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Chaperonins are large protein complexes consisting of two
stackedmultisubunit rings, which open and close in anATP-de-
pendent manner to create a protected environment for protein
folding. Here, we describe the first crystal structure of a group II
chaperonin in an open conformation. We have obtained struc-
tures of the archaeal chaperonin from Methanococcus mari-
paludis in both a peptide acceptor (open) state and a protein
folding (closed) state. In contrast with group I chaperonins, in
which the equatorial domains share a similar conformation
between the open and closed states and the largestmotions occurs
at the intermediate and apical domains, the three domains of the
archaeal chaperonin subunit reorient as a single rigid body. The
large rotation observed from the open state to the closed state
results in a 65% decrease of the folding chamber volume and cre-
ates a highly hydrophilic surface inside the cage. These results sug-
gest a completely distinct closingmechanism in the group II chap-
eronins as compared with the group I chaperonins.

Chaperonins play an essential role in ensuring efficient fold-
ing of newly translated or stress-denatured proteins (1). The
cellular accumulation of misfolded protein has been associated
with several diseases, including amyloid diseases and cancer (2,
3). This strong relationship between incorrectly folded protein
and pathological states emphasizes the importance of under-
standing in vivo folding mechanisms (1).
Chaperonins consist of two stacked rings of seven to nine

subunits each, creating a large cylindrical protein complex of

�1 MDa. The subunit architecture comprises three distinct
domains: an equatorial domain that includes the ATP binding
site, an apical domain involved with substrate binding, and an
intermediate domain that connects the equatorial and apical
domains via two hinge regions (4, 5) (see Fig. 1). This subunit
architecture is conserved highly among the two classes of chap-
eronins, which otherwise show distinct structural differences.
Group I chaperonins, such as GroEL from Escherichia coli, are
found in prokaryotes and eukaryotic organelles (6) and gener-
ally consist of double homoheptameric ring arrangements. In
contrast, group II chaperonins exist in archaeal and eukaryotic
cytosol (7) and consist of a double hetero (or homo)-octameric
or nonameric ring (8).Moreover, group I chaperonins require a
ring-shaped GroES-like cofactor to fully close the protein fold-
ing chamber in the presence of ATP, whereas group II chaper-
onins contain a “built-in” lid formed by a protrusion at the tip of
the apical domains and lack the GroES-like cofactor (4, 5).
Several conformational states of GroEL associated with its

protein foldingmechanism have been characterized using elec-
tronmicroscopy (9–11) and x-ray crystallography (12–17). The
crystal structure of the GroEL14-GroES7-ADP7 complex
showed that the character of the folding chamber changes from
hydrophobic in the peptide acceptor state (open) to hydrophilic
in the protein folding state (closed) (17). In the first step of
GroEL-mediated protein folding, non-native protein binds to
the open ring state of GroEL via hydrophobic interactions (18,
19). ATP and GroES then bind to this ring, creating the so-
called cis-ring complex. The non-native protein binding site of
GroEL is located in the same region as the GroES binding site;
consequently, binding ofGroES induces the release of substrate
inside the folding chamber, and the cofactor acts as a lid for the
cis-ring complex (20–22). The closure mechanism of GroEL is
characterized as the downward en bloc rotation of the interme-
diate domains followed by an upward rotation of the apical
domains (17). ATP hydrolysis in the cis-ring weakens the inter-
action between the GroEL and GroES. In a mechanism that is
not yet well understood, conditions within the chamber facili-
tate folding of the non-native protein. Finally, binding of ATP
to the adjacent ring (trans-ring) induces release of the folded
protein and GroES cofactor (22–24). The highly allosteric
nature of protein folding by the group I chaperonins (25–27)
has been observed in group II chaperonins as well (25, 28–31).
ATP binding to one subunit enhances ATP association with
other subunits in the same ring, whereas ATP binding to one
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ring inhibits the ATP association with the subunits of the adja-
cent ring. This positive intra-ring and negative inter-ring
cooperativity allow chaperonins to function as “two-stroke”
machines (4).
In contrast with group I, crystal structures of group II chap-

eronins have previously only been solved in the closed confor-
mation (8, 32). This paper describes for the first time a crystal-
lographic model for the open state of a group II chaperonin.
Comparisonwith the closed state suggests a closingmechanism
that is distinct from the group I chaperonins; the equatorial,
intermediate, and apical domains undergo a large conforma-
tional change between the open and closed states, possibly
rotating as a single unit. In the group I chaperonins, the equa-
torial domains are relatively stationary between the open and
closed states, and chamber closing is due to the motion of the
intermediate and apical domains (17).Differences in the closing
mechanism between the two classes of chaperonins are not
entirely unexpected, because no external cofactor is required
for the group II chaperonins, and protein folding depends
exclusively on ATP hydrolysis. The structures of the closed and
open states of group II chaperonin fromMethanococcus mari-
paludis (MmCpn) provide new insight into the folding mecha-
nism of group II chaperonins.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—Cloning, expression,
and purification of Cpn-WT3 and Cpn-�lid have been
described by Reissmann et al. (4). Both the Cpn-WT and Cpn-
�lid protein were concentrated and dialyzed against 20 mM

