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Abstract
Chaperonins are intricate allosteric machines formed of two back-to-back, stacked rings of subunits
presenting end cavities lined with hydrophobic binding sites for nonnative polypeptides. Once bound,
substrates are subjected to forceful, concerted movements that result in their ejection from the binding surface
and simultaneous encapsulation inside a hydrophilic chamber that favors their folding. Here, we review the
allosteric machine movements that are choreographed by ATP binding, which triggers concerted tilting and
twisting of subunit domains. These movements distort the ring of hydrophobic binding sites and split it apart,
potentially unfolding the multiply bound substrate. Then, GroES binding is accompanied by a 100° twist of the
binding domains that removes the hydrophobic sites from the cavity lining and forms the folding chamber. ATP
hydrolysis is not needed for a single round of binding and encapsulation but is necessary to allow the next
round of ATP binding in the opposite ring. It is this remote ATP binding that triggers dismantling of the folding
chamber and release of the encapsulated substrate, whether folded or not.
The basis for these ordered actions is an elegant system of nested cooperativity of the ATPase machinery.

ATP binds to a ring with positive cooperativity, and movements of the interlinked subunit domains are
concerted. In contrast, there is negative cooperativity between the rings, so that they act in alternation. It is
remarkable that a process as specific as protein folding can be guided by the chaperonin machine in a way
largely independent of substrate protein structure or sequence.

© 2012 Elsevier Ltd. All rights reserved.
Introduction

Nature's use of allosteric action in proteins was first
elegantly articulated for a set of four proteins in the
classic publication of Monod et al. 50 years ago.1 With
the exception of Perutz' early structure of hemoglobin,2

showing the heme groups to be distant from each
other and to change distance upon oxygenation,
Monod et al. had little structural information on which
to rest their model, despite its clear dependence on
structural changes driven by allosteric effectors. These
pioneers could probably never have imagined the
spectacular panoply of both enzymes and molecular
machines that are recognized today to employ
allosteric action to carry out their biological functions.
Surely ranking among the more interesting alloste-

ric proteins is the chaperonin GroEL, a protein folding
0022-2836/$ - see front matter © 2012 Elsevier Ltd. All rights reserve
machine, first identified3,4 some years after the
classic allostery paper and intensively studied over
four decades. Here, we focus on the structural nature
of the allosteric action of this double-ring machine,
particularly on the action of ATP. ATP is an allosteric
ligand for GroEL, its binding promoting both cooper-
ative (intra-ring) and anti-cooperative (inter-ring)
actions.5 In addition, ATP serves as a substrate,
undergoing hydrolysis during the reaction cycle6 to
promote a unidirectional advance of the machine.7,8

Before focusing on the allosterically driven structural
changes, we introduce the quaternary and domain
architecture that are the subject of allosteric action,
review the overall action of the machine in assisting
protein folding as directed by such allosterically
driven movements, and briefly review biochemical
observations describing the allosteric behavior.
d. J. Mol. Biol. (2013) 425, 1476–1487
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Quaternary and Domain Architecture of
GroEL Disposing to Allosteric Behavior
Consistent with the early speculations of Monod et

al. concerning quaternary structure of cooperative
proteins,1 GroEL is composed of multiple identical
protomers, 14 in all, arranged in a symmetric fashion
as two back-to-back seven-member rings (Fig. 1a
and b).9 The rotational symmetry of the rings is
readily appreciable in end views (Fig. 1b), but there
is also symmetry between rings, involving seven 2-
fold symmetry axes between subunits in the appos-
ing rings, producing an overall symmetry of D7. Each
GroEL protomer (57 kDa) is composed of two major
domains, an equatorial domain at the waistline of the
cylinder and an apical domain at the terminal end,
covalently connected by a smaller intermediate
domain that is hinged at its top and bottom aspects
to allow for rigid-body movements (Fig. 1c). Each
(b)

(e)(d)
GroES

(a)

