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Abstract
Chaperonins are allosteric double-ring ATPases that mediate cellular protein folding. ATP binding
and hydrolysis control opening and closing of the central chaperonin chamber, which transiently
provides a protected environment for protein folding. During evolution, two strategies to close the
chaperonin chamber have emerged. Archaeal and eukaryotic group II chaperonins contain a built-
in lid, whereas bacterial chaperonins use a ring-shaped cofactor as a detachable lid. Here we show
that the built-in lid is an allosteric regulator of group II chaperonins, which helps synchronize the
subunits within one ring and, to our surprise, also influences inter-ring communication. The lid is
dispensable for substrate binding and ATP hydrolysis, but is required for productive substrate
folding. These regulatory functions of the lid may serve to allow the symmetrical chaperonins to
function as ‘two-stroke’ motors and may also provide a timer for substrate encapsulation within
the closed chamber.

Chaperonins are ubiquitous and essential mediators of cellular protein folding that consist of
14–18 subunits arranged in two stacked rings1–4. Each ring encompasses a central chamber
that accommodates non-native polypeptides. All chaperonins share a similar subunit
architecture, consisting of three distinct domains: an ATP-binding equatorial domain, a
distal apical domain harboring the polypeptide-binding sites and an intermediate hinge
domain. A key feature of chaperonins is their ability to close their chamber and encapsulate
the bound substrate, thus providing a protected environment for protein folding. Opening
and closing of the folding chamber is controlled by a conformational cycle driven by ATP
binding and hydrolysis. Despite overall structural similarities, there are substantial
differences between the eubacterial chaperonins, such as GroEL from E. coli2–5, and the
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chaperonins from archaea and eukaryotes6,7. Whereas bacterial, so-called group I
chaperonins are homo-oligomeric, eukaryotic and archaeal group II chaperonins are
generally hetero-oligomeric7. The greatest difference between group I and group II
chaperonins resides in their distinct strategies to mediate closure of their central folding
chamber. Group I chaperonins use a ring-shaped cochaperone, GroES, as a detachable lid. In
the presence of ATP, GroES binds GroEL and closes its central cavity5. In contrast, group II
chaperonins have a built-in lid formed by protrusions that extend from the tip of each apical
domain8–10. For the eukaryotic chaperonin TRiC (also called CCT), it has been shown that
assembly of the iris-like lid is triggered by ATP hydrolysis9. Despite intensive studies on the
biochemistry and function of bacterial chaperonins, little is known of the mechanistic and
biological significance underlying the unique structural features of eukaryotic and archaeal
chaperonins.

The chaperonin folding cycle is crucially dependent on the synchronized action of individual
subunits11–13. Accordingly, chaperonins are highly allosteric protein machines11–13.
Subunits within each ring are coupled as a functional unit through positive cooperativity in
ATP binding11,14–16; this allows them to act in a concerted fashion to create the closed
folding chamber. In addition, negative communication between the rings causes ATP
binding to one ring to inhibit ATP binding to the adjacent ring14–18. This feature is thought
to ensure that only one ring is folding-active at a given time, allowing chaperonins to
function as ‘two-stroke’ motors. This unique allosteric behavior is observed in both group I
and group II chaperonins11,14,15,19,20 and is described as nested cooperativity, as the positive
cooperative transition within each ring is nested into the overall negative cooperativity
between them.

The basis of allosteric regulation in group I chaperonins has been extensively studied.
Positive and negative cooperativity in GroEL are established independently of the GroES
lid19,21, although GroES profoundly influences the conformational changes of
GroEL12,21–24. In contrast, little is known about the molecular basis of allostery in
eukaryotic and archaeal chaperonins. Their very different mechanisms of lid formation raise
the question of how group II chaperonins regulate their conformational cycle. We here
investigate the function of the built-in lid in the mammalian chaperonin TRiC and an
archaeal chaperonin from Methanococcus maripaludis. Our results show that the built-in lid
is important in regulating the conformational cycle of group II chaperonins. We found that
the apical protrusions have been incorporated into the allosteric network that communicates
ATP-induced conformational changes between subunits. It thus appears that group I and
group II chaperonins have evolved very different strategies for intersubunit coordination,
despite the overall structural conservation of the chaperonin ring architecture. Our findings
help explain how group II chaperonins act like two-stroke motors without the help of an
extrinsic cofactor and show how conserved protein scaffolds can achieve allosteric
regulation through widely divergent structural features.

RESULTS
The lid couples ATP hydrolysis to substrate folding

To examine the role of the built-in lid in the folding cycle of group II chaperonins, we
assessed the effect of eliminating the lid on the eukaryotic chaperonin TRiC (Fig. 1) and the
archaeal Cpn from the mesophile M. maripaludis (Fig. 2)25,26. TRiC is central in the folding
of many essential structural and regulatory eukaryotic proteins and is perhaps the most
complex chaperonin, consisting of eight different subunits7. The simpler M. maripaludis
Cpn consists of eight identical subunits per ring and, unlike other archaeal chaperonins from
extremophiles6, can be studied at physiologically relevant temperatures and salt
concentrations25,26.
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The activity of TRiC was compared with that of the previously described9,27 lidless version,
called clipped-TRiC or cTRiC (Fig. 1a,b). Cryo-EM analysis revealed that the doublering
architecture characteristic of chaperonins is preserved in cTRiC (Supplementary Fig. 1 and
Supplementary Methods online), consistent with previous findings9. Furthermore, both the
substrate-binding and ATPase domains retain their integrity in cTRiC, as it binds non-native
substrates, such as [35S]actin, with an efficiency comparable to that of TRiC (Fig. 1c,
compare lanes 2 and 4) and can also effectively hydrolyze ATP (Fig. 1d). Notably, cTRiC is
not able to promote actin folding upon incubation with ATP (Fig. 1c, compare lanes 3 and
5). We conclude that an intact lid is required to couple ATP hydrolysis with productive
substrate folding in the eukaryotic chaperonin.

