In protein systems the idea of the Brownian
ratchet has been extensively discussed, predominantly
not only with regard to the function of motor proteins
(Cordova et al. 1992; Neupert & Brunner 2002;
Astumian 2005; Tomkiewicz et al. 2007) but also in
protein folding, where ATP hydrolysis of Hsp70 has
been shown to drive a modified Brownian ratchet
mechanism resulting in protein unfolding and mem-
brane translocation (De Los Rios et al. 2006).
6. SUMMARY OF CCT–ACTIN MODEL

The above discussion on actin thermodynamics has
established that CCT facilitates the thermodyna-
mically unfavourable I3/I2 transition on the actin
folding landscape. It is hypothesized that CCT
accomplishes this through hydrolysis of ATP and
acts as a conduit for conversion of the free energy
from nucleotide to substrate. Two alternative models
have been presented here to explain how this is
achieved, the strong and weak binding models. The
essential difference between these two models lies
in whether there is an ATP-driven ‘power stroke’
affecting the thermodynamic balance between the
states, from which energetic relaxation occurs, or
whether hydrolysis of ATP drives conformational
changes in CCT, biasing the thermal motion of the
non-specifically bound unfolded actin domains and
increasing the frequency with which folded states are
sampled. It has been demonstrated that CCT interacts
with actin via specific subunit–substrate interactions,
which we believe is compelling evidence for discrete
chaperone-bound folding intermediates characteristic
of the strong model. However, it is possible that in
some cases non-specific interactions could also affect
the free-energy surface of a CCT-associated substrate;
these would be of particular significance if, as has
been suggested for CCT–actin folding, the substrate is
released into the chaperone cavity at some stage
during the folding cycle (Farr et al. 1997). Actin and
tubulin are both multidomain proteins and it is possi-
ble that the structural elements of these substrates
may develop in separate stages of their folding cycles
via differing contributions from the two models. One
appealing hypothesis is that strong CCT interactions
control the interdomain alignment, while elements of
the intra-domain structure may be formed through
confining, weak interactions.
7. PRESERVED FOLDING ENERGY AND
F-ACTIN DYNAMICS

What are the implications of the CCT-mediated actin
folding mechanism for the structure and function of
F-actin? Reisler & Egelman (2007) have collated many
disparate observations concerning biochemical and
structural properties of F-actin and argued convin-
cingly that F-actin should not be considered to be a
single state but rather a dynamic ensemble of many
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states. Transitions between states are probably
coupled to rotations and tilts of subunits, which
occur readily despite the apparently severe structural
constraint of a constant axial rise of every subunit in
the filament of approximately 27.3 Å. Put succinctly,
in its breathing modes F-actin changes its shape more
than its length.

The emerging view of time-correlated motions and
protein function is that active enzymatic or ligand-
binding states reflect configurations that pre-exist in
the ensemble. In adenylate kinase, the catalytically
competent closed state is occasionally sampled on
microseconds–milliseconds time scales even in the
absence of ligand (Henzler-Wildman et al. 2007). It is
suggested that the F-actin depolymerizing factor,
cofilin, directly modulates one of the pre-existing,
internal modes of actin rather than ‘inducing’ a binding
site (Orlova et al. 2004). When bound to cofilin, the
actin monomer adopts a tilted state. This tilted state of
actin is also observed in ‘young’ actin filaments at early
times after polymerization, leading to the suggestion
that actin filaments anneal over time into a homo-
geneous structure, and that filaments are disrupted by
mechanisms such as cofilin binding which, therefore,
appear to act as a time reversal of polymerization
(Orlova et al. 2004). How does annealing of F-actin
occur and what structural and energetic transfor-
mations are relevant?

Nucleotide binding and hydrolysis lie at the core of
actin function. The nucleotide in ATP-G-actin is non-
hydrolysable, but once the monomer is incorporated
into a filament ATP becomes readily hydrolysable.
In vitroATP-G-actin is preferentially incorporated into
the growing end of the filament compared to ADP-G-
actin and this behaviour reflects in vivo mechanisms
for regulating rates of filament formation through
control of ATP- and ADP-G-actin monomer levels.
Curiously, nucleotide is not absolutely required for
filament formation because nucleotide-free G-actin
monomers may be stabilized in high concentrations of
sucrose and they readily polymerize into apparently
normal filaments, although without the initial lag phase
(De La Cruz et al. 2000).

The motions and dynamic properties of actin
filaments in vitro are enhanced in the all-ADP state,
compared with both the ATP and ADP–Pi states,
suggesting that ATP hydrolysis may be a mechanism to
cause relaxation-based changes of the actin monomer
structure in the context of the filament. Filaments are
50 per cent stiffer in the ADP–Pi state than the ADP
state and, given the fact that Pi release from ADP–Pi
actin is rather slow in vivo (t1/2w1 min), this suggests
that young newly polymerized filaments are stiffer
than ‘old’ ADP filaments. This may permit the in vivo
functions of F-actin to differ depending on the age of the
relevant actin structure (Isambert et al. 1995).