Fig. 1. X-ray crystal structures of GroEL and GroEL–GroES
14-mer [Protein Data Bank (PDB) code 1OEL]9 showing the t
from outside the complex. (c) A GroEL subunit, seen in appro
The apical and equatorial domains are labeled, as are helix H (r
M (green), helix D (magenta), along with the residues forming t
Equivalent views of the GroEL–GroES–ATP complex (PDB c
green (d and e)] and the bound nucleotide (f).
equatorial domain houses an ATP binding pocket,11

and seven of these domains contact each other side
by side in each ring. The two rings contact each
other back to back in a staggered fashion across the
equatorial plane (Fig. 1a), forming a platform on
which the other two domains of the machine undergo
major movements in response to ATP binding and
hydrolysis.12,13 The equatorial domains themselves
also undergo subtle cooperative movements during
the reaction cycle,14 responsible for the asymmetric
behavior of the machine, dictating that only one ring
is folding active at a time.
The other major domain of each protomer is the

apical domain, lying at the terminal end of the cylinder
and containing a hydrophobic surface exposed to
solvent at the cavity-facing aspect,9,15 lying ~40 Å
from the equatorial ATP binding pocket. This is the
polypeptide-binding surface, denoted by red and
orange helices H and I and an underlying segment
Helix H(c)

Apical

Helix M

Helix I

Helix H

US
Helix M

Equatorial

R452
A109

V464 Helix D

E461

(f)

ATP

complexes. (a) Central side view slice through the GroEL
wo back-to-back rings. (b) End view of a GroEL ring, seen
ximately the same orientation as the top left subunit in (a).
ed), helix I (orange), underlying segment (US; yellow), helix
he inter-ring contacts (E461, R452, V464, and A109). (d–f)
ode 1SVT),10 including the cochaperonin lid GroES [blue
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(yellow). The seven apical domains of an open
GroEL ring form a smooth hydrophobic surface with
which to selectively capture nonnative polypeptides
via their own exposure of hydrophobic surfaces that
will be buried in the interior in the native state.16,17

Finally, the small intermediate domain allows for
hinged movements at its top and bottom aspects
(Fig. 1c), enabling at the bottom aspect the interme-
diate domain to rotate down onto the ATP pocket,
bringing with it the base (Asp398) that activates a
water tomediate ATP hydrolysis,10,13 and allowing at
the top aspect the apical domains to open via
elevation and twisting movements (Fig. 1d–f).14

The movements of the intermediate and apical
domains, and of the machine in general, are rigid-
body movements, greatly facilitating the analysis of
the machine in free solution by electron microscopy
(EM), obviating the constraints of a crystal lattice.
Rigid-body fitting of intermediate states observed by
cryo-EM has been carried out using X-ray data from
the two states that have been captured crystallo-
graphically, the unliganded state (Fig. 1a–c)9 and the
cochaperonin (GroES)-bound state (Fig. 1d–f),13

comprising essentially the end-state structures of
GroEL rings.
GroELUses ItsApicalDomainsandCentral
Cavity, Remote from the ATP Binding
Pocket, to Supply Kinetic Assistance to
Polypeptide Folding

In a polypeptide binding-proficient state, the
collective of apical domains of a ring provides, as
mentioned, a hydrophobic surface on which a
nonnative substrate is multivalently captured in the
open ring; that is, the collapsed substrate polypep-
tide is bound by multiple surrounding apical
domains.16,17 Other portions of larger substrate
proteins can protrude out of the central cavity like a
champagne cork.18

Under physiological conditions, there is an order of
events to convert a ring of an unliganded GroEL
complex to a folding-active state: ATPbinds rapidly to a
ring (b20 ms), followed by polypeptide binding (20–
200 ms), followed by binding the cochaperonin lid
protein GroES (~200 ms) (see Ref. 19 for a review).
GroES, itself a seven-membered homo-oligomeric ring
(composed of ~10-kDa subunits and overall resem-
bling a “lid”),20 makes 1:1 contacts with subunits of an
ATP-bound GroEL ring, proffering from each GroES
subunit a mobile loop that has a hydrophobic edge,
IVL, to make contact with the hydrophobic surface of a
corresponding ATP-mobilized apical domain of a
GroEL subunit (Fig. 1d–f).10,13 Following initial contact
withGroES (~200 ms), a point at which both nonnative
polypeptide and GroES are simultaneously bound to
the apical domains, large, forceful, and cooperative
rigid-body rotations of the apical domains lead to
release of polypeptide substrate from the cavity wall
into a nowGroES-capped central cavity.10,14,21 During
these rigid-body movements, the hydrophobic binding
surface that initially captured the polypeptide is
removed from facing the cavity (by virtue of apical
domain elevation and clockwise rotation) and is
replaced with a hydrophilic, richly electrostatic (net
negatively charged) lining.10,13 The released polypep-
tide then folds in solitary confinement in this domed
chamber, using the information in its primary structure
to direct proper folding,22,23 as first articulated by
Anfinsen. We view the walls of this chamber, albeit
physically close to the folding substrate protein and
subject to collisions with it,24 as a “non-stick” surface
that effectively allows folding to occur as if at infinite
dilution. Indeed, for a number of substrate proteins
where the rate of folding to native form has been
compared under so-called “permissive” conditions
(lower temperature or lower substrate protein concen-
tration, enabling spontaneous folding to occur in
solution), the rate of folding inside the chamber is
similar to that at high dilution in free solution.23,25
Biochemical andMutational Observations
of Allosteric Behavior