Hepes buffer, pH 7.4, containing 50mMNaCl, 5mMMgCl2, and
10% glycerol. The final concentration of Cpn-WT and Cpn-
�lid used for crystallization trials were 10 mg�ml�1 and 12
mg�ml�1, respectively.
Crystallization of Cpn-WT andCpn-�lid—The protein solu-

tion of Cpn-WTwas brought to 5.0mMofATP analogue (aden-
osine 5�-[�,�-imido]triphosphate) and the Cpn-�lid protein
was complexed with 5 mM ADP (adenosine 5�-diphosphate) or
non- hydrolyzable ATP analogue (adenosine 5�-[�-thio]tri-
phosphate) prior to crystallization.Cpn-WTandCpn-�lid pro-
tein were screened using the sparse matrix method (33) with a
Phoenix Robot (Art Robbins Instruments, Sunnyvale, CA)
using the following crystallization screens: Crystal Screen I and
II, PEG/Ion, SaltRx, and Index (HamptonResearch, AlisoViejo,
CA). The optimum condition for the crystals of Cpn-WT was
found in 200 mM sodium fluoride and 20% PEG 3350, and the
optimum condition for the crystals of Cpn-�lid were found in
0.2 M Li2SO4 and 20% PEG 3350 for closed state and 0.1 MMES
buffer pH 6.5, 5 mM spermidine, and 30% of 2-methyl-2,4-pen-
tanediol for the open state. Crystals were obtained after 1 day by
the sitting-drop vapor-diffusion method with the drops con-
sisting of a mixture of 0.2 �l of protein solution and 0.2 �l of
reservoir solution.
X-ray Data Collection—Crystals of Cpn-WT and Cpn-�lid

were placed in a reservoir solution containing 100% of paratone

oil and 20% (v/v) glycerol, respectively, and then flash-frozen in
liquid nitrogen. The data sets for the Cpn-WT and Cpn-�lid
were collected at the Berkeley Center for Structural Biology
beamlines 5.0.2 and 8.2.2 at the Advanced Light Source, Law-
rence Berkeley National Laboratory. The data sets were pro-
cessed using the program HKL-2000 (34).
Structure Determination—The crystal structure of closed

Cpn-�lid was determined using the molecular-replacement
method with the program PHASER (35), using as a search
model a single subunit structure of the group II chaperonin
fromThermococcus strain KS-1 (ProteinData Bank code 1Q3S)
(8). The closed Cpn-WT and the open Cpn-�lid structures also
were solved by molecular replacement, using the closed Cpn-
�lid as a search model. The resolution cut-offs were deter-
mined based on analysis of the �A versus resolution plot (36).
Previous studies have shown that with maximum likelihood-
based refinement algorithms, this is a reasonable method for
determining the effective diffraction limit of the data without
losing significant information contained in weak reflections
(36, 37). The atomic positions obtained from molecular
replacement were used to initiate crystallographic refinement
and model rebuilding. Structure refinement was performed
using PHENIX (38). For the open Cpn-�lid structure extensive
multizone rigid body refinement (39) was performed for all
domains simultaneously to determine the position of interme-
diate and apical domains. Studies of low resolution crystallo-
graphic data have indicated that only rigid body refinement is
appropriate typically when the highest resolution experimental
data available is between 8–5 Å (36). Translation-libration-
screw refinement was applied using the equatorial, intermedi-
ate, and apical domains of each subunit as separate transla-
tion-libration-screw groups. Residual atomic displacement
parameters were refined with very tight noncrystallographic
symmetry restraints. Tight noncrystallographic symmetry
restraints alsowere applied to the coordinates in the refinement
of both closed structures. Manual rebuilding with COOT (40)
allowed construction of the final models. 5% of the reflections
randomly were selected in each data set for cross-validation
prior to starting refinement.
Root-mean-square deviation differences from ideal geome-

tries for bond lengths, angles, and dihedrals were calculated
with PHENIX (38). The overall stereochemical quality of the
finalmodels for Cpn-WTandCpn-�lidwere assessed using the
MOLPROBITY (41) program.Atomicmodels were superposed
using the programs LSQKAB from CCP4 and COOT (40).