To extend the findings for the eukaryotic TRiC complex to other group II chaperonins, we
next examined the function of the built-in lid in archaeal chaperonins (Fig. 2). First, the
nucleotide requirements for lid closure in the archaeal Cpn were defined. To this end, we
exploited the differential protease susceptibility of the lid segments in the open and closed
states9 (Fig. 2a). Mild proteolytic treatment of wild-type Cpn (Cpn WT) in the open,
nucleotide-free state led to specific cleavage of the lid segments (Fig. 2a, left gel). Notably,
cleavage occurred at a position in the Cpn lid equivalent to that cleaved in TRiC subunits27.
Incubation with ATP, but not ADP, triggers lid closure, resulting in protection of the lid
segments (Fig. 2a, left gel). Analysis of Cpn mutant D386A, which can bind ATP (data not
shown) but is unable to hydrolyze it (Fig. 2c), further indicated that ATP binding does not
suffice for lid closure, which is mediated by ATP hydrolysis, as observed for TRiC (Fig. 2a,
middle gel).

We next compared the properties of M. maripaludis Cpn WT with a lidless variant, Cpn
Δlid, in which the apical protrusions (Ile241–Lys267) are replaced with a short flexible
linker (Fig. 2b). Deletion of the lid segments rendered the chaperonin resistant to protease
digestion even in the absence of nucleotide, supporting the idea that the highly dynamic
nature of the lid segments is responsible for providing the proteolytic cleavage site (Fig. 2a,
left gel). The built-in lid of Cpn was dispensable for both ATP hydrolysis (Fig. 2c) and
substrate binding (Fig. 2d, inset). However, deletion of the lid impaired the ability of Cpn to
fold rhodanese in the presence of ATP (Fig. 2d).

Together, our data suggest that, despite the evolutionary distance spanned by group II
chaperonins, the mechanism of closure and the function of the lid are conserved among them
all. In both archaeal and eukaryotic chaperonins, lid closure is triggered by ATP hydrolysis9

(Fig. 2a). Furthermore, in both cases the lid is required to fold a bound substrate upon ATP
hydrolysis (Fig. 1c and Fig. 2d). The characterization of lidless variants of TRiC and Cpn
provided an opportunity to define how the built-in lid regulates the ATP-driven
conformational cycle of group II chaperonins.

The lid establishes allosteric coupling within one ring
In group II chaperonins, all eight apical protrusions within a ring must interact tightly to
form the iris-like lid8. Accordingly, ATP should produce a concerted conformational change
in all subunits of one ring. Given the overall conservation of the chaperonin structure,
communication between subunits could be independent of the lid segments, as observed in
GroEL, where positive intra-ring cooperativity is independent of GroES19 (Fig. 3a, model
1). Alternatively, the apical protrusions themselves could synchronize the subunits within
one ring, thus coordinating lid formation (Fig. 3a, model 2). These models make distinct
predictions for the contribution of the built-in lid to positive intra-ring cooperativity.
Whereas coupling between subunits would be retained in lidless chaperonin variants
according to the first model, it would be lost according to the second one. To distinguish
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between these possibilities, we compared the intra-ring cooperativity in wild-type and lidless
variants of both TRiC and M. maripaludis Cpn (Fig. 3). The allosteric properties of these
chaperonins were determined by measuring the initial rates of ATP hydrolysis as a function
of ATP concentration (Fig. 3).

The first allosteric transition of TRiC and Cpn results from intra-ring communication20,26.
Accordingly, we assessed coupling between subunits in one ring by comparing the kinetics
of these chaperonins at ATP concentrations below 100 μM20,26. The kinetics obtained for
both intact TRiC and Cpn WT were sigmoidal (Fig. 3b,c and Supplementary Fig. 2
online), indicating positive cooperativity between the subunits of one ring (P < 0.001 for
both chaperonins). The apparent ATP-binding constant (K1) and the Hill coefficient (n) for
this first allosteric transition, as well as the maximal turnover rate (vmax), were calculated by
fitting the data points to the Hill equation (equation (1) and Table 1). For TRiC, the values
for K1 and n are 10.1 ± 0.5 μM and 2.0 ± 0.2, respectively, in very good agreement with
previous observations20. Comparison of the respective values for the catalytic rate (kcat,
calculated to be 0.04 s–1 for TRiC and 0.7 s–1 for Cpn WT) reveals that the archaeal
chaperonin is a much more efficient ATPase than TRiC, a property Cpn shares with its
bacterial counterpart, GroEL19. Notably, although Cpn hydrolyzes ATP much more rapidly
than TRiC, the affinity of the archaeal chaperonin for ATP (K1 = 5.8 ± 0.3 μM) as well as
its degree of allosteric coupling (n = 1.9 ± 0.1) were very similar to those of TRiC (Table
1). Thus, for both chaperonins, positive intra-ring cooperativity drives a concerted
conformational change in all subunits of one ring that results in lid closure (Fig. 3d). This
allosteric switch converts the subunits of one ring from a ‘tense’ T state with low affinity for
ATP to a ‘relaxed’ R state with high affinity for ATP (Fig. 3d)11.