Cooperativity in GroEL was first detected by ATP
hydrolysis measurements of Gray and Fersht,26 and
a Hill coefficient of 1.86 was calculated. Further
analyses from several laboratories have confirmed
this, with general agreement on a Hill coefficient of
about 2.5 (in the absence of GroES).27,28 Gray and
Fersht also noted that the presence of GroES
reduced the rate of hydrolysis by ~50%, while
increasing the Hill coefficient to 3.26 This established
GroES as an allosteric effector of ATP hydrolysis.
Further observations of asymmetry of both nucleo-
tide and GroES binding29–32 led to a suggestion that
there is negative cooperativity between GroEL rings,
and this was established by the kinetic work of
Yifrach and Horovitz,5 who developed the following
model of nested cooperativity.33 Within a ring, there
is a concerted Monod–Wyman–Changeux model
operative,34 such that a ring is in equilibrium between
a T state (low affinity for ATP) and an R state (high
affinity for ATP). This implies that ATP binds
preferentially to the R ring and hence shifts the
equilibrium toward the high-affinity R state. A
second level of cooperativity was proposed to
apply between the two rings and follows the
Koshland–Nemethy–Filmore model of sequential
transition (TT→TR→RR).35 Fitting initial rates of
ATP hydrolysis across a concentration range,
Yifrach and Horovitz observed the two transitions,
with a Hill coefficient of 2.75 for the concerted intra-
ring T→R step and 0.003 for the second sequential
step. The observation of a Hill coefficient b1
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indicates that the inter-ring transition occurs with
negative cooperativity.
Fluorescence changes were also monitored by

Yifrach and Horovitz using a variant GroEL with
equatorial residue F44 changed to tryptophan (wild-
type GroEL is devoid of tryptophan).36 Stopped-flow
mixing of ATP with GroEL showed a fast phase with
bi-sigmoidal dependence on ATP concentration, and
mathematical analysis yielded the same binding
constants and Hill coefficients as had been observed
earlier. Two slow phases were also observed, and
one was assigned to ATP hydrolysis.
Slower phases following addition of ATP to

tryptophan-modified GroELs have also been ob-
served by Cliff et al. (equatorial Y485W)37 and
Taniguchi et al. (apical R231W).38 These studies
also revealed a rapid early phase of fluorescence
T

(b)(a)

E255-K207
R197-E386R197-E386

Rs-open

(c)

Fig. 2. Two adjacent subunits seen from inside the GroEL rin
the subunit domains for four major GroEL conformations. The co
shown as spheres colored by charge (red, negative; blue, positiv
are R197–E386 andE255–K207. (b) TheGroEL-ATP7 state Rs1
E255–K245. An en bloc movement of the intermediate and a
nucleotide pocket and has tilted the apical domains, leaving a dis
(c) In theGroEL-ATP7Rs-open state, the apical domains are elev
contacts, including the salt bridges, are lost, but helix I and unde
When GroES (not shown) binds, the apical domains come back
hydrophobic sites from the cavity-facing surface. The intersubu
1997, 1998, 2000, and 1180; PDB codes 4AAQ, 4AAS, and 2C
enhancement (t1/2b20 ms). Because the apical
reporter, W231, reported this same phase, presum-
ably the early conformational change exerted by
ATP association in the equatorial domains is
transmitted to the apical domains. A second phase
of fluorescence quenching was reported on a
timescale of 200 ms,37,38 likely corresponding to
apical elevation and counterclockwise twisting
movements, which will be discussed below. This
phase likely accommodates polypeptide binding
because GroES forms an initial association with
GroEL, closing access to the central cavity, only at
the end of this phase. A subsequent third phase of
tryptophan fluorescence quenching of W485 (en-
hancement of W231) is affected by GroES (produc-
ing further quench of W485)37,38 and corresponds to
a phase where a prebound fluorescent substrate
Rs1

