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Abstract

Group II chaperonins are essential mediators of cellular protein folding in eukaryotes and archaea. 

These oligomeric protein machines, ~1MDa, consist of two back-to-back rings encompassing a 

central cavity that accommodates polypeptide substrates1,2,3. Chaperonin-mediated protein 

folding is critically dependent on the closure of a built-in lid4,5, which is triggered by ATP 

hydrolysis6. The structural rearrangements and molecular events leading to lid closure are still 

unknown. Here, we report four single particle cryo-EM structures of Mm-cpn, an archaeal group II 

chaperonin5,7, in the nucleotide-free (open) and nucleotide-induced (closed) states. The 4.3 Å 

resolution of the closed conformation allowed building of the first ever atomic model directly 

from the cryo-EM density map, in which we were able to visualize the nucleotide and over 70% of 

the sidechains. The model of the open conformation was obtained by using the deformable elastic 

network modeling with the 8 Å resolution open state cryo-EM density restraints. Together, the 

open and closed structures reveal how local conformational changes triggered by ATP hydrolysis 

lead to an alteration of intersubunit contacts within and across the rings, ultimately causing a 
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rocking motion that closes the ring. Our analysis reveals an intricate and unforeseen set of 

interactions controlling allosteric communication and inter-ring signaling driving the 

conformational cycle of group II chaperonins. Beyond this, we anticipate our methodology of 

combining single particle cryo-EM and computational modeling will become a powerful tool in 

the determination of atomic details involved in the dynamic processes of macromolecular 

machines in solution.

Chaperone-mediated protein folding is critical for the survival and proper function of cells8. 

Impairment of this process has been implicated in a variety of diseases including 

neurodegeneration, heart disease and cancer9. The eukaryotic hetero-oligomeric chaperonin 

TRiC is a unique class of molecular chaperones that assist the folding of an essential subset 

of cellular proteins with complex topologies, including many cell cycle regulators and 

cytoskeletal proteins10. Recent work suggests that the eukaryotic chaperonin is a potent 

inhibitor of Huntingtin aggregation and toxicity11,12.

Chaperonins consist of two back-to-back rings with a total of 14 to 18 subunits. Each 

subunit is composed of three domains: an equatorial domain that binds ATP and provides 

inter-ring contacts, an apical domain which binds the substrate and an intermediate hinge 

domain4,13. All chaperonins use ATP hydrolysis to drive a conformational cycle that 

encapsulates folding substrates within a central chamber14,15. Based on the mechanism of 

encapsulation, chaperonins can be separated into two related, but distinct groups. Group I 

chaperonins, mostly found in bacteria and endosymbiotic organelles (such as GroEL), have 

a co-factor (GroES) serving as a detachable lid that binds the apical domains and closes the 

chamber. Group II chaperonins, found in archaea and eukaryotes, have a builtin lid segment 

protruding from each apical domain. The molecular mechanism of lid closure in group II 

chaperonins is virtually unknown, due in large measure to the lack of high resolution 

structures for the different states in the conformational cycle.

Here, we derive the structures of a group II chaperonin in both open (nucleotide-free) and 

closed (ATP-induced) states at unprecedented resolutions by single particle cryo-EM and 

computational modeling. Our analysis reveals that in group II chaperonins the key structural 

rearrangements leading from the open to closed state are completely different from those 

found in group I chaperonins, despite structural similarities between the groups.

The 16-mer homo-oligomeric chaperonin from the mesophilic archaea Methanococcus 

maripaludis (Mm-cpn) provides a simple and tractable model for understanding group II 

chaperonins5,7,16. Mm-cpn folds proteins in an ATP-dependent manner and shares the 

allosteric regulation properties of eukaryotic chaperonins such as TRiC5,7. A variant of Mm-

cpn lacking the built-in lid (herein termed “lidless Mm-cpn”) can still bind unfolded 

polypeptides and hydrolyze ATP, but is unable to mediate folding of a stringent substrate5. 