We next examined the allosteric coupling of lidless variants of TRiC and Cpn (Fig. 3e,f).
Loss of the lid segments did not affect the overall affinity for ATP, K1, or the maximal
hydrolysis rate, vmax, of either chaperonin (Table 1). However, positive cooperative
coupling between subunits was weaker (Fig. 3e,f and Supplementary Fig. 2), as indicated
by significantly reduced values for the Hill coefficients (n; Table 1; P = 0.01 for nTRiC
compared with ncTRiC, P = 0.005 for nCpn WT compared with nCpn Δlid). Of note, deletion of
the entire apical protrusion in Cpn (Fig. 3f) has a similar effect on the positive cooperativity
as cleaving the lid-forming segments in TRiC (Fig. 3e). These lidless chaperonins hydrolyze
ATP with Michaelis-Menten kinetics, which is typical of enzymes without allosteric
regulation, indicating that the subunits in one ring bind ATP independently of one another
(Fig. 3g).

These experiments suggest that the presence of intact lid segments is important to establish
positive cooperativity among the subunits of one ring. Thus, the built-in lid is required to
synchronize the ATP-induced conformational change of subunits within one ring.

Analysis of negative inter-ring communication
TRiC and M. maripaludis Cpn show a second allosteric transition above 400 μM ATP that
results from inter-ring communication (Fig. 4a,b)20,26. These higher ATP concentrations
overcome the negative cooperativity between the rings and, as a result, the trans-ring also
starts binding and hydrolyzing ATP (Fig. 4c)20,26.

To examine the nature of inter-ring communication in group II chaperonins, we extended
our analysis to a broader range of ATP concentrations20. The second allosteric transition
observed for both TRiC and Cpn was reflected by a decreased hydrolysis rate at higher ATP
concentrations (Fig. 4a,b), in contrast with previous measurements for TRiC20. Notably,
similar results were obtained for TRiC and Cpn WT; thus, our results probably reflect a
general property of group II chaperonins. As both chaperonins used here were fully
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competent for substrate folding (Fig. 1c and Fig. 2d), the discrepancy with previous TRiC
measurements could be explained by weakened interring contacts in previous protein
preparations, which may impair negative cooperativity.

The observation that the second allosteric transition produces a marked decrease in the rate
of ATP hydrolysis suggests that negative inter-ring communication prevents both ATP-
bound rings from hydrolyzing ATP simultaneously at an optimal rate. Our findings suggest
a model for how nested allosteric interactions in group II chaperonins lead them to function
as two-stroke motors (Fig. 4c). In the absence of nucleotide, the two rings are virtually
identical and in the symmetrically open T state (Fig. 4c). At intermediate ATP
concentrations (Fig. 4c, 0.2 mM ATP), the subunits in one ring (the cis-ring) undergo an
allosteric transition to the R state and bind ATP with positive cooperativity14,15. As a result
of the negative inter-ring cooperativity, ATP binding to the cis-ring induces a
conformational change in the subunits of the trans-ring to a T′ state with lower affinity for
ATP. This asymmetric state is characterized by an optimal ATPase activity (vmax(1)). At
higher ATP concentrations (Fig. 4c; 1 mM ATP), the trans-ring also binds ATP, but overall
ATP hydrolysis becomes less efficient. We propose that this change corresponds to a
different state of the enzyme, the R′/R′ state, where the negative cooperativity for ATP
binding has been overcome and both rings are forced to adopt a conformation with a
suboptimal ATPase rate (vmax(2)). Notably, similar results were observed for both TRiC and
Cpn, despite their widely different overall catalytic rates and subunit composition,
suggesting that this type of allosteric regulation is conserved in all group II chaperonins.

Allosteric coupling drives a two-stroke folding cycle
The model suggested above predicts the formation of an asymmetric R/T′ state at
intermediate ATP concentrations and a symmetric R′/R′ state at high ATP concentrations.
This prediction was tested by exploiting the differential protease sensitivity of the lid in the
open T state and the closed R state. TRiC (Fig. 5a, left gel) and M. maripaludis Cpn (Fig.
5a, right gel) were incubated in the absence of nucleotide or in the presence of either 0.2 or
1 mM ATP to generate the three states proposed by our model (Fig. 4c). The γ-phosphate
mimic AlFx was included in the reactions to stabilize the closed state9,28. As expected, both
rings were in the open conformation in the nucleotide-free T/T state (Fig. 5a). In contrast, at
a high ATP concentration (Fig. 5a, 1 mM ATP), virtually all the apical lid segments were
protected in both TRiC and Cpn WT, yielding full-length chaperonin, consistent with a R′/R
′ state, in which both rings are closed. Notably, incubation with an intermediate ATP
concentration (Fig. 5a, 0.2 mM) reduced the level of protection of the lid segments of either
mammalian or archaeal chaperonin to about half of the value obtained at the high ATP
concentration, consistent with the idea that negative inter-ring cooperativity prevents the
trans-ring from binding ATP. Moreover, this lower ATP concentration yields the maximal
ATP hydrolysis rates, suggesting that the asymmetric conformation of the chaperonin
induced by this ATP concentration is optimized for ATP cycling.

The observation of an asymmetric R/T′ state at intermediate ATP concentrations raised the
possibility that negative allosteric coupling between rings allows the inherently symmetrical
group II chaperonins to function as two-stroke motors. To relate the regulation of ATPase
activity to chaperonin function, we compared the protein-folding activity of TRiC and Cpn
at either 0.2 or 1 mM ATP (Fig. 5b,c). TRiC-mediated actin folding was assessed using two
independent folding assays, nondenaturing PAGE (Fig. 5b, right gel) and protease
susceptibility (Fig. 5b, left gel)9. Comparable folding yields and rates were observed at 0.2
and 1 mM ATP (Fig. 5b,c). Of note, the protease-susceptibility assay can distinguish
between released folded actin, which yields a protease-resistant actin fragment of 34 kDa,
and TRiC-encapsulated actin, as lid closure protects the full-length polypeptide (Fig. 5b, left
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gel)9. The levels of [35S]actin protection observed at 0.2 and 1 mM ATP were similar,
suggesting that only one ring is functional for substrate folding and encapsulation, even at
the higher ATP concentrations. The same conclusions were reached for Cpn, as comparable
yields and rates of rhodanese folding were observed at 0.2 and 1 mM ATP (Fig. 5c, right
chart). Thus, the asymmetric R/T′ state supports optimal substrate-folding rates.