E255-K245
K80-E386K80-E386

(d)

K80-E386

R-ES

g, showing the cryo-EMmaps and fitted atomic structures of
lor coding is as in Fig. 1. Intersubunit salt-bridge residues are
e). (a) T state (unliganded) GroEL. The two initial salt bridges
. The two original salt bridges are replaced by K80–E386 and
pical domains has partly closed helix M (green) over the
torted band of hydrophobic sites lining the inside of the cavity.
ated and the ring is radially expanded so that the intersubunit
rlying segment sites still face individually into the cavity. (d)
into contact after a 100° excursion, which fully removes the
nit K80–E386 salt bridge reforms in this state. Maps EMD
7C.14,39 Panels a-c are modified from Fig. 4 of ref. 14.
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(fluorescent-labeled RCMLA) underwent changes
suggestive of release into the GroES-encapsulated
chamber.37 Thus, a sequence of allosterically driven
events in a ring is directed by the binding of ATP to
that ring, preceding the hydrolysis of ATP.
By contrast with the foregoing events in the ring to

which ATP is bound (i.e., in cis to ATP), the arrival of
ATP drives the rapid allosteric discharge of GroES
and folding polypeptide from the opposite (trans) ring
(b1 s).7,8 That is, at the same time that ATP binding
nucleates a folding reaction in the ring to which it
binds, it sends signals that discharge the ligands in
the opposite ring. Notably, the GroES being dis-
charged lies N100 Å away from the ATP binding site.
Mutations have been made in a number of

individual GroEL residues to test their roles in
allosteric communication. Most have been evaluated
in vitro with respect to ATP binding and hydrolysis,
while a few have also been tested in vitro or in vivo for
their effects on protein folding. The earliest studied
such mutation, R197A, destroys a vital intersubunit
salt bridge (with residue E386 in the intermediate
domain; see Fig. 2 and section below).5 Both positive
and negative cooperativity are reduced, with the
result that the T→R transitions in both rings occur at
lower ATP concentrations. The structural conse-
quences of this mutation have been addressed with a
low-resolution (30 Å) cryo-EM reconstruction,40

which showed a “loosening” of the rings, likely due
to releasing the salt-bridge constraints that hold the
rings in the T state until full occupancy with ATP is
achieved. Another early variant was the double
mutant, R13G/A126V, which was the GroEL form
initially crystallized.9 Although this variant is func-
tional in vivo, negative cooperativity is abolished
while positive cooperativity remains intact.41 This
suggests that these changes in the equatorial
domain disrupt inter-ring communication, although
a more detailed analysis has not been carried out.
Mutations in residues that have been predicted to
interact during allosteric transitions have also been
studied, both singly and in pairs. For example,
changes to both members of one pair, E409–R501,
which form an inter-domain salt bridge, between the
pivot point of helix M and the equatorial domain of the
same subunit, resulted primarily in decreased posi-
tive cooperativity.42 The energetics of the T→R
transitions in these mutants were interpreted to
reflect that the salt bridge was weakened during
ATP-driven allosteric movements, although it did not
appear to be broken.
An interesting mutation, D155A, of a residue

involved in an intra-subunit salt bridge, D155–
R395, also affected positive cooperativity, such that
the normally concerted T→R transition of one ring
was replaced by a sequential (or partially sequential)
transition at low ATP concentrations.43 Structurally,
the D155–R395 salt bridge is near the intersubunit
R197–E386 one (E386 and R395 are both on helix
M), and the authors suggested that breaking the
former one weakens the latter and permits the
relative stabilization of intermediates in the allosteric
transition in which only three or four subunits have
undergone the T→R switch. This interpretation of the
kinetics was supported by single-particle reconstruc-
tions from negative-stain EM images obtained with
low concentrations of ATP that produced image
classes with apparent breaks in the symmetry of a
ring. It also should be noted that the affected salt
bridge is near residue D398, which is critically
involved in positioning a water molecule required
for ATP hydrolysis adjacent to the γ-phosphate of
ATP.10,13 The effect of this change from a concerted
to a sequential switch has been examined in vitro
using artificial, chimeric substrates.44 Refolding of
both domains of a CyPet–YPet chimera with D155A
showed a bi-sigmoidal dependence on ATP concen-
tration, compared with a mono-sigmoidal depen-
dence with wild-type GroEL.44 These data were
interpreted to mean that the sequential ATP-depen-
dent allosteric switch in themutant led to a sequential
release of the substrate protein, while the concerted
switch in wild type produced concerted substrate
release and folding. The authors concluded that the
concerted switch is important for GroEL's biological
function.44