RESULTS AND DISCUSSION

Structure Determination of Chaperonin

Structural studies of MmCpn were performed using the full-
length protein (Cpn-WT) and the lidless version (Cpn-�lid)
described previously, in which the apical protrusions (Ile241–
Lys267) are replacedwith a short linker composed of four amino
acid residues (4). The Cpn-�lid mutant has been shown to be a
functionally open state, able to hydrolyze ATP and bind sub-
strate (4).
Crystals of the closed form of Cpn-WT in the presence of

nonhydrolyzable ATP analogue (AMP-PNP) diffracted to 3.3 Å

3 The abbreviations used are: WT, wild type; AMP-PNP, 5�-adenylyl-�,�-imi-
dodiphosphate; MmCpn, group II chaperonin from Methanococcus
maripaludis.
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and belonged to the monoclinic space group C2. The electron
densitymap showed clear positions for the equatorial, interme-
diate, and apical domains, which define one subunit. The crys-
tallographic asymmetric unit contained eight copies of the sub-
unit, forming an octameric ring. The upper and lower rings
observed for the Cpn-WT structure are related by the crystal-
lography 2-fold symmetry (Fig. 1A).
The Cpn-�lid was crystallized in the closed form in the pres-

ence of ADP, whereas the open form was obtained by addition
of the nonhydrolyzableATP analogueATP-�-thio (Fig. 1,B and
C). Binding and hydrolysis of ATP in the equatorial domain has
been shown to drive the transition from the open to the closed
state in TriC and MmCpn (4); however, Group II chaperonins
are not stabilized in the closed state by ADP binding alone (42–
45). In this case, the closed form of Cpn-�lid was obtained due
to the presence of sulfate ion in the crystallization buffer. Bio-
chemical studies indicate that group II chaperonins adopt the
closed conformation in the presence of a high concentration of
sulfate ions (32, 46, 8).Moreover, homologous structures of the
group II chaperonins from Thermoplasma acidophilum (32)
and several mutants from Thermococcus strain KS-1 (8) were
solved in a closed conformation in the presence of sulfate ion,
despite the fact that some crystallization conditions lacked
nucleotides. The superposition of the closed Cpn-�lid form
onto the closed Cpn-WT indicates the position of a sulfate ion

corresponds to the �-phosphate
group of the ATP analogue mole-
cule. The closed Cpn-�lid crystal
diffracted to 3.5-Å resolution and
belonged to the same C2 space
group observed for Cpn-WT. The
deletion of the lid results in the loss
of intra-ring contacts involving the
lid residues and increases flexibility
of the apical domains, which is
reflected in the diffraction quality of
closed Cpn-�lid crystals.
A similar effect was observed in

crystals of the open state Cpn-�lid.
In the open conformation, the Cpn-
�lid loses not only intra-ring con-
tacts at the lid region but also the
inter-subunit contacts at the inter-
mediate domain and apical domain,
influencing considerably the dif-
fraction quality of the crystals (Fig.
1C). The lack of intersubunit con-
tacts at the intermediate and apical
domains for the open state of Cpn
from M. maripaludis has been
described by low resolution cryo-
electron microscopy (cryo-EM)
studies and underlies the flexibility
of the peptide acceptor state (47,
48). The flexibility ofMmCpn struc-
tures is reflected not only in the rel-
ative diffraction quality of the crys-
tals but also by the distribution of

atomic displacement parameters (B-factors). The closed
Cpn-WT shows a homogeneous average B-factor for the equa-
torial, intermediate, and apical domains. Likewise, the closed
Cpn-�lid, except for the apical domains, displays an increased
average B-factor compared with the other two domains. In
marked contrast to the closed Cpn structures, the open Cpn-
�lid structure shows a broad distribution of B-factors; the low-
est values are found in the equatorial domain and increase
through the intermediate domain rising to a maximum in the
apical domain.
The group II chaperonins are a perfect example of largemac-

romolecular complexes with dramatically different conforma-
tional states associated with function. The structural investiga-
tion of flexible and/or large macromolecular complexes is
challenging because they frequently do not produce crystals
that diffract to high resolution. However, topological informa-
tion such as orientation of domains and medium to large con-
formational changes can be readily obtained from low resolu-
tion crystallographic maps. Additionally low resolutionmodels
can provide the basis for further experimentation (36). For
these reasons, the model of open state Cpn-�lid derived from
low resolution crystallographic data can offer important insight
into the macromolecular function of Cpn.
Crystals of the open state Cpn-�lid diffracted to 6.0 Å of

resolution and belonged to the orthorhombic space group I222,

FIGURE 1. Overall architecture of closed Cpn-WT (A), closed Cpn-�lid (B), and open Cpn-�lid (C) struc-
tures. The single subunit shows in different colors for the equatorial domain (purple), intermediate domain
(green), and apical domain (cyan). The double octamer-ring complex of Cpn is represented by a schematic in
both side and top views.
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with four copies of the subunit per crystallographic asymmetric
unit. Crystallographic 2-fold symmetry along two axes gener-
ates the two octameric rings observed in Cpn-�lid. Although
the open state of Cpn-�lid has been solved at low resolution,
the electron density map clearly shows the distinct arrange-
ment of the open state Cpn-�lid subunits and domains (Fig. 2).