Together, these results support the idea that at intermediate ATP concentrations, negative
inter-ring cooperativity establishes an asymmetric R/T′ state, with only one ring having a
closed lid. Consistent with our model, structural evidence for an asymmetric cycle of lid
closure has been obtained for TRiC29 and for archaeal thermosomes30,31. Our analysis
provides a rationale as to how allosteric regulation of group II chaperonins allows these
symmetrical complexes to function as a two-stroke machine without the assistance of an
external GroES-like cofactor.

The lid influences inter-ring communication
To examine the role of the apical lid segments in establishing the negative inter-ring
cooperativity, we next extended our analysis to cTRiC and Cpn Δlid (Fig. 6). Notably, there
were substantial differences in the kinetics of the lidless and wild-type chaperonins. For both
the archaeal and the eukaryotic chaperonins, absence of a functional lid completely
abolished the second allosteric transition at higher ATP concentrations (Fig. 6b,c and Table
1; compare with Fig. 4a,b for wild-type). We conclude that the lid segments not only
synchronize subunits within one ring but also are important in communication between the
rings.

DISCUSSION
Opening Andino closing of the built-in lid in group II chaperonins requires the coordinated
action of all subunits in a ring, controlled by ATP binding and hydrolysis in the distant
equatorial domains. This study uncovers a remarkable degree of mechanistic and functional
conservation between group II chaperonins from eukaryotic and archaeal origin, despite
their evolutionary distance. In both cases, the built-in lid is in the open state upon ATP
binding and closes during ATP hydrolysis. The lid segments are not required for
maintenance of the double-ring chaperonin architecture but help integrate the subunits
within a ring into an allosteric unit (Fig. 7). Although the lid is far away from the inter-ring
contacts, the lid structure also functions in modulating inter-ring communication (Fig. 7).
This negative inter-ring coupling enables group II chaperonins to function as two-stroke
motors, where the two rings alternately sample the folding-active state during the reaction
cycle.

Strategies of allosteric coupling in chaperonins
The phenomenon of nested cooperativity has been observed in all chaperonins. We found
that group I and group II chaperonins use different strategies to establish the same type of
allostery. Allosteric coupling of subunits within one ring is intrinsic to GroEL and is
modulated only by the GroES cofactor19,21–24. In contrast, we found that group II
chaperonins depend on their built-in lids to coordinate intra-ring communication.

The role of the built-in lid in establishing positive cooperativity in group II chaperonins is
surprising, given their overall similarities with their bacterial counterparts. The distinct
allosteric strategies of group II chaperonins may originate from the unique mechanistic
requirements of having a built-in lid. In GroEL, the lid is already preformed, and lid closure
requires merely an increased affinity of GroEL for GroES. In contrast, group II chaperonins
must create the lid in a coordinated manner during ATP hydrolysis within a ring. The
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structural challenges posed by the built-in lid may be incompatible with the allosteric
regulation of bacterial chaperonins, forcing the emergence of novel allosteric networks in
group II chaperonins.

Understanding how the built-in lid contributes to allosteric coupling in group II chaperonins
must await a better characterization of the open state. Lid formation could involve a
concerted interaction between all apical protrusions or, alternatively, the conformational
change could propagate sequentially through domino-like interactions between apical
protrusions. Notably, cryo-EM analysis of TRiC has revealed the presence of asymmetry in
one ring at low ATP concentrations32, suggesting a sequential type of allosteric transition.
Given that substrate proteins might be bound to more than one subunit within a ring33, these
different models have different implications for the mechanism of substrate release from the
binding sites, which in turn will influence the folding mechanism.

The built-in lid regulates inter-ring communication
Our analysis indicates that the built-in lid also affects inter-ring communication (Fig. 6). We
envision two possible models that could account for these observations. First, removing the
lid could abolish both positive and negative allosteric coupling, so that all 16 subunits bind
and hydrolyze ATP independently. As all subunits in both rings would be hydrolyzing ATP
simultaneously under saturating conditions, this scenario leads to the prediction that the
lidless variants should reach a higher maximal hydrolysis rate, vmax, than intact chaperonins.
Indeed, such behavior has been observed for GroEL mutants with distorted inter-ring
communication34,35. Our findings, however, are not consistent with this possibility
(compare Fig. 4a,b and Fig. 6b,c). Accordingly, we favor a second model, wherein the
formation of a functional lid structure is not required for negative cooperativity but serves to
slow down the ATPase cycle by stabilizing the closed state. This model is consistent with
various lines of evidence obtained for TRiC and the archaeal thermosome, which indicate
that lid reopening is the slowest, rate-limiting step in the ATPase cycle9,18. First, steady-
state measurements at high ATP concentrations indicate that for TRiC, the closed post-
hydrolysis state dominates the kinetic ATPase cycle9. In agreement with this idea, kinetic
analysis of the thermosome has revealed that ADP + Pi release is rate limiting18, also
indicating a long-lived post-hydrolysis state. On the basis of these results, it has been
proposed that the trans-ring of the thermosome is prevented from hydrolyzing ATP until Pi
and ADP are released from the cis-ring18. Upon consideration of this together with our
results, a picture emerges in which formation of the closed lid delays the release of the
hydrolysis products, ADP and Pi, thus extending the duration of the ATPase cycle in the cis-
ring and delaying ATP hydrolysis in the trans-ring. At saturating ATP concentrations, this
would effectively slow down the steady-state ATPase rate, as observed experimentally for
both TRiC (Fig. 4a) and M. maripaludis Cpn (Fig. 4b). As the lidless chaperonins do not
have a closed lid to slow down release of ADP and Pi in the cis-ring, the inhibition of
hydrolysis in the trans-ring should not be observed; this is consistent with the faster turnover
rate observed at high ATP concentrations for the lidless chaperonins (Fig. 6b,c). Moreover,
in addition to explaining all available data, this model reveals that the lid acts as a timing
device that regulates the duration of the folding-active state.