Some of the foregoing mutations have been tested
in vivo, and most are compatible with growth of E.
coli at normal temperatures, although a few are
temperature sensitive (e.g., R197A; also see dis-
cussion of E461K below). When tested, their ability
to support protein folding in vitro appears to be
substrate dependent and also depends on whether
GroES is required for the folding reaction.45
Allosteric Structural Changes in an
ATP-Bound GroEL Ring

A recent cryo-EM study, using a hydrolysis-
defective GroEL mutant, D398A, able to bind ATP
with normal affinity but hydrolyzing at a rate ~2%
normal, has simultaneously captured three states of
an ATP-bound ring that likely form a trajectory of
movement beyond the T state toward the fully
GroES-bound state (Fig. 2).14 For this study, rapid
freezing was employed after ATP mixing. Resolution
was at the level of 8–9 Å. Although these states
coexist in solution and are presumably in equilibrium
with each other, they can be ordered into a clear
trajectory showing progressive movements. The first
state beyond the T state, called Rs1, is produced by
a cooperative en bloc movement of both the
intermediate and apical domains, involving a 35°
sideways tilting of the intermediate and apical
domains as a single rigid-body unit about the lower
hinge of the intermediate domain. This acts to rotate
the intermediate domain (including the long α helix
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M, shown in green) down into the equatorial ATP
binding pocket, bringing the catalytic D398 residue
into the pocket, where it forms a number of hydrogen
bonds.10,13 Attendant to this movement, a unique
salt bridge between the intermediate domain of one
subunit and the apical domain of its clockwise
neighbor (in end-on view), E386–R197, is broken
and is replaced by a new salt bridge between E386 in
the intermediate domain and K80 in the neighboring
equatorial domain. This reflects the downward
movement of the intermediate domain. At the same
time, an apical–apical salt bridge, K207–E255
between neighboring subunits (helix I-underlying
segment; see diagram of the three-tiered apical
cavity-facing structure in Fig. 1c), is broken and
replaced bya newK245–E255bridge (helixH–helix I),
reflecting the en bloc tilting movement.14

A second state, called Rs2, is produced by a small
additional rigid-body elevation of the apical domains at
the top hinge of the intermediate domain. The various
salt bridges of Rs1 are retained at this step. The third
state, Rs-open, is produced next, when the apical
domains move radially outward and elevate a further
20° (Fig. 2). This breaks the apical salt bridges and
effectively liberates the apical domains from each
other. Separation of the apical domains could poten-
tially unfold a misfolded substrate polypeptide. The
Rs-open state is the only one in which domains can
move independently, and one or two apical domains
may elevate before the others. Yet their hydrophobic
polypeptide binding surfaces remain facing the central
cavity (in the absence of any substantial twisting
motion). Importantly, the outward radial motion of the
hydrophobic surface places it in a position to directly
align with the hydrophobic mobile loops of GroES,
enabling an initial contact with the cochaperonin and
ending the polypeptide binding phase of the reaction
cycle. All of this takes place in ~200–300 ms.
In the absence of an experiment that could time-

dependently capture the individual ATP-driven
states, one can only speculate that Rs1 corresponds
to the rapid fluorescent phase that reflects initial ATP
binding where, indeed, apical changes have been
reported by Taniguchi et al.38 Rs-open would
correspond to the phase at which GroES contact
has an effect on the amplitude of the fluorescence
signal of reporters in the kinetics experiments of Cliff
et al.37 and Taniguchi et al.38

The question remains as to how the various
movements are programmed by the binding of ATP
in the equatorial pocket. One could speculate that
there are thermal fluctuations that can populate the
Rs1 state even in the absence of ATP and that ATP
binding simply stabilizes this state by hydrogen-
bonding interactions (e.g., between D398 and
nucleotide bound in the ATP binding pocket). The
nature of the subsequent further apical elevation and
the outward radial motion with attendant breakage of
salt bridges—50 Å away from the pocket—remains
unclear. A model of electrostatic “click-stops”, that is,
progressive salt bridge replacements during upward
apical movement on the way to complete salt bridge
breakage, could suggest that the stops represent
local energetic minima on a landscape whose
ultimate minimum is the fully opened and freed
apical domains. On the other hand, the finding of
three states at once in the cryo-EM study might imply
that all three of the states lie on a fairly shallow
energy landscape and that there could be backward
transitions from Rs-open to Rs2 to Rs1 in the
absence of GroES. It could be that the docking of
GroES stabilizes the Rs-open state, taking this
assembly to a more energetically stable state that
is no longer reversible and that is committed to the
further large movements to a final energetic mini-
mum that is the fully domed end state.