Because the structural analysis of the nucleotide-free state was dominated by end-on views 

of the wild-type particles on an electron microscope grid, likely due to the exposed 

hydrophobic interior of the open lid, we used lidless Mm-cpn (which has random 

orientations on the EM grid) for the cryo-EM structural investigation of the poorly 

understood open state of group II chaperonins.
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2-D averages of cryo-EM images of wild-type and lidless Mm-cpn show they transition 

uniformly from an open, nucleotide free state to a closed conformation upon incubation with 

ATP/AlFx (Supplement Fig. 1). These observations contrast to previous findings17, and 

suggest that ATP hydrolysis may yield a defined 3-D conformation of Mm-cpn, as observed 

in the eukaryotic chaperonin TRiC6,15, thus making high resolution structural determination 

tractable.

Fig. 1a shows the 4.3 and 4.8 Å resolution reconstructions of the wild-type and lidless Mm-

cpn in the ATP-induced closed state, respectively (Supplement Fig. 2e). Both wild-type and 

lidless Mm-cpn achieved essentially the same closed structure (Fig. 1a). The resolution of 

the wild-type closed-state map is sufficient to permit unambiguous segmentation of the 

density of each subunit (Supplement Movie 1) as well as the modeling of the Mm-cpn 

subunits from residues 1 to 532 (Fig. 1b, Supplement Movie 2). The α-helix pitch and β-

strand separation are clearly visible in the density map, as expected at this resolution18 

(Supplement Fig. 3). Strikingly, more than 70% of sidechain densities are visible in the map 

with more than a quarter of the sidechain densities (143 out of 532) fully visible (Fig. 1c, 

Supplement Fig. 4, Supplement Movie 3). These features allowed for the construction of the 

first atomic model built directly from the cryo-EM density without the aid of a crystal, a feat 

not yet carried out in previous near-atomic resolution single particle cryo-EM 

studies19,20,21,22. Additionally, density likely representing nucleotide in the ATP-binding 

pocket is also seen in close contact with α-helices A, B, D, F, L and the end of the “stem-

loop” 4 (Fig. 1d).

In the absence of nucleotide, both chaperonin variants were uniformly open (Fig. 2a, 

Supplement Fig. 1). An 8 Å resolution map of Mm-cpn open state was reconstructed from 

images of nucleotide-free lidless Mm-cpn. The resolution of this open-state map is likely 

limited by the structural flexibility of the chaperonin (Supplement Movie 4). The flexibility 

appears highest in the apical domain, as illustrated in the lidless Mm-cpn map where the α-

helices are well resolved in the equatorial domain (Fig. 2b) but less resolved in the apical 

and intermediate domains. This resonates with the structural analysis of Group I 

chaperonins, as the apical domain residues in GroEL crystals have higher B-factors23, and 

may reflect the dynamic nature of the substrate binding sites. In the wild-type Mm-cpn, the 

open lid tends to cause the chaperonins to orient preferentially with mostly end-on views, 

accounting for anisotropic sampling of the data and thus a lower resolution reconstruction of 

10 Å (Supplement Fig. 2e) as shown in other study24.

As in the closed state, the maps of the lidless and wild-type open-state Mm-cpn are very 

similar (Fig. 2a) indicating that the presence of the lid does not significantly affect the open 

conformation. Due to the clear visibility of secondary structure elements in the 8 Å lidless 

open-state map, a model for the open-state subunit (Fig. 2c) was built based on the closed-

state model and a geometry-constrained, deformable elastic network modeling approach25 

(see Methods).

Given that wild-type and lidless Mm-cpn subunits essentially adopt the same structures for 

both the open and closed states, we used the models built from the highest resolution maps 

of the open and closed Mm-cpn states to gain insight into key structural changes 
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accompanying ATP hydrolysis in group II chaperonins. Our analysis reveals that the intra- 

and inter-ring interactions change dramatically between the open and closed states.

In the closed state, adjacent subunits within a ring engage in extensive interactions 

throughout all three domains (Fig. 3a, right). In contrast, neighboring subunits in the open 

state are connected primarily through interactions in the equatorial domain (Fig. 3a, left). 

This may account for the higher flexibility, and lower resolution, of the apical domains in 

the open state. One of the invariant intra-ring contacts observed in both open and closed 

states is between Asp45 and Arg511 in the adjacent subunits (Supplement Movie 5). An 

overlap of these models shows that every subunit within one ring rotates ~40° around this 

interface during the conformational transition from open to closed state, suggesting that the 

Asp45 and Arg511 residue pair serves as a hinge for intra-ring motion (Fig. 3a,b and 

Supplement Movie 5).