Extensive rigid body refinement of individual domains using a
protocol with a large radius of convergence (39) was used to
establish the positions of the equatorial, intermediate, and api-
cal domains. The data collection and structure refinement sta-
tistics of closed Cpn-WT, closed Cpn-�lid and open Cpn-�lid
structures are shown in Table 1.

General Architecture

The architecture of the closed states of Cpn-WT and Cpn-
�lid are similar to the previously described structures of
group II chaperonins from T. acidophilum (32) and Thermo-
coccus strain KS-1 (8). The double homo-octameric rings of
closed Cpn-WT and Cpn-�lid are stacked back-to-back, cre-
ating a spherically shaped complex, in contrast to the cylin-
drical form observed for the open state of Cpn-�lid. The
folding chamber is separated into two distinct cavities, one
in each ring, by the crystallographically disordered segments
composed of six N-terminal and 24 C-terminal amino-acids
segments. In cryo-EM analysis of Cpn, these segments
appear to divide the central folding chamber at the equato-
rial region (47, 48).
The equatorial domain is the largest subunit domain and is

composed of amino acid residues present at both the N- and
C-terminals (residues 1–141 and 400–543). A disulfide bond
between residues Cys470 and Cys484 is observed in the equato-
rial domain of MmCpn; however, this interaction is not con-
served in the structures of chaperonins from Thermoplasma
and Thermococcus (32, 8). The equatorial domain is involved
with inter- and intra-ring contacts in both the closed and open

FIGURE 2. Representative cross-validated �A weighted electron density
maps (2mFo � DFc Fourier synthesis) contoured at 1.0� showing a single
subunit, side and top view of a double octamer-ring complex of the
closed Cpn-WT and the open state Cpn-�lid.

TABLE 1
Statistics for data collection and structure refinement of Cpn-�lid

Closed Cpn-WT Closed Cpn-�lid Open Cpn-�lid

Data collection
Wavelength (Å) 1.000 0.978 1.000
Resolution range (Å) 50–3.30 (3.42–3.30) 54.47–3.50 (3.69–3.50) 60–6.0 (6.21–6.00)
Detector distance (mm) 400 300 490
� (degrees) 180/1.0 160/1.0 180/1.0
Exposure time (seconds) 10 3 20
Temperature of collect (Kelvin) 100 100 100

Data statistics
Space group C2 C2 I222
Unit cell parameters (Å) a � 260.69, b � 162.22,

and c � 184.73; � � � � 90°
and � � 135.05°

a � 261.45, b � 161.92,
and c � 147.37; � � � � 90°

and � � 124.12°

a � 150.53, b � 209.52,
and c � 266.86; � � � � � � 90°

Unique reflections 83,463 (5601) 61,840 (8550) 10,388 (721)
Multiplicity 3.6 (2.4) 2.7 (2.2) 13.2 (5.3)
Data completeness (%) 97.6 (82.1) 96.5 (92.0) 95.6 (68.4)
I/�(I) 5.8 (1.0) 8.2 (1.3) 17.1 (1.25)
Rsym

a (lowest and highest shell) (%) 17.9 (6.4, 75.2) 14.9 (4.6, 71.4) 11.9 (8.4, 86.9)
Structure refinement
Resolution range 48.84–3.30 54.47–3.50 58.56–6.00
R-factorb (%) 20.5 23.1 24.0
Rfree

c (%) 23.4 26.8 27.0
RMSd from ideal geometry

Bond lengths (Å) 0.010 0.010 0.035
Bond angles 1.201° 1.273° 1.470°

Protein residues per ASUe 4344 4344 2172
ATP analogue 1 1
ADP 1
Ramachandran plot (%)
Favored region 97.12 91.29 94.75
Outliers region 0.52 1.08 0.63