GroESContact Leads toLargeRigid-Body
Apical Movements That Eject Polypeptide
into an Enclosed Folding Chamber

Following GroES contact, the subsequent step of
further apical domain elevation and 100° clockwise
twist to produce the folding-active GroES-domed
state of GroEL (R-ES) occurs over ~1 s, attended by
forceful release of substrate protein into the cis
folding chamber.21,37,38 The cooperative nature of
these movements of the apical domains is likely
enforced by the 7-fold occupancy of ATP and the 7-
fold symmetry of the GroEL ring.46 The subunit
domains cannot move independently without steric
collision except upon reaching the Rs-open state
where the apical domains are freed from each other.
Because this state rapidly becomes bound and
constrained by 7-fold symmetric GroES, such
independent mobility is likely to be short lived. ATP
is absolutely required for the step of polypeptide
release that occurs following GroES collision during
the large rigid-body movements that form the folding
chamber.10 Interestingly, while ADP will support
formation of the full domed conformation in the
presence of GroES, it will not lead to ejection of
substrate proteins from the cavity wall. 10,21,24

Remarkably, however, addition of ground-state or
transition-state metal complexes, BeFx or AlF3,
respectively, to such an ADP-bound complex will
drive productive release of polypeptide from the
walls of cis ADP complexes with subsequent
production of the native state in the cis chamber.10

Thus, the binding of the γ-phosphate moiety of ATP
in the seven equatorial pockets can effectively
provide the energy needed (~40 kcal/mol rings) to
allosterically eject polypeptide from the cavity walls.
The nature of this action, for example, whether a
further transient clockwise twist of the apical
domains occurs, as might be suggested by obser-
vation of a fluorescent transient,21 is unknown.
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In sum, the final elevation and twist of the apical
domains (following initial GroES contact) that trig-
gers cis folding is crucially dependent on cooperative
ATP binding in the seven equatorial pockets and on
(a)

(b)

A109

T

R452
E461V464

(d) Rs-open

Fig. 3. Inter-ring contacts in the ATPase cycle. (a) Overvie
interface of the T state viewed from outside the complex. The ke
R452 (red) and E461 (blue) form salt bridges, and the resid
hydrophobic contact. (c) View of the interface in the Rs1 state, w
weakens the A109–A109 contact. (d) In the Rs-open state, the
state (GroEL–GroES–ATP7), the interface is partly restored to
somewhat weaker, with a slightly different orientation of the e
structure files are as in Fig. 2. Modified from Fig. 5 of ref. 14.
GroES contacting the apical domains. On GroEL's
own energy landscape, these movements take the
machine to a stable energetic minimum that is the
folding-active state.
(c)

(e) R-ES

Rs1

w indicating the region displayed in (b) to (f). (b) Inter-ring
y residues forming the two contacts are shown as spheres.
ues A109 (gray) at the end of helix D (magenta) form a
here a tilt of the equatorial domains in the ATP-bound ring
A109–A109 contact is further expanded. (e) In the R-ES

ward the conformation of the T state, but the contacts are
quatorial domains in the trans (lower) ring. Citations and



1483Review: Structure and Allostery of the Chaperonin GroEL
Structural Basis of Negative Cooperativity
between Rings

The two GroEL rings, as mentioned, are staggered
in their back-to-back positioning, such that each
subunit harbors two points of contact, symmetrically
contacting the same sites in two adjacent subunits of
the opposite ring (Fig. 3a). One site involves a
symmetric interaction of E461/R452/V464 in the
subunit of one ring with the same site in a subunit of
the opposite ring, while the other involves an A109–
A109 symmetric contact between the subunit of one
ring and those residues in the neighboring subunit in
the opposite ring.9 Notably, A109 lies at the distal end
of helix D (magenta), which extends from the
nucleotide pocket, and this contact is thus a likely
direct transducer of the state of nucleotide occupancy
at the pocket of one ring through the corresponding D
helix in a subunit of the opposite ring to its nucleotide
pocket. Binding of ATP, in addition to producing the
changes described above in intermediate and apical
domains of the ring to which it binds, also causes
significant equatorial movements in the bound
ring.14,39 These amount to pivoting the equatorial
domains about the 461–452–464 contact such that
the 109–109 contact is both lengthened (by 2 Å) and
changed from a tilted to a more vertical orientation
(Fig. 3). The lengthening seems likely to account for
(a) (