Another important component of intra-ring communication is a β-sheet formed between the 

stem-loop of one subunit and the N- and C-terminal segments of the neighboring subunit 

(Fig. 3b). Of note, our ability to visualize almost the entire N- and C-termini (except for the 

last 11 residues) in the closed state to a level of detail not observed in any previous 

chaperonin structures4,13,26,27 uncovered a dramatic movement of these structural elements 

during the conformational change of group II chaperonins. In the open state, this β-sheet is 

tilted upwards, with the visible portions of the flexible N- and C-termini pointing towards 

the central chamber of Mm-cpn (Fig. 3a,b, left panels, Supplement Movie 5). By contrast, 

these residues are pushed downwards and retracted from the chamber in the closed state 

(Fig. 3a,b, right panels, Supplement Movie 5). As a result, the N- and C-termini become 

more rigid in the closed state, allowing for visualization and modeling of the complete N-

terminus and nearly all of the C-terminus (up to Gly532, Fig. 3a,b right panel).

This structural rearrangement of the termini is supported by differential protease sensitivity 

observed for the C-terminus of lidless Mm-cpn in the open and closed states (Fig. 3c and 

Supplement Fig. 6). N-terminus is cleaved at Tyr15 in both open and closed states, 

consistent with our models, which predict Tyr15 to be at the N-terminal β-strand which is 

further away from the stem-loop (Fig. 3b). In contrast, the C-terminus is cleaved at several 

positions in the open state (bands indicated by * signs in Fig. 3c), but protected from 

proteolysis in the closed state, consistent with a highly flexible conformation of the C-

terminal tail. The observed protection induced by hydrolysable ATP (Fig. 3a,b) is consistent 

with our structural conclusion that the C-terminal residues become more rigid in the ATP-

induced state. These previously unseen movements of the N- and C-termini in and out of the 

chaperonin chamber may contribute to chaperonin mediated folding. Notably, the C-

terminus of Mm-cpn contains a conserved GGM repeat that is also found in bacterial group I 

chaperonins28. It has been suggested that, in GroEL, these regions play a role in the 

substrate folding process28,29. Our results provide direct structural evidence for the active 

involvement of N- and C-termini in the chaperonin conformational cycle. This “hand-

shaking” structural signature between the N- and C-termini in one subunit and the stem-loop 

in the neighboring subunit may indeed be the key communication between subunits within 

one ring during ATP hydrolysis (Supplement Movie 5).
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The mode of inter-ring communication in group II chaperonins has remained elusive. Unlike 

Group I chaperonins, where the rings contact in a staggered subunit arrangement13, all group 

II chaperonins have a subunit in one ring directly aligned with another subunit in the trans-

ring, leading to fully symmetrical and heterologous contacts (Supplement Fig. 5). Thus, 

inter-ring communication must occur directly between each pair of contacting subunits 

across the rings. Our structural analysis reveals that the molecular interactions at the ring-

ring interface change dramatically between the open and closed states (Fig. 4a). In the 

closed state, the N- and C-termini of adjacent subunits across the ring are in close proximity 

(Fig. 4a,c, Supplement Movie 5), while helices M and O' on the exterior side of the inter-

ring interface appear relatively distant. Surprisingly, these contacts change dramatically in 

the open state, with helices M and N in one subunit coming close to helix O' of the 

neighboring subunit across the ring. Our structures suggest that the open state is stabilized 

by a network of complementary charges linking Arg425 and Glu420 in Helices M and N 

with Asp451, Glu454, Lys458, Arg460 in Helix O' (Fig. 4b). The open state also causes a 

significant motion that separates the N- and C- termini from the subunits across the rings 

thereby pushing the termini towards the respective central chambers (Fig. 4a,c, Supplement 

Movie 5). Such a conformational switch of the termini also makes them more susceptible to 

protease digestion in the open state (Fig. 3c).

This analysis indicates that transition between the open and closed states in group II 

chaperonins involves a rocking motion that dramatically rearranges the inter-ring contacts. 