Lid formation and the catalytic cycle of group II chaperonins
Our results uncover several functions for the built-in lid during the conformational cycle of
group II chaperonins (Fig. 7). In addition to physically encapsulating the substrate, the built-
in lid is also key in regulating chaperonin function and ensuring its activity as a two-stroke
molecular machine. Because the closed conformation is presumably the folding-active state,
lid opening upon release of ADP and Pi serves as a timer mechanism that regulates the
length of substrate encapsulation in the folding chamber. Notably, despite having similar
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mechanisms, TRiC and M. maripaludis Cpn have very different ATP turnover rates,
suggesting that the substrate residence time within the chamber may be fine-tuned to suit the
folding requirements of different cellular environments.

What drove the evolution of such distinct mechanisms of substrate encapsulation within the
chaperonin chamber? Given that several eukaryotic proteins, such as actin, can be folded
only by TRiC and not by group I chaperonins36, the distinct structural features of group II
chaperonins probably evolved to suit the specific folding requirements of their substrates. In
turn, the built-in lid drove a remodeling of the allosteric network in group II chaperonins
such that the apical protrusion communicates conformational changes between subunits. As
ATP hydrolysis probably hides the substrate-binding sites from the cavity33, it is possible
that incorporating the lid into the allosteric network may help ensure that the lid is formed
before substrate release to prevent premature escape from the cavity.

It is noteworthy that the incorporation of a slight structural variation, namely the built-in lid,
into the conserved chaperonin architecture forced the archaeal and eukaryotic complexes to
evolve a different strategy in order to maintain the same type of regulation through nested
cooperativity. Defining the structural basis of inter-subunit communication in eukaryotic and
archaeal chaperonins may provide insights into the plasticity of allosteric networks13.

METHODS
Materials

[α-32P]ATP was obtained from PerkinElmer Life and Analytical Sciences and all other
chemicals were purchased from Sigma-Aldrich, unless mentioned otherwise.

Plasmids
Genomic DNA from M. maripaludis strain LL (see Acknowledgments) was used as a
template to amplify the M. maripaludis cpn gene by PCR. The PCR fragment was inserted
into the vector pET21a+ (EMD Chemicals) using the NdeI and BamHI restriction sites,
resulting in the vector pET21MmCpnWT. Replacement of the helical protrusion region
(Ile241–Lys267) by a short linker (ETASE) as well as exchange of Asp386 to alanine was
done by site-directed mutagenesis using the QuikChange kit (Stratagene). Information about
the oligonucleotides used can be obtained from the authors upon request.

Protein purifications
TRiC was purified from bovine testis essentially as described37. M. maripaludis Cpn WT,
Cpn Δlid and Cpn D386A were purified as follows. Chaperonin proteins were overproduced
in Escherichia coli strain Rosetta (DE3) pLysS (EMD Biosciences) harboring plasmid
pET21MmCpnWT, pET21MmcpnΔlid or pET21aMmCpnD386A, respectively. The cells
were harvested by centrifugation, resuspended in MQ-A buffer (20 mM HEPES-KOH (pH
7.4), 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 10% (v/v) glycerol, 1 mM DTT, 0.1 mM
PMSF) and disrupted using a French Press at a pressure of 16,000 pounds per square inch.
The lysate was centrifuged at 15,000g for 30 min to pellet cell debris. The supernatant of an
ammonium sulfate cut using ammonium sulfate to 55% saturation was dialyzed against MQ-
A buffer and loaded on a Q Sepharose FF column (60 ml, GE Healthcare) equilibrated in
MQ-A buffer. Bound proteins were eluted by a NaCl gradient ranging from 0 to 1 M NaCl.
Fractions containing Cpn were pooled and diluted 1:1 in MQ-A buffer before they were
loaded on a Hi-Trap Heparin column (20 ml, GE Healthcare) equilibrated in MQ-A buffer
containing 0.2 M NaCl. Bound proteins were eluted by a NaCl gradient ranging from 0.2 to
1 M NaCl. Fractions containing Cpn were pooled, concentrated using an Amicon Ultra-15
10K concentrator (Millipore) and loaded on a Superose 6 10/300 GL column (GE
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Healthcare). Fractions containing the oligomeric chaperonin were pooled, and aliquots were
flash-frozen in liquid nitrogen. All Cpn variants were well expressed and correctly
assembled, and all had similar stability to the wild-type Cpn. The protein concentration was
determined using the BCA-Assay (Pierce) with BSA as a standard.

cTRiC
cTRiC was generated essentially as described9. Briefly, 0.25 μM purified TRiC protein was
preincubated in TRiC ATPase buffer (50 mM Tris-HCl (pH 7.4), 50 mM KCl, 5 mM
MgCl2, 1 mM EGTA) for 5 min at 25 °C. After addition of 20 μmg ml–1 proteinase K and
further incubation for 10 min at 25 °C, protease activity was inhibited by adding PMSF to
the reaction at a final concentration of 5 mM. After incubation on ice for approximately 10
min, the quantitative conversion of TRiC to cTRiC was confirmed by SDS-PAGE analysis.
Reactions containing cTRiC were kept on ice for no more than 2 h before they were used for
further biochemical analysis.