We believe that our finding of uphill folding of actin
may provide the energetic origins of the unusual dynamic
properties of F-actin.We suggest that, once incorporated
into a filament, actinmonomers are able to re-explore the
folding energy landscape between I2 and the transition
state (figure 4). The landscape need not necessarily have
the same structural features as the folding landscape on
J. R. Soc. Interface (2008)
CCT owing to the specific and extensive nature of the
inter-actin subunit interactions in F-actin. However, it is
noticeable that the CCT-binding sites on actin overlap
the main monomer–monomer interaction sites in the
filament (Llorca et al. 1999a, 2001; Hynes & Willison
2000; McCormack et al. 2001b). These binding sites are
located in loops that are found exposed on the surface of
the native actin structure and an important function
of CCT may be to facilitate the folding and packing of
these labile loop structures onto the core of the G-actin
monomer fold. Interestingly, these loops are absent in
the bacterial precursors of the modern actins (van den
Ent et al. 2001).

Cryo-electron microscopy (Llorca et al. 1999a) and
dynamic fitting analysis (Wriggers et al. 2004) show
that subdomains 3 and 4 may be substantially
structured in the I3 intermediate, and biochemical
analysis supports this model because these two sub-
domains can be constructed as fusion proteins and still
retain their specificity of CCT binding (Llorca et al.
1999a; McCormack et al. 2001b). Although it has not
been possible to structurally characterize I3, homo-
FRET data have revealed a cooperative collapse
occurring in actin diluted out of denaturant, resulting
in a small interdomain separation (Villebeck et al.
2007a). It may be that in this conformation, additional
interactions between subdomains 2 and 4 effectively
seal the interdomain cleft, preventing nucleotide access
and proper formation of the nucleotide-binding site.
Measurements of ATP binding to sucrose-stabilized,
nucleotide-free actin show that productive binding
occurs with low probability suggesting that the
nucleotide cleft is mostly closed and inaccessible
(De La Cruz & Pollard 1995). Further evidence for
changes associated with the nucleotide state of G-actin
is that the partial specific volume of ATP-G-actin is
high for a globular protein (0.744 cm3 gK1) compared
with ADP-G-actin (0.727 cm3 gK1), which is within
normal range (Kikumoto et al. 2003). Adiabatic
compressibility measurements (Kikumoto et al. 2003)
indicate an extraordinarily soft global conformation for

ATP-G-actin (8.8!10K12 cm2 dyneK1) compared to a
more compact mass associated with ADP-G-actin
(5.8!10K12 cm2 dyneK1).

Expansion of the interdomain cleft is observed on I3
binding to CCT with subsequent CCT-bound folding
leading to a recompaction of the structure and for-
mation of the nucleotide-binding site (Llorca et al.
2001; Villebeck et al. 2007b). McCormack et al. (2001a)
mutagenized two conserved glycine residues (G146
and G150) in the hinge region linking the two main
domains of b-actin and found that the mutants fold
poorly or not at all on CCT. The most severe mutation,
G150P, prevents the actin folding intermediate from
crossing over the CCT cavity to bind the CCT4/d
subunit, and in the pure yeast folding assay actin
G150P is completely unable to be folded to the native
state by CCT (Pappenberger et al. 2006). This supports
the idea that the hinge region in actin is the centre of
the energetic transitions of actin and that the structures
of the large and small domains depend upon rather than
control hinge conformation. Therefore, the role of CCT
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could predominantly be to provide energy for inter-
domain conformational rearrangements rather than
folding specific domains. In simulation experiments on
actin unfolding, it has been reported that opening up
the interdomain cleft introduces steric clashes between
the large and small domains and that these can be
alleviated by the removal of the C-terminus (residues
332–375 in human b-actin; Neirynck et al. 2006).
Furthermore, certain mutations in the C-terminus
and in regions interacting with the C-terminus in the
native structure have been found to inhibit actin release
from CCT. Based upon these findings, a role for the
C-terminus has been proposed in actin folding, whereby
its correct positioning is important in the final stages of
the chaperonin-mediated folding process (Neirynck
et al. 2006). The steric hindrance associated with
C-terminus positioning and nucleotide-binding cleft
opening may significantly contribute to the large
activation energy of unfolding I2/I3 (Altschuler et al.
2005). Extending this reasoning, a role for the
C-terminus can be envisaged, which accounts for the
slow kinetics of unfolding due to the steric clashing.
However, the flexibility in the hinge region allows actin
to undergo the rearrangements required for nucleotide
exchange and other conformational changes within the
F-actin filament. In this way, conformations corre-
sponding to intermediates on the N/I3 reaction
coordinate (figure 4) may be sampled on biologically
relevant time scales without the occurrence of unfold-
ing, thus allowing for the wide range of interdomain
orientations of actin that have been observed by X-ray
crystallography (Nolen & Pollard 2007), electron
microscopy and biophysical FRET measurements
(Kozuka et al. 2006). Orlova & Egelman (2000)
showed that F-actin exists in different discrete states
of twist, which persist for several seconds and postulate
the existence of an energy landscape in which the
discrete states are separated by significant energy
barriers. Their landscape may correspond to our N/I3
reaction coordinate.
8. FUTURE DIRECTIONS