(e)

T Rs1

(

(b)

(f)

Fig. 4. Subunit rotations in the apical and equatorial domain
the complex, showing the distortion of the T state ring by tilting
elevation in the Rs-open state, and the complete occlusion of
state. (e–h) Views of the cis equatorial domains of a ring seen
ring is distorted by a small rotation of each domain in Rs1 and
conformation in R-ES. Citations and structure files are as in F
the negative cooperativity between rings for ATP
binding, possibly through alteration of electrostatic
interactions between the apposed D helices by the
presence of the γ-phosphate.39 These movements,
occurring as a result of the ATP-dependent pivoting,
result in a more globally observable counterclockwise
rotation (looking in end view) and expansion of the
entire ATP-bound ring (Fig. 4, Rs1 and Rs-open). The
transition at the inter-ring interface involves, on one
hand, a tilt of the equatorial domain centered on the
461–452–464 contact that widens the A109–A109
distance and, on the other, a counterclockwise
rotation of the whole ATP-bound ring of equatorial
domains relative to the unoccupied state.14

These ATP-triggered conformational changes
prime the subsequent states of GroES binding. The
twist between equatorial rings remains very similar in
the ATP bullet complex (GroEL–ATP–GroES), al-
though it is accompanied by the additional changes
in domain tilt and ring separation described above.
Only upon ATP hydrolysis, as inferred from the
structure of the ADP bullet, is the twist reversed.

Action of ATP Hydrolysis in Release of
cis Ligands

Examination of equatorial domain rings in the ATP
and ADP bullet complexes suggests that ATP
c)

Rs-open R-ES

g) (h)

(d)

s. (a–d) Views of the apical domains of a ring from outside
of the apical domains in the Rs1 state, their separation and
the substrate binding sites by a 100° rotation to the R-ES
from the ring interface for the same four states. The T state
a radial expansion in Rs-open and restored to the T state
ig. 2.
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hydrolysis in cis produces a strained conformation in
the resulting ADP bullet.39 This ADP state is primed
to release the cis ligands, that is, GroES, nucleotide,
and polypeptide substrate, by opening the cis folding
chamber. The main distortion, unique to the ADP
bullet state, is an opening of the β-sheet contact
between equatorial domains within the trans ring
(Fig. 5).14,39 This is a key contact holding the rings
together; hence, the ADP bullet must be a less stable
state of the complex. The trans ring of the ADP bullet
rapidly binds ATP, which then triggers the release of
GroES and opening of the cis chamber. We
hypothesize that the conformational change trig-
gered by ATP binding in trans restores the β-sheet
contacts, thus making the interface incompatible
with the cis bullet conformation, so that GroES is
30°

ATP

GroEL:ATP7 SEorG:

(a)

(c)

(e)
60°

5.3 5.3 5.4

Fig. 5. Opening of the intersubunit β-sheet contact in the tra
(a) The β-sheet contact between N- and C-terminal regions of
map is shown in gold mesh and the rigid-body fitted domains ar
(b) In the ADP complex, the cryo-EM map (blue mesh) shows a
equatorial domains. (c and d) View of the β-sheets from insid
complexes. (e) Inter-strand distances from the atomic model. Th
Macmillan Publishers, Ltd: Nature Structural and Molecular B
codes 2C7C and 2C7D.
released and the complex is reset. An illustration of
this allosteric coupling was provided by a tempera-
ture-sensitive GroEL mutant in the key salt bridge
between the rings, E461K.47–49 Remarkably, this
mutant forms a rearranged assembly with a 1:1
subunit contact instead of 1:2 across the ring
interface (Fig. 6). Even more surprisingly, this
complex is functional at permissive temperatures,
but loses function at 37 °C because the rings
dissociate and GroES release is impaired.48 The
loss of inter-ring coupling at the non-permissive
temperature is presumably because the alternative
1:1 interface is not stabilized by any salt bridges,49

unlike the wild type that is held together by E461–
R452. It is interesting to note that in group II
chaperonins, the corresponding sequence provides
30°