Proteinase K protection assay
Purified TRiC (0.25 μM) and purified Cpn WT or Cpn D386A (0.25 μM) were respectively
preincubated in TRiC ATPase buffer and Cpn ATPase buffer (20 mM Tris-HCl (pH 7.5),
100 mM KCl, 5 mM MgCl2, 10% (v/v) glycerol), which was supplemented with EDTA (5
mM), ADP (1 mM) or ATP (0.2 or 1 mM). To generate AlFx, Al(NO3)3 (5 mM) and NaF
(30 mM) were included in the reaction. The reactions were incubated for 10 min (30 min for
reactions containing AlFx) at 30 °C for Cpn and 25 °C for TRiC. After addition of 20 μg
ml–1 proteinase K and further incubation for 10 min at 25 °C, PMSF was added at a final
concentration of 5 mM to inhibit protease activity. The reaction was then incubated on ice
for 10 min and analyzed by SDS-PAGE. For N-terminal sequencing, the protein fragments
were transferred to a PVDF membrane and visualized by amido-black staining. The protein
bands were cut from the membrane and submitted to the Stanford PAN facility. The open
Cpn lid is cleaved at position Met259, equivalent to the site cleaved in the TRiC lids, giving
rise to two fragments, of 26 and 30 kDa (Fig. 2a). The smaller fragment (24 kDa, Fig. 2a)
results from the additional cleavage of the first 15 N-terminal amino acid residues. Protease
treatment of Cpn Δlid produces only N- and C-terminal cleavage events. All three fragments
share the same N terminus, starting with Tyr15.

Substrate-folding assays
Rhodanese folding by Cpn WT and Cpn Δlid was assayed as described38. In brief, 0.25 μM
protein was incubated in Cpn ATPase buffer supplemented with 20 mM sodium thiosulfate.
Purified rhodanese was denatured in 6 M guanidinium-HCl containing 5 mM DTT and
rapidly diluted 1:100 into the reaction mix to a final concentration of 30 μM. After
incubation for 5 min at 37 °C, the reaction was started by addition of 2 mM ATP and
allowed to proceed for 50 min at 37 °C. To detect the presence of refolded rhodanese, 10 μl
of the reaction was withdrawn and subjected to a rhodanese activity assay as described38.

The actin-folding assay was done as described39. In brief, 0.25 μM TRiC or cTRiC was
incubated in buffer A (20 mM HEPES-KOH (pH 7.5), 100 mM potassium acetate, 5 mM
MgCl2, 1 mM DTT, 10% (v/v) glycerol and 1% (w/v) PEG 8,000). [35S]actin denatured in 6
M guanidine-HCl39 was then rapidly diluted 1:100 into the reaction mix to a final
concentration of 30 μM. After incubation for 10 min at 4 °C, the reaction was supplemented
with 1 mM ATP and incubated for 40 min at 30 °C. Generation of native [35S]actin was
determined by nondenaturing gel electrophoresis using folded [35S]actin as a control, as
described39. The gel was exposed on a phosphorimaging screen (Kodak), which was
scanned in a Typhoon 9410 imager (GE Healthcare). The radioactive signal was quantified
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using ImageQuant 5.2 (Molecular Dynamics). The amount of actin migrating with native
mobility is expressed as the percentage of total radioactivity per lane.

To determine actin-folding rates at various ATP concentrations, the appearance of native
[35S]actin was measured by a protease protection assay as described9. To this end, TRiC and
actin were incubated as described above to form a binary complex. After addition of 5 mM
EDTA and 0.2 or 1 mM ATP, samples were withdrawn at the indicated time points and the
folding reaction was stopped by incubation on ice and by supplementing the reactions with
10 mM trans-1,2-cyclo-hexanediaminetetraacetate (CDTA). The samples were then
incubated with 20 μg ml–1 proteinase K for exactly 5 min at 25 °C before protease activity
was inhibited by addition of PMSF at a final concentration of 5 mM. After incubation on ice
for 10 min, the samples were analyzed by SDS-PAGE. The gel was exposed on a
phosphorimaging screen (Kodak), which was scanned in a Typhoon 9410 imager. Protease
treatment of native actin results a previously described 34-kDa fragment9 (Fig. 5b, left gel,
lanes 3 and 4). Denatured actin, however, is not protected against protease digestion (lanes 1
and 2) and can thereby be distinguished from native actin. Lanes 5–7 show populations of
actin present in a reaction mix after 15 min of incubation in the presence of 1 mM ATP (lane
5) or 0.2 mM ATP (lane 6), or in the absence of nucleotide (lane 7). The full-length actin
band in lanes 5 and 6 corresponds to encapsulated substrate protein that is protease
protected, as shown previously9. The radioactive signal corresponding to released native
actin9 was quantified using ImageQuant 5.2.

Rhodanese binding assay
Cpn WT or Cpn Δlid (0.25 μM) was incubated in Cpn ATPase buffer. Purified
[35S]rhodanese denatured in 6 M urea40 was rapidly diluted 1:100 into the reaction mix to a
final concentration of 26 μM. After incubation for 15 min at 4 °C, chaperonin-bound
rhodanese was detected by nondenaturing gel electrophoresis, as described for TRiC39. The
migration behavior of the chaperonin proteins was analyzed by Coomassie staining. To
visualize comigration of [35S]rhodanese, the gel was exposed on a phosphor-imaging screen
(Kodak), which was scanned in a Typhoon 9410 imager.