Experimental determination of the kinetics and
thermodynamics of the CCT folding system as set out
in this article will not be a simple task. To develop a
comprehensive understanding there are two aspects
that need to be investigated, the CCT cycle on its own
and the cycle with substrate. First, in the absence of
substrate, the kinetics of CCT nucleotide binding and
hydrolysis must be related to an underlying free-energy
landscape, such as that in figure 5, encompassing the
conformational changes of CCT that occur during a
folding cycle. Good progress has already been made in
this regard, where stopped flow experiments on bovine
(Kafri & Horovitz 2003) and yeast CCT have resolved
both ATP-binding and hydrolysis phases using changes
in intrinsic fluorescence. Taken in combination with
studies on a CCT mutant in which inter- and intra-
ring cooperativity is disrupted, this has provided
evidence for the sequential model of ATP-induced
allosteric transitions within each CCT ring and has
begun to resolve intermediates within the CCT cycle
J. R. Soc. Interface (2008)
(Shimon et al. 2008). The next step is to relate these
observable transitions to free-energy changes. A com-
plication to doing this is that the CCT free-energy
surface is multidimensional, as each permutation of
nucleotide states has its own associated confor-
mational energy surface. This makes conceptualizing
a traditional free-energy landscape challenging (in
figure 5 just two surfaces are shown, ATP–CCT and
ADP–CCT). An alternative three-dimensional land-
scape, such as that proposed recently by Swint-Kruse &
Fisher (2008), may be helpful in this regard, where
both conformational state and position on reaction
coordinate are considered. In such a scheme, CCT
conformation, nucleotide state and free energy would
form the axes and the energy barriers between both
subunit conformations and nucleotide states could be
represented. In this way, preferred reaction pathways
can be highlighted, which could provide a represen-
tation of the free-energy relationships between the
nucleotide states and CCT conformations that
underlie the observed allostery.

The second aspect requiring investigation involves
understanding how the nucleotide hydrolysis cycle of
CCT is related to the substrate folding cycle. Here
again, developing a multidimensional landscape is ess-
ential, in order to describe how CCT conformational
changes are coupled to changes in the substrate folding
landscape. There may be a further level of detail
whereby, as mentioned earlier, it is possible that
substrate–chaperonin coupling may lead to cooperativ-
ity affecting the CCT cycle, producing a feedback loop
between the chaperone and the substrate and a more
complex level of synchronicity between folding and
nucleotide hydrolysis of CCT to maximize folding
efficiency. It has been shown that the ATP-binding
site of CCT6 in yeast is highly amenable to mutagenesis
without causing major phenotypic effects in vivo (Lin
et al. 1997) and it may be the case that for some
subunits, their role in conferring inter- and intra-ring
conformational changes during the substrate folding
cycle is more important than their discrete ATPase
activity. Studies have begun to investigate structure–
function relationships on the intra- and inter-ring ATP
cooperativity in CCT (Shimon et al. 2008) and it will be
important to understand also how different ATP-site
mutations influence substrate folding.

Although resolving steady-state CCT-bound folding
intermediates has been accomplished using homo-
FRET (Villebeck et al. 2007a,b) and EM (Llorca
et al. 2001), accurately measuring CCT folding kinetics
is beyond the scope of currently reported studies.
Ensemble time-resolved measurements will be useful in
determining substrate-binding rates and global folding
kinetics, but in order to unpick the binding, folding and
release phases of the cycle and reveal heterogeneity in
substrate–CCT interaction, single molecule studies will
be required. A single molecule approach will also avoid
problems associated with synchronizing substrate–
CCT interactions, which is particularly important in
this system because each chaperonin complex is capable
of multiple rounds of folding and furthermore hetero-
geneity in unfolded substrate conformational states
may be an issue. Developing models and relating any
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resolved kinetic and thermodynamic parameters to
CCT structure and function will require mutagenesis
of the chaperonin. Until recently it has not been
possible to express and purify active CCT from
in vitro expression of individual subunits but the
recently developed protocol for yeast CCT purification
(Pappenberger et al. 2006) has allowed purification of
mutant CCT for use in biophysical assays (Shimon
et al. 2008). These types of approaches will provide the
opportunity to explore further structure/function
relationships in this fascinating protein folding system.
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