ADP

(b)

PDA:LEorG 7:GroES

(d)

10.2

9.7

9.3

ns ring after ATP hydrolysis in the GroEL–GroES complex.
adjacent equatorial domains in a trans ring. The cryo-EM
e shown in contrasting colors for the two adjacent subunits.
clear separation at this contact site, arising from tilts of the

e the ring in the fitted atomic models of the ATP and ADP
e figure was reproduced from Ref. 39 with permission from
iology, copyright 2006. Maps EMD 1180 and 1181; PDB



WT E461K

(a) (b) (c)

E434

A109V464

WT E461K

K461

Fig. 6. The E461K mutant of GroEL has a rearranged inter-ring interface. Schematic models of the wild type (WT) and
E461K interfaces show how the normal 1:2 contacts of apposed equatorial domains in wild-type GroEL are replaced by 1:1
contacts in the mutant. The atomic structure of the interface is illustrated by a view from the outside of the crystal structure
of this mutant (PDB code 2EU1).49 The 3.3-Å structure suggests that there are no salt bridges stabilizing this interface and
that the single type of contact involves K461, V464, and E434. A109 does not make any inter-ring contact in the mutant
assembly.
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salt bridge contacts at the 1:1 positions.50 The result
of nucleotide and GroES binding to E461K GroEL is
a dead-end single ring–GroES complex such as
SR1. It is clear from the effects of this and other
mutations that the structure of the ring interface is
closely coupled to GroES binding.
Summary of Current Understanding

As exemplified by the nonfunctional E461K mutant
discussed above, allosteric actions not just within the
GroEL rings but between them are crucial to the
operation of the machine. The allosteric changes that
we have just discussed, both within and between
rings, are summarized schematically in Fig. 7. ATP is
the major driver, acting upon binding within a ring to
(a) (b) (c)

Fig. 7. Schematic diagrams of allosteric domain movements
on bottom) are represented by red ellipses or circles, with gra
equatorial domains are represented by green rectangles, with
Helix D is shown schematically running from the ATP binding
direct a trajectory of cooperative rigid-body move-
ments during the first ~200 ms to produce theRs1 and
Rs-open states to which substrate polypeptide binds
(Fig. 7b and c). At the end of that time, polypeptide is
likely encapsulated by the collision of GroES with Rs-
open, forming a ternary complex in which both the
substrate protein and the GroES mobile loops
simultaneously occupy parts of the apical hydropho-
bic binding surface. This is followed by large, forceful,
and cooperative rigid-body elevations and 100°
clockwise twisting movements of the apical domains
of the cis ring, while it remains associatedwithGroES,
which occur over the subsequent second to produce
the domed GroEL:ATP7:GroES folding chamber
(Fig. 7d). Polypeptide substrate is released from the
cavity wall during this large and forceful excursion and
proceeds to fold. At the same time ATP drives these
(d) (e)

in GroEL complexes. The apical domains (cis on top, trans
y regions indicating the hydrophobic binding sites, and the
the inter-ring contacts residues as blue, red, or gray boxes.
pocket (white rectangle) to the A109 contact (gray boxes).
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events in the cis ring, it also acts through equatorial
helix D and the 461–452 contacts between the rings to
effectively “shut off” the opposite ring, disfavoring
binding of ATP (and thus GroES) there, as well as
disfavoring binding of nonnative substrate protein.
The subsequent hydrolysis of ATP in the cis ring after
~10 s (Fig. 7e) then “resets” the equatorial contacts
(associated with the splaying of the trans ring
equatorial intersubunit β-sheet) and gates entry of
ATP into the trans ring (with reformation of the β-
sheet). Newly bound ATP once again acts through
helix D to disturb the 109–109 interface and sends
long-range signals that eject GroES, polypeptide, and
ADP from what had been the folding-active ring. The
nature of the ring adjustments at the apical and
intermediate domain levels that leads to departure of
GroES (and ADP) remains unknown. Concerning
GroES release, one can speculate that a reversed
movement of the apical domains, in the counterclock-
wise direction, would break the contacts of the mobile
loops with the apical domains. Regardless, this
movement is occurring 100 Å from the trans ring
ATP signal and comprises but one of the remarkable
allosterically driven steps of this machine that awaits
understanding.
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