This movement differs radically from that observed in group I chaperonins26. This 

difference in inter-ring communication could result from the in-register ring-ring 

arrangement of group II chaperonins (Supplement Fig. 5), which allows greater freedom of 

tilting for the equatorial domains compared to the arrangement in GroEL. The staggered 

arrangement of inter-ring subunits in group I chaperonins leads to the relative conservation 

of inter-ring contacts throughout the conformational cycle. This quaternary structural feature 

in group II chaperonins may compensate for the lack of a lid-like GroES co-chaperonin and 

allow self-closure of the folding chamber through subunit rocking mediated by equatorial 

domain rotation.

A major question in understanding nanomachines driven by ATP hydrolysis is how local 

changes in the nucleotide binding site are communicated globally throughout the protein. 

The previous structures of group II chaperonins15,17,24 did not reveal how ATP hydrolysis 

affects intra- and inter-ring communication. Our ability to identify how secondary structure 

elements move in response to ATP hydrolysis, allows us to hypothesize how local changes 

in the nucleotide-binding site can be propagated within and between rings. Our maps clearly 

indicate that helix L in the intermediate domain tilts in response to ATP hydrolysis (Fig. 4d). 

As a result, the distal C-terminal end of helix L moves towards the stem-loop. Concurrently, 

a concerted movement of contiguous helices L, M and N causes M and N to be farther away 

from the O' helix of the subunit across the ring (Fig. 4a,b). Together, these molecular events 

produce the forward rocking of the equatorial domain towards the center of the cavity, 

which is transmitted through the intermediate domain to the apical domain, thus closing the 

lid15. The effect of ATP hydrolysis on helix L and this stem-loop fits with the observation 

that D386 in helix L and D60 at the end of the stem-loop both contact the γ-phosphate 

mimic AlFx in the closed thermosome crystal structure4 (Fig. 4d).
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Our single particle cryo-EM analysis of Mm-cpn has revealed unprecedented detail of the 

open and closed states of group II chaperonins. The structural rearrangements observed here 

are strikingly different from those occurring in the well-studied group I chaperonins26, 

indicating that a completely different mechanism of inter-subunit communication drives the 

folding cycles in group II chaperonins.

METHODS SUMMARY

Wild-type and lidless Mm-cpn were expressed and purified from E. coli5. Specimens were 

prepared for the cryo-EM experiments by rapid freezing using the Vitrobot (FEI, Hillsboro, 

OR). All imaging was done on a JEM3200FSC electron microscope (JEOL, Tokyo, Japan) 

with an in-column energy filter except for the wild-type open state which was imaged on a 

JEM2010F electron microscope. All data was recorded with Gatan 4k x4k CCD cameras 

(model #895, Pleasanton, CA). The particle images were processed using the standard 

EMAN procedures30 with D8 symmetry imposed. The resolution of the reconstruction was 

assessed using the 0.5 Fourier Shell Correlation criterion. The number of particles used for 

3-D reconstruction for wild-type closed, lidless closed, wild-type open and lidless open 

states were 29,926, 24,434, 27,598 and 18,168 respectively. The starting models for the 

Mm-cpn open and closed states were built from its homolog thermosome KS-1 (PDB ID: 

1Q3Q). Model for the closed state was hand-built by crystallographic model building tool 

(see Full Methods). Model for the open state was refined with a deformable elastic network 

algorithm using DireX25.

METHODS

Mm-cpn purification and cryo-specimen preparation

Both wild-type and lidless Mm-cpn were purified in the buffer (20 mM Hepes pH 7.4, 50 

mM NaCl, 5 mM MgCl, 0.1 mM EDTA, 1 mM DTT, 10 % glycerol, 0.1 mM PMSF). They 

were then diluted in the ATPase buffer (20 mM TRis/HCl pH 7.5, 100 mM KCl, 5 mM 

MgCl, 1 mM DTT) to lower the glycerol concentration. 0.05% detergent OG was added to 

the open state of wild-type Mm-cpn buffer before cryo-EM freezing to yield more side 

views.