aRsym � �hkl�i�Ii(hkl) � �I(hkl)	�/�hkl�iIi(hkl), where �hkl denotes the sum over all reflections, and �i is the sum over all equivalent and symmetry-related reflections.
b R-factor � ��Fobs � Fcalc �/�Fobs.
c Rfree � R-factor for 5% of the data were not included during crystallographic refinement.
d RMS indicates root mean square.
eASU indicates asymmetric unit.
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states, in contrast with the intermediate and apical domains,
which only show intra-ring contacts in the closed conforma-
tion. The nucleotide binding site is located at the top of the
equatorial domain and contains a conserved P-loopmotif char-
acterized by the sequence GDGTTT (49). The conserved
hydrophobic residues Pro41, Phe476, and Val488 surround the
nucleotide base moiety of ATP. Threonines Thr93, Thr94,
and Thr95 in the P-loop provide hydrogen bonds to the �-,
�-, and �-phosphate groups. The �-phosphate group is sta-
bilized both by interactions with the threonine residues and
by coordination to a magnesium ion. The proposed mecha-
nism of ATP hydrolysis occurs by a water nucleophilic
attack, in which H2O is held in place by hydrogen bonding to
the side chains of catalytic residues Asp60 and Asp386 (32).
The intermediate domain is composed of two flexible hinges

created by residues ranges 142–210 and 362–399. The lower
region of the intermediate domain includes �-helices H7 and
H14, which contact the equatorial domain, and H8. An inter-
mediate domain residue present at the loop between H7/H8
interacts with the ATP binding site via themain chain of Gly160

with the �-phosphate group of ATP. The upper region of the
intermediate domain consists of a �-sheet structure formed by
S7, S8, and S20, opposite the �-sheet created by S9, S10, S18,
and S19 in the apical domain.
The apical domain is composed of �150 residues (211–361).

The overall folding consists of three �-helices (H10, H11, and
H12) and 9 �-strands (S9–S17). The major difference between
the apical domains of group II and group I chaperonins is a
segment of 27 residues, which forms the built-in lid in the group
II proteins. An extension to helix 10 is created by these extra
residues at the tip of apical domain, isolating the folding cham-
ber from the solvent. The built-in lid segment shows both
hydrophobic and hydrophilic residues. The hydrophobic resi-
dues are involved with intra-ring contacts and the hydrophilic
residues are pointed toward the center of the cavity in the pro-
tein folding state (closed). The apical domain is the most flexi-
ble region in the subunit and is involved with substrate binding
via hydrophobic interactions (50–52).

Ring Rearrangement from the
Open to a Closed State

The superposition of closed
Cpn-WT against the openCpn-�lid
demonstrates that the equatorial
domain undergoes a significant out-
ward rotation of 35 ° from the open
to a closed conformation, while the
apical domain rotates inward (Fig. 3
and supplemental Movie 1), with
the entire subunit moving as a rigid
body around a pivot point near res-
idue Pro41 at the ATP binding site.
The complete rotation includes
both this inward motion and an
anticlockwise rotation of each sub-
unit around the 8-fold symmetry
axis of the octamer ring (Fig. 1, top
view). Because the group II chaper-

onins depend exclusively on ATP hydrolysis to close the pro-
tein-folding chamber, a large conformational change with the
ATP binding site as the pivot point is not unexpected for this
class of proteins.
The anticlockwise subunit rotation caused by ATP hydroly-

sis changes the ring dimension and shape (supplemen-
tal Movie 2). The closed states of Cpn-WT and Cpn-�lid
show heights of 162 and 148 Å, respectively, and a diameter
of 161 Å. The open state of Cpn-�lid shows a significant
increase in height to 178 Å while maintaining a similar diam-
eter of 159 Å. To visualize the orientation of the lid in an
open conformation, a full-length model of the open state
Cpn-WT was built using the open Cpn-�lid structure as a
template. The model of open state Cpn-WT shows a remark-
able height of 204 Å. The change from the cylindrical form of
the open state to the spherical shape of the closed state
causes a decrease of �65% in the volume of the folding
chamber. The chamber volume of each ring of the open
Cpn-WT model was 350,000–370,000 Å3, whereas for the
closed Cpn-WT state, the chamber volume was 130,000 Å3.
The folding chamber in the open state is twice as large as that
of the cis-cavity of the GroEL-GroES complex. The size of
the central cavity observed for the open state readily explains
the ability of group II chaperonins to fold much larger sub-
strates than GroEL (53). A similar chamber volume for the
closed state of Cpn-WT has been reported for the Thermo-
some structure (32).