ATPase assay
ATP hydrolysis by wild-type chaperonins and chaperonin variants was measured at 25 °C
for TRiC and cTRiC and 37 °C for Cpn WT, Cpn Δlid and Cpn D386A, in their respective
ATPase buffers, in the presence of 1–1,000 μM [α-32P]ATP. After 5 min of preincubation,
the reaction was started by mixing 5 μl [α-32P]ATP solution (0.01 μCi μl–1) with 20 μl
1.25-fold concentrated reaction mix. At the indicated time points, 2-μl samples were taken
and transferred onto PEI-cellulose F thin-layer chromatography plastic sheets (EMD
Chemicals). The plates were developed in a solvent system containing 1 M LiCl and 0.5 M
formic acid in H2O, air-dried and exposed to a phosphorimager (Kodak). After the screen
was scanned in a Typhoon 9410 imager, the amount of [α-32P]ATP was quantified using
ImageQuant 5.2.

Data fitting
We analyzed allosteric properties with respect to ATP by directly fitting the data to equation
(1) and (2), as indicated in the figure legends, using KaleidaGraph Version 4.0 (Synergy
Software).

(1)

v0 is the observed initial rate of ATP hydrolysis; [S] is the ATP concentration; vmax(1) and
vmax(2) are the maximal initial rates of ATP hydrolysis by a single ring and by both rings of
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group II chaperonins, respectively; n and m are the Hill coefficients for the first and second
allosteric transition, respectively; and K1 and K2 are the respective apparent binding
constants of ATP to the first and second ring20.

(2)

v0 is the observed initial rate of ATP hydrolysis; [S] is the ATP concentration; vmax is the
maximal initial rate of ATP hydrolysis; n is the Hill coefficient; and K1 is the respective
apparent binding constant for ATP.

To determine whether the allosteric parameters derived above using the Hill equation
explain the experimental data more accurately than a simple nonallosteric Michaelis-Menten
model, the statistical significance of the difference between the two fits was calculated by an
F-test, using the Prism package (GraphPad Software). Briefly, for each chaperonin, the fit
obtained using equation (2) with a free Hill coefficient (n) value was compared with a fit
done using equation (2) but with the Hill coefficient (n) value arbitrarily fixed at 1
(modeling no allosteric regulation, according to the Michaelis-Menten equation). This
analysis indicated that the parameters derived using the Hill equation shown in Table 1 were
significantly better at explaining the experimental data than a Michaelis-Menten model (P =
0.0004 for TRiC and P < 0.0001 for Cpn). A similar approach was used to assess the
significance of the loss of cooperativity observed upon removal of the lid segments in TRiC
or Cpn. Briefly, for both TRiC and Cpn, an F-test was used to compare the global fits
obtained for the intact and lidless versions of the chaperonin, using either two independently
fit n values or an identical n value for both curves. This test indicated that the loss of
positive cooperativity measured in the fits is statistically significant, as the experimental data
are best explained by two different n values for intact and lidless versions (P = 0.01 and for
TRiC versus cTRiC P = 0.004 for Cpn WT versus Cpn Δlid).

Molecular modeling
The homology model for Cpn was obtained by submitting the protein sequence to the
SWISS-Model server41 (http://swissmodel.expasy.org//SWISS-MODEL.html). The figures
were prepared by using MacPyMOL (http://pymol.sourceforge.net).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The built-in lid couples ATP hydrolysis to substrate folding in the eukaryotic chaperonin
TRiC. (a) cTRiC is a lidless version of TRiC generated by a selective cleavage within the
apical protrusions27. Prot K, proteinase K. (b) SDS-PAGE analysis followed by Coomassie
staining of TRiC and cTRiC. Cleavage in the apical protrusion of each of the eight different
55- to 60-kDa subunits of TRiC produces sixteen 24- to 36-kDa fragments27. (c) cTRiC is
able to bind denatured [35S]actin but cannot promote [35S]actin folding in the presence of
ATP. About 60% of bound [35S]actin was refolded by TRiC in the presence of ATP (lane 3).
Lane 1, native [35S]actin migration standard. (d) ATP hydrolysis by TRiC and cTRiC
measured at 0.6 mM [α-32P]ATP.
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Figure 2.
The built-in lid couples ATP hydrolysis to substrate folding in archaeal group II
chaperonins. (a) ATP hydrolysis but not ATP binding induces lid closure in M. maripaludis
Cpn. Lid closure in the presence of ATP was monitored for Cpn WT, the ATPase-deficient
mutant Cpn D386A and Cpn Δlid, as in Figure 1b9. (b) Homology model of a single
subunit of Cpn WT and Cpn Δlid, respectively. The equatorial domain (Equ, black) is linked
to the apical domain (Ap, light gray) via the flexible intermediate domain (Int, gray).
Position of Asp386 is indicated. In Cpn Δlid, a short linker replaces the apical protrusions
(lid, black). (c) ATP hydrolysis by Cpn WT, Cpn Δlid and Cpn D386A measured at 0.5 mM
[α-32P]ATP. (d) Cpn Δlid is able to bind denatured [35S]rhodanese ([35S]rhod) but cannot
efficiently promote rhodanese folding in the presence of ATP. Error bars represent s.e.m.
Inset shows an autoradiogram of [35S]rhodanese–chaperonin complexes analyzed by 4%
nondenaturing gel electrophoresis.