For the nucleotide-induced states of wild-type and lidless Mm-cpn, a 1 mM final 

concentration of ATP/AlFx was used. The sample was then incubated in a water bath at 37 

°C for 1 hour before freezing onto the grid. This nucleotide concentration is high enough to 

overcome the negative cooperativity of ATP hydrolysis between two rings5, thus, obtaining 

a more homogeneous closed-state Mm-cpn for high resolution structure determination. The 

nucleotide free Mm-cpn was incubated at 37 °C for 10 minutes before freezing onto the grid.

Samples were embedded in vitreous ice as follows. A 2.5 μL aliquot of the above-prepared 

samples was applied onto a 400-mesh R1.2/1.3 Quantifoil grid (Quantifoil Micro Tools 

GmbH, Jena Germany). The grid was previously washed and glow discharged. After 

applying the sample, the grid was blotted and rapidly frozen in liquid ethane using a 

Vitrobot (FEI, Hillsboro, OR) and stored in liquid nitrogen before imaging.
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Proteinase K protection assay

Mm-Cpn was incubated with proteinase K as previously described, with slight 

modifications5. To generate AlFx, Al(NO3)3 (1mM) and NaF (6mM) were added to the 

reaction, then incubated at 37°C for 10 minutes. The chaperonin was incubated with 20 μg 

ml−1 proteinase K for 5 minutes at 25°C, then PMSF (5mM) was added to inhibit the 

proteinase K activity. Upon completion of the digestion, the reactions were placed on ice for 

5 minutes, then analyzed by SDS-PAGE.

Cryo-EM data collection

The lidless Mm-cpn open and closed states and the wild-type Mm-cpn closed state were 

imaged on JEM3200FSC electron cryo-microscope operated at 300kV while the wild-type 

open state was imaged on JEM2010F electron microscope at 200 kV (JEOL Inc, Tokyo, 

Japan). Both microscopes have a field emission gun. Images from JEM3200FSC and 

JEM2010F were recorded at a detector magnification of 112,000 X and 83,100 X 

respectively on Gatan 4K×4K CCD cameras (model #895, Gatan, Pleasanton, CA). For the 

JEM3200FSC data collection, an in-column omega energy filter was used with a slit width 

of 10 eV. The particle images for the 4.3 Å resolution map of the wild-type closed state were 

obtained from 616 CCD frames using 2 grids with a defocus range of 1–2.5 μm.

Cryo-EM data processing

All the particle images were boxed out automatically using EMAN30 program batchboxer 

and then manually screened using the EMAN program boxer. The class averages show that 

they are conformationally uniform (Supplement Fig. 1) in contrast to an earlier report 

showing multiple conformations in the apo state17. Contrast transfer functions (CTF) of 

these particles were first fitted using automatic CTF fitting program fitctf.py31 and then 

manually examined and adjusted using the EMAN program ctfit.

All these particles were phase-flipped, and then an initial model of each of the four states 

was generated using the EMAN program startcsym. These four models were further refined 

against its 2-D image particles using the standard EMAN iterative reconstruction 

algorithm30,32 with D8 symmetry applied. The final resolutions of wild-type closed, lidless 

closed, wild-type open, lidless open states density maps were 4.3Å, 4.8 Å, 10 Å and 8 Å 

respectively according to the Fourier Shell Correlation33 with 0.5 cut-off criterion 

(Supplementa Fig. 2e).

Cryo-EM map post-processing and visualization

The final density maps of the closed-state structures were filtered using the 1D structure 

factor curve calculated from their Cα models to enhance the high-resolution features and 

then Gaussian low-pass filtered to minimize the noise. Similar map-filtering techniques have 

been suggested earlier34,35. Map segmentation, visualizations and animations are done in 

Chimera36 and Amira (Visage Imaging™).
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Closed-state model building

Initially, a homology model for Mm-cpn was constructed using thermosome KS-1 (PDB ID: 