Inter and Intra-ring Contacts

Open State—The inter-ring contacts of the open state of
Cpn-�lid occur between the subunits in the upper and lower
rings as related by 2-fold symmetry. The inter-ring interactions
consist principally of hydrophobic contacts between the resi-
dues on H17 with the residues of the loops located between
helices H5/H6 and helices H15/H16 of the symmetry-related
subunit (Fig. 4A). In contrast, in the closed state the helicesH17
are distant from helices H15/H16 of the subunit across the ring
(Fig. 4B). A similar change of ring-ring interface interactions

FIGURE 3. Conformational change for a single subunit between the open state of Cpn-�lid and closed
Cpn-WT. Each subunit of the complex rotates as a rigid body by �35 ° around a pivot point near residue Pro41

(colored in yellow) at the ATP-binding site. This single motion can be visually decomposed into a downward
rotation (seen from the side of the subunit) and an anticlockwise rotation (see top of the subunit). As a result the
apical domains tilt downward, closing the chamber. Seen from above, the conformation change has the
appearance of an iris opening and closing.
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between the open and closed states was observed in a recent
MmCpn cryo-EM analysis (48). In addition to the hydrophobic
contacts, the inter-ring interface shows a salt bridge involving
residues Arg425 and Asp451. This electrostatic interaction is of
particular interest because it is preserved between the open and
closed states andmay be essential to the double-ring formation
found in group II chaperonins.
The equatorial intra-ring contacts of the openCpn-�lid state

are found at two regions between neighboring subunits. The
outer intra-ring contacts are made between loops H5/H6 and
loopH16/H17 of the adjacent subunit (Fig. 4C). The same loop
H5/H6 region is involved in inter and intra-ring interaction
and is potentially a key region for allosteric regulation. An
inner intra-ring contact involving a �-sheet formation by the
N- and C-terminal �-strands (S1 and S25) of one subunit and
the �-strands (S2 and S3, also called the stem loop) of the
adjacent subunit. This secondary structure is preserved in
the open and closed conformations, despite the large rota-

tion of the equatorial domain. The
conformational change observed
for �-sheet involving elements
from neighboring subunits within
one ring has been described as a
“hand-shaking” movement, and it
indicates a potential region for
communication of cooperativity
during the ATP hydrolysis cycle
(48). The intermediate and apical
domains did not show any intra-
ring interactions, consistent with
previous lower resolution cryo-EM
experiments (47).
Closed State—The inter-ring in-

teractions change from mostly
hydrophobic contacts in the open
state to several salt-bridge interac-
tions in the closed state. The posi-
tively charged residuesArg18, Arg22,
andArg29 located atH1 of the upper
ring interact, respectively, with the
negatively charged residues Glu33
and Asp112 of H1 and H5 in the
lower ring. The rotation observed
from the open to a closed stage
increases the contact area among
the upper and lower rings. A region
of the loop H5/H6 of the upper ring
hook into a cleft formed by helices
H5, H16, and H17 of the lower ring
(Fig. 4B). A salt bridge between
Arg425 and Asp451, as described for
open state, completes the inter-ring
electrostatic interactions. A similar
interaction has been observed for
the closed homologue structure of
T. acidophilum involving residues
Arg429 and Asp455 (32). Moreover,
the structure of GroEL-GroES-

ADP shows a salt bridge between Arg452 and Glu461 at the
same location as Arg425 and Asp451 in the closed state Cpn-
WT. A mutant form E461K of GroEL demonstrates that the
inter-ring interaction Glu461 with Arg452 is involved directly
with negative allosteric regulation (54). Therefore, the crys-
tals structures of MmCpn suggest the possibility of a con-
served allosteric interaction between the group I and II
chaperonins.
The intra-ring interaction for the closed state occurs in all

three domains. The contacts between the subunits are medi-
ated principally by hydrophilic residues. Several of the resi-
dues involved with intra-ring interactions for the closed
state are exposed highly to the solvent in the open state. The
intra-ring interactions at the equatorial domain conserve the
�-sheet formed by S1 and S25 of one subunit and S2 and S3
of an adjacent subunit. The intermediate domain contacts
the upper region of the equatorial domain of the adjacent
subunit via the loops S20/H14 and S7/S8. The intra-ring

FIGURE 4. A, inter-ring contacts for the open state Cpn-�lid consist of hydrophobic contacts between the
residues on H17 with the residues of the loops located between the helices H5/H6 and the helices H15/H16 of
the symmetry-related subunit. B, inter-ring contacts for the closed state Cpn-WT are shown. The closed stage
increases the contact area among the upper and lower rings compared with open conformation. A region of
the loop H5/H6 of the upper ring hook into a cleft formed by helices H5, H16, and H17 of the lower ring.
C, intra-ring contacts for the open state Cpn-�lid are found at only at equatorial domain at two regions
between neighboring subunits. The outer intra-ring contacts are made between loops H5/H6 and loop H16/
H17 of the adjacent subunit and the inner intra-ring contact involving a �-sheet formation by the N- and
C-terminal �-strands (S1 and S25) of one subunit and the �-strands (S2 and S3) of the adjacent subunit.
D, intra-ring contacts for the closed state Cpn-WT are shown. The intra-ring interactions at the equatorial
domain conserve the �-sheet formed by S1 and S25 of one subunit and S2 and S3 of an adjacent subunit. The
intermediate domain contacts the upper region of the equatorial domain of the adjacent subunit via the loops
S20/H14 and S7/S8. The intra-ring contacts at the apical domain occur mainly between the region of H11 and
the loop S9/S10 with the loop region H12/S17.