Reissmann et al. Page 15

Nat Struct Mol Biol. Author manuscript; available in PMC 2012 April 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
The built-in lid is required for positive cooperativity between the subunits of one ring. (a)
Two possible models for allosteric coupling of subunits in group II chaperonins. In the
group I chaperonin GroEL, intra-ring allosteric coupling is achieved by interactions between
the apical and intermediate domains of neighboring subunits. In group II chaperonins, two
models are possible. Model 1: intra-ring coupling is independent of the lid, similar to
GroEL. Model 2: the lid segments are required to orchestrate synchronized action between
subunits in one ring. (b,c) Wild-type eukaryotic and archaeal chaperonins show positive
cooperativity among the subunits of one ring. Initial velocities of ATP hydrolysis by TRiC
(b) and Cpn WT (c) were plotted against ATP concentration and fit to the Hill equation
(equation (2), see Methods). Each data point shows the average of at least three independent
experiments. Error bars represent s.e.m. (d) Model of the ATP-induced conformational
change of one ring of TRiC and Cpn WT. Positive cooperativity causes subunits in one ring
to undergo a concerted conformational change leading to lid closure. (e,f) Allosteric
coupling of subunits in one ring is impaired in a lidless chaperonin. Initial velocities of ATP
hydrolysis by cTRiC (e) and Cpn Δlid (f) were plotted against ATP concentration and fit to
equation (2) as above. Each data point shows the average of at least three independent
experiments. Error bars represent s.e.m. (g) Model of the ATP-induced conformational
changes in lidless cTRiC and Cpn Δlid. No allosteric coupling between the subunits can be
observed, indicating that the subunits bind ATP independently of one another.
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Figure 4.
Negative allosteric coupling between rings affects ATP binding and hydrolysis. (a,b)
Negative allosteric coupling between rings results in a second allosteric transition occurring
at high ATP concentrations in wild-type chaperonins. Initial velocities of ATP hydrolysis by
TRiC (a) and Cpn WT (b) were plotted against ATP concentration and fit to equation (2)
(see Methods). Each data point shows the average of at least three independent experiments.
Error bars represent s.e.m. (c) Proposed conformational states for group II chaperonins at
different ATP concentrations. T/T state: in the absence of nucleotide, both rings reside in the
T state, and the lid structure is not formed. This T/T complex has a low affinity for ATP. R/
T′ state: at intermediate ATP concentrations (0.2 mM ATP), the cis-ring reaches saturation
for ATP binding and hydrolysis and therefore assumes the R state. The trans-ring adopts a
conformational state T′ with low affinity for ATP as a consequence of negative
cooperativity between the rings. This asymmetric state has optimal ATPase activity
(vmax(1)). R′/R′ state: at high ATP concentrations (1 mM ATP), the negative cooperativity
is overcome and both rings bind and hydrolyze ATP simultaneously. The two rings hinder
each other, leading to the observed drop in the hydrolysis rate vmax.
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Figure 5.
Group II chaperonins sample two different conformational states at intermediate and high
ATP concentrations. (a) In the absence of nucleotide, chaperonins predominantly sample the
T/T state, in which both rings are in the open conformation and therefore susceptible to
protease digestion. TRiC and Cpn WT are fully protected from protease cleavage at 1 mM
ATP-AlFx and therefore reside in a symmetrically closed complex, the R′/R′ state. The
partial protection pattern at 0.2 mM ATP-AlFx indicates the existence of an asymmetrically
closed R/T′ state at intermediate ATP concentrations. (b,c) The asymmetric R/T′– state of
group II chaperonins supports optimal substrate folding. b shows TRiC-mediated [35S]actin
folding at 1 and 0.2 mM ATP, examined by protease digestion (left) and nondenaturing
PAGE (right), followed by autoradiography. FL, full-length. c shows substrate-folding rates
of TRiC and Cpn at 0.2 and 1 mM ATP. Left, time course of actin folding by TRiC in the
absence of nucleotide (5 mM EDTA) and in the presence of 0.2 and 1 mM ATP. Right, time
course of rhodanese folding by Cpn WT in the absence of nucleotide (5 mM EDTA) and in
the presence of 0.2 and 1 mM ATP. Error bars represent s.e.m.
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Figure 6.
The built-in lid affects inter-ring communication of group II chaperonins. (a) Nested
allosteric coupling in group II chaperonins. Positive cooperativity among the subunits of one
ring is nested into negative cooperativity between the two rings. (b,c) The second allosteric
transition, occurring at high ATP concentrations, is absent in the lidless chaperonin variants.
Initial velocities of ATP hydrolysis by cTRiC (b) and Cpn Δlid (c) were plotted against
ATP concentration and fit to equation (2) (see Methods). Each data point shows the average
of at least three independent experiments. Error bars represent s.e.m.
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Figure 7.
The built-in lid controls the ATPase cycle of group II chaperonins. ATP binding to subunits
in one ring is a cooperative event communicated by the apical protrusions. Subsequent ATP
hydrolysis within the cis-ring is accompanied by a synchronized conformational change that
results in lid closure9. The lid probably remains closed in the post-hydrolysis ADP + Pi
state. Reopening of the stable iris-like lid structure seems to be the rate-limiting step in the
conformational cycle18. Owing to negative inter-ring cooperativity14,17,18, ATP hydrolysis
in the trans-ring can occur only once the products of ATP hydrolysis have dissociated from
the cis-ring. The precise mechanism that unravels the stable lid structure remains undefined.
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Table 1

Parameters defining kinetic properties of group II chaperonins

TRiC cTRiC Cpn WT Cpn Δlid

K1 (μM) 10.1 ± 0.5 16.5 ± 1.0 5.8 ± 0.3 9.0 ± 0.6

K2 (μM) 593 ± 23 NA 562 ± 175 NA

n 2.0 ± 0.2 1.3 ± 0.2 1.9 ± 0.1 1.3 ± 0.1

m 10.8 ± 4.2 NA 2.9 ± 1.8 NA

kcat R/T′ (oligomer–1 sec–1) 0.04 0.03 0.7 0.8

kcat R′/R′ (oligomer–1 sec–1) 0.028 NA 0.54 NA

Errors are s.e.m. NA, not applicable. See Methods for definitions of parameters.
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