1Q3Q) as a template with Swiss-Model37. The Cα backbone of this model was then adjusted 

to fit the cryo-EM map density using Coot38. Secondary structure elements and protruding 

sidechain densities were used to anchor the Cα atoms in the model. Using EMAN, this 

model was then blurred to 4.5Å resolution, from which 1-D structure factor curve was 

calculated and used to scale the structure factor amplitudes of the density map. In this 

amplitude-scaled map, sidechain densities became more resolved and allowed for atomic 

modeling. We firstly focused on improving density fit for regions of secondary structure 

followed by sidechain fitting and loop modeling. During this process, we used a strategy 

similar to the crystallographic approach while modeling low-resolution X-ray structures: we 

optimized the proper geometry of the protein (bond length, bond angle, dihedral angle 

constraint, rotamer statistics). The dihedrals of the resulting model were assessed according 

to their positions in the Ramachandran plot using MolProbity39. To assess the map and 

model, we classified each amino acid into one of the four possible categories. “Fully-

resolved” sidechains were termed as those where the local shape of the density matched well 

to the model sidechain rotamers. “Partially-resolved” sidechains had sidechains that fall 

within but not necessarily fit completely to an envelope of protruding density. “Ambiguous” 

sidechains had ambiguous fits of the Cα and sidechain atoms to the density. Glycines belong 

to the final category which has no sidechain. (Supplement Fig. 4)

Open-state model building

The open-state lidless Mm-cpn model was obtained by real-space refinement with the 

program DireX25 using the homology model of the closed state as a starting model. DireX 

employs a geometry-based conformational sampling algorithm and the deformable elastic 

network (DEN) restraints plus the forces from the density map to maximize the correlation 

between the experimental density map and a density map computed from the model (see 

Supplement Methods).

The actual refinement for the open state Mm-cpn model was performed in two steps: First, 

strong non-deformable DEN restraints were used to obtain a fit with almost rigid subunits. 

In the second step, the DEN restraints were made weaker and deformable for flexibly 

refining the models. To account for missing experimental density in regions of high 

flexibility, residue-based B-factors were taken from the thermosome crystal structure (PDB 

ID: 1Q3Q), assigned to the homology model and used to scale the contribution of each 

residue to the model map. This reduced artificial structural distortions due to missing or 

significantly decreased density.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cryo-EM structures of wild-type and lidless Mm-cpn in the closed state
a. Top and side views of the cryo-EM density maps with one subunit colored blue (wild-

type) and green (lidless) at 4.3 and 4.8 Å resolution respectively.

b. Backbone model of the wild-type closed-state Mm-cpn subunit. The black arrow indicates 

the nucleotide-binding pocket. Helices are labeled from A to P.

c. Examples of visible sidechain densities (blue mesh) in the wild-type Mm-cpn map.

d. Map and backbone model around the nucleotide-binding pocket in (b).
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Figure 2. Cryo-EM structures of wild-type and lidless Mm-cpn in the open state
a. Top and side views of the Mm-cpn density maps with one subunit colored yellow (wild-

type) and orange (lidless) at 10 and 8 Å resolution respectively.

b. Slice of density map in the equatorial domain of the lidless Mm-cpn open map with α-

helices (orange ribbons) fitted into the density. The viewing direction is indicated by the 

arrow in (a).

c. Model of the lidless (orange) open-state Mm-cpn single subunit flexibly fitted into the 

cryo-EM density map.
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Figure 3. Molecular interactions of Mm-cpn subunits within one ring in two states
a. Backbone models for two neighboring subunits of two states viewed from the central 

cavity with nucleotides as sphere models.

b. Zoom-in regions of the stem-loop and N- and C-termini viewed from the right in (a). (#) 

for Val7 and (*) for Glu519 which could be modeled in the open states.

c. SDS-PAGE gel of Protease K treatment of lidless Mm-cpn showing that residues 1–14 get 

cut for both states (band 1), and the C-terminus can be cut in multiple locations only for the 

open state (*).
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Figure 4. Molecular Interactions between Mm-cpn subunits across rings in two states and the 
conformational changes around the nucleotide binding pocket with some helices labeled
a. Backbone models for two adjacent subunits across the rings of two states.

b. Insets of the helix O region of two states with positively-charged (blue) and negatively-

charged (red) residues as spheres.

c. Insets showing the N and C termini viewed by the “eyes” in (a). (#) and (*) have the same 

definitions as in Figure 3.

d. Aligned nucleotide binding pockets from the closed-state (green) and open-state (orange) 

models.

Zhang et al. Page 14

Nature. Author manuscript; available in PMC 2010 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