Structural Studies of Group II Chaperonin

SEPTEMBER 3, 2010 • VOLUME 285 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 27963



contacts at the apical domain occur mainly between the
region of H11 and the loop S9/S10 with the loop region H12/
S17 (Fig. 4D). The additional intra-ring interactions at the
apical domain arise in the built-in lid region, creating a cen-
tral �-barrel structure. A detailed description of the lid inter-
actions is discussed below.

Built-in Lid and Substrate Binding

One of the major differences between the two classes of
chaperonins is the presence of a built-in lid at the tip of the
apical domains for group II, replacing the GroES-like cofactor
usedwith group I chaperonins. The lid sequence of Cpn is com-
posed of 27 highly conserved amino acid residues, which extend
the long �-helix (helix 10) at the apical domain and provide a
protective cap to the folding chamber. The presence of the
built-in lid of Cpn is dispensable for both ATP hydrolysis and
substrate binding, but deletion of the lid impairs the ability of
MmCpn to fold substrate (4). In addition to providing a pro-
tected environment for folding substrate, the build-in lid limits
the premature release of folded proteins from the central cavity.
Therefore, the residues of the lid in group II chaperonins play
an essential role in the protein folding mechanism.
Hydrophobic interactions have been implicated in substrate

binding in both group I and group II chaperonins (50–52, 55,
56). However, the previous closed state structures of group II
chaperonins did not show any evident hydrophobic surface
areas for substrate binding sites (32, 8). As described above,
we constructed a full-length model of the open state Cpn-WT.
The model shows two possible hydrophobic patches for sub-
strate binding sites at the apical domain. The first observed
hydrophobic area is formed by the residues Ile250, Ile252, Pro255,
Leu258, Phe261, and Ile262.However, theCpn-�lidmutant (dele-
tion of residues 241–267) retains the ability to bind substrate,
thus excluding this hydrophobic region as the sole substrate
binding site. These conserved hydrophobic residues in the lid
region seem instead to be important in stabilizing the closed
state of group II chaperonins because of the large number of van
der Waals contacts in the lid-lid interface. The second hydro-
phobic patch, and more likely substrate binding site, is located
at the interface between the apical helices H10 and H11. Resi-

dues Leu269, Val273, Ala274, and
Ile276 of H10 and residues Leu293,
Ala294, Tyr297, Leu298, and Ile303 of
H11 create a hydrophobic pocket in
the apical domain (Fig. 5). Sequence
alignment showed that these resi-
dues are highly conserved among
group II chaperonin members (data
not shown). Residues Val273, Ala274,
Leu293, and Tyr297 are exposed to
solvent, and they can make direct
contact with the substrate. Residues
Leu269, Ile276, Ala294, Leu298, and
Ile303 are important in creating a
hydrophobic core and organizing
the H10 and H11 helices. Similar to
GroEL, the interface between H10
and H11 becomes less accessible in

the closed conformation of the chaperonin. This is a conse-
quence of the H10 and H11 interface making contacts with the
loop consisting of residues 326 through 331 of a neighboring
subunit. Superposition of the structure of the GroEL apical
domain in complex with polypeptide substrate (19) with the
open state Cpn-�lid or Cpn-WT models showed that the sub-
strate binding region observed between helices H and I for
GroEL correspond to the hydrophobic core formed by the hel-
icesH10 andH11 in the apical domain ofMmCpn. The charged
residue Arg268, present at the N-terminal of helix I of GroEL
implicated in direct hydrogen bonding with the substrate, is
charge-conserved by Glu301 of H11 in the MmCpn sequence.
Moreover, mutagenesis analysis of eukaryotic group II chap-
eronin TRiC/CTT suggests that the residues ofH11 are directly
involved in substrate interaction sites (57). Both the open state
structure of MmCpn described here and previous TRiC/CTT
biochemical studies indicate a similar site for substrate binding
among the group I and group II chaperonins.
The crystal structure of the complex GroEL14-GroES7-ADP7

suggests that the hydrophilic nature of the interior of the cavity
in the closed state is essential for protein folding (17). Similarly,
the significant rotation observed in MmCpn in transitioning
from an open state to a closed state creates a highly hydrophilic
surface within the protein folding chamber. The negatively
charged residues Glu240, Glu243, Glu245, Asp247, and Glu249 of
the lid region and the positively charged residues Lys216, Arg307,
Arg308, and Lys310 point to the inside of the folding chamber in
the closed state. These residues create “rings” of extremely
hydrophilic regions inside the folding chamber (Fig. 6). The
deletion of hydrophilic residues present in the lid and/or the
lost of the capping function provided by the lid, required to
create a protected environment for protein folding, are poten-
tial reasons for the observed loss of folding activity in the Cpn-
�lid mutant (4).

Mechanism of Closing

Previous studies on MmCpn and TriC suggest that at inter-
mediate ATP concentrations, hydrolysis of ATP in the trans-
ring is dependent on dissociation of ADP from the cis-ring (4);
this negative allostery is overcome at higher ATP concentra-

FIGURE 5. Hydrophobic patch observed in apical domain of group II chaperonins (region shown in red).
Hydrophobic interactions have been implicated in substrate binding in group II chaperonins and the residues
Leu269, Val273, Ala274, and Ile276 of H10 and residues Leu293, Ala294, Tyr297, Leu298, and Ile303 of H11 create a
potential substrate binding site at the apical domain. A full-length model of the open state Cpn-WT was built
using the open Cpn-�lid structure as a template. The upper and lower ring of open model Cpn-WT (A), the single
subunit (B), and zoom view (C) of the potential substrate binding site involving the �-helix 10 and �-helix 11.
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tions, where both rings can close simultaneously. Interestingly,
for the “lidless” mutant, no such cooperativity is observed, indi-
cating that the lid region is important in communication between
the rings, perhaps by stabilizing the closed form. Recent cryo-EM
studies on GroEL have suggested the negative allostery between
the two rings ismediated by a “relay helix” involving theDhelices,
which interact at the ring-ring interface (58).
The ring-ring allosteric mechanism in MmCpn is as yet

unclear but would likely involve some of the same residues. The
�-sheet intra-ring interactions appear unchanged in the closed
and the open form, suggesting that these residuesmaintain sta-
bility of the ring during rotation of the subunits. Similarly, the
inter-ring salt bridge between Asp451 and Arg425 remains undis-
turbed between the open and closed forms, suggesting that this
might be a hinge point between the trans- and cis-rings.
In the thermosome, nucleotide binding induces a major

structural change in theH4/H5 loop (32) at the top of the equa-
torial domain. It is possible that in MmCpn, a similar structural
changeuponATPhydrolysis at thenucleotidebinding site leads to
rearrangement of the H5 helix. If the nucleotide binding site is at
thepivot of the rotation, thena smallmovement at thebinding site
is translated into a larger movement at the H5/H6 loop at the
bottom of the equatorial domain where the ring-ring con-
tacts are made. The rotation of the equatorial domain upon
closing the structure brings the H5/H6 loops into greater prox-
imity to adjacent subunits, which help stabilize the closed form.

Conclusion

Cellular accumulation of unfolded proteins is linked with
several diseases and the group II chaperonins, which are found
in the eukaryotic cytosol, are crucial in the folding process. This
paper describes the peptide acceptor (open) state and a protein
folding (closed) state in a group II chaperonin, which we
observe to be very different from the well characterized group I
chaperonins. The open and closed states of MmCpn show a
large rearrangement of all subunits, each moving as a rigid
body, and consequently, a significant change in the overall
dimension and shape between the two conformations. This
result suggests that the considerable structural difference
between the group II chaperonins, which contain a built-in lid,
and the group I chaperonins, which require a ring-shaped
GroES-like cofactor, translate to two radically different cham-
ber-closing mechanisms. Despite these different mechanisms,
similar substrate binding sites and mechanisms of allosteric
regulation appear to be conserved between the two groups (57).
These similar characteristics support the idea of a common
ancestor for the chaperonins. Future experiments that create a
single ring ofMmCpn by disrupting inter-ring salt bridges or by
forming electrostatic repulsion between the lower and upper
rings will contribute to a more detailed understanding of the
protein folding mechanism and allosteric regulation used in
group II chaperonins.
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FIGURE 6. The hydrophilic nature of the cavity in the closed state is essen-
tial for protein folding in group I chaperonin (17). The closed state
Cpn-WT shows a hydrophilic character. The negatively charged residues
Glu240, Glu243, Glu245, Asp247, and Glu249 of the lid region and the posi-
tively charged residues Lys216, Arg307, Arg308, and Lys310 create a hydro-
philic character inside the folding chamber. A, a single subunit of the
closed state Cpn-WT. B, side view of the chamber. C, an inside view of
the chamber looking from the equatorial domain to the apical domain.
The upper ring is shown in green, the lower ring is shown in gold, and
charged residues are shown in magenta.
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