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SUMMARY/Abstract 

Chaperonins are biomolecular complexes that assist protein folding. Thermophilic Factor 55 

(TF55) is a group II chaperonin found in the archaeal genus Sulfolobus and which undergoes 

changes in modular subunit composition in a temperature-dependent manner. TF55 can form 

filamentous assemblies that may be a component of the archaeal cytoskeleton or sequester 

inactive chaperonin. Using cryo-electron microscopy, we have determined the structure of the 

β-only complex of S. solfataricus TF55 complexes to 3.6 Å resolution and its filamentous form 

to 5.2 Å resolution. Filament formation can be induced when the protein is enriched in solution 

or in the presence of the detergent dodecyl maltoside. Helical protrusions in the apical domain 

facilitate end-on-end interactions in the filamentous state. Our findings establish the molecular 

basis for forming chaperonin filaments in Sulfolobus and may suggest how filament formation 

could function as a cold-shock response and provides a background for generating tuneable 

protein nanowires. 
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INTRODUCTION/Main 

Chaperonins are large protein complexes that aid in both protein folding and in preventing 

aggregate-formation by misfolded proteins (Lopez et al., 2015; Saibil, 2013; Skjærven et al., 

2015). Chaperonins are typically up-regulated during cellular stress or heat-shock to form large 

(~1 MDa) molecular cages. These molecular cages are constructed from one or more types of 

subunit and can capture misfolded protein substrates into their inner cavity. Refolding of the 

misfolded substrate is achieved by the chaperonin closing around it, which perturbs the local 

energy minima of the substrate. The energy is provided by adenosine triphosphate (ATP) 

binding and hydrolysis. Group I chaperonins, such as GroEL that is found in eubacteria, form 

tetradecamers of end-to-end stacked heptameric rings and require heptameric co-chaperones 

(termed GroES) to close and mediate refolding of the captured protein (Skjærven et al., 2015; 

Weiss et al., 2016). Group II chaperonins, such as TRiC/CCT that is found in eukaryotes, or 

TF55 that is found in archaea, are similarly composed of two multimeric stacked rings, but do 

not require a co-chaperone. The functional and substrate specificity of these chaperonins is 

mediated by their subunit composition and geometry that work together in a highly cooperative 

manner (Bigotti and Clarke, 2008; Lopez et al., 2015; Skjærven et al., 2015). 

 

Thermophilic Factor 55 (TF55/rosettasome) is a chaperonin found in Sulfolobus, a 

genus of archaea typically residing in volcanic springs at pH 2–3 with temperatures around 75–
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80°C (Quehenberger et al., 2017; Trent et al., 1991). As a result of the harsh environment in 

which it lives, the TF55 chaperonin is crucial for the survival of these archaea.  Moreover, 

TF55 implements different means of chaperonin regulation and function. Under different 

conditions, the proportion of its α, β, and γ subunits that are present can differ. At temperatures 

above 80 °C, TF55 is expressed at high levels in Sulfolobus due to the presence of a heat-

inducible promoter for the tf55 gene (Jonuscheit et al., 2003; Trent et al., 1990). However, the 

subunit composition and geometry of the chaperonin is regulated in a temperature-dependent 

manner, altering between α6β6γ6, α8β8, or β18 complexes as temperature increases, respectively 

(Chaston et al., 2016; Kagawa et al., 2003). In addition, filaments of TF55 chaperonin have 

been observed in S. shibatae, which have been suggested to be a component of the archaeal 

cytoskeleton (Trent et al., 1997). Functionally, the formation of chaperonin-based filaments 

might serve to sequester the inactive complex until required, where it would dissociate and be 

liberated to aid in protein refolding (Trent et al., 1998). Moreover, the ability of TF55 

chaperonin to self-assemble into filaments and, in the case of synthetic mutants, 2D ordered 

structures, has the potential to be exploited in the nanobiotechnology field to generate protein 

nanowires and nanostructures (Li et al., 2007; Whitelam et al., 2009). 

 

To investigate the filament assembly of chaperonins, we performed cryo-electron 

microscopy (cryo-EM) on TF55 composed of only the β subunit (TF55β) from the thermophilic 

archaea S. solfataricus. Filaments of TF55β can be observed at high concentrations (> 10 mg 

mL-1) or can be induced by the addition of dodecyl maltoside (DDM) at low temperatures. We 

have determined the structure of isolated TF55β complexes to 3.6 Å resolution together with 

the structure of filamentous TF55β to 5.2 Å resolution. These objects resemble respectively the 

biological unit and crystal lattice contacts of the TF55β crystal structure determined previously 

(Chaston et al., 2016). These new structural data together with previous work on related TF55 
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structures suggest that the filamentous architecture seen in S. shibatae may be common to 

archaea of Sulfolobus. These could potentially function as a cold-shock response to sequester 

unengaged chaperonin, whereas at higher temperatures, heat dissociation would then liberate 

the TF55β complex from the filament, allowing it to function effectively as a molecular 

chaperone. These structures also provided crucial background information needed for the 

generation of tuneable protein nanowires. 

 

RESULTS 

Single particle analysis of the TF55β complex 

Cryo-EM images of dispersed TF55β chaperonin at 20 mg/ml (Figure 1A) generated 

an initial 145,924 particles picked automatically in RELION (Zivanov et al., 2018) and 

subsequent 2D and 3D classification yielded 37,592 particles that contributed to the final model 

(Figure 1B). The images showed a high proportion of top views, characterized by a nonameric 

ring (the octadecameric β complex), and side views were more difficult to observe due to their 

lower contrast and abundance (Figure 1A). Our reconstruction showed the octadecameric 

complex in its open configuration (Figure 1C, 1D). 3D refinement was performed with either 

C1 or D9 symmetry imposed and resulted in final estimated resolutions of 4.4 Å and 3.6 Å, 

respectively (Figure S1C). Sidechain density for the equatorial and intermediate domain was 

more evident in the D9 symmetric map, whereas the β-sheets of the intermediate domain were 

more visible in the C1 symmetric model (Figure S1D). There was generally excellent model-

to-density correlation between the crystal structure and the equatorial domain of the cryo-EM 

map (average root mean square deviation [RMSD] per subunit was 1.1 Å, Figure S1E), 

however, clearer density for the loop regions were observed in the cryo-EM map. Because the 

map density was weak for the intermediate and apical domains these were modelled using 
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rigid-body docking followed by molecular dynamics flexible fitting (MDFF). Non-

crystallographic symmetry (NCS)-averaging of the C1 map aided rigid-body fitting against the 

β-sheets in the apical domain which was then equilibrated and minimised through MDFF.  

 

The model of TF55β obtained by cryo-EM shows the chaperonin in its open 

conformation. The apical domain is hinged at the helices of the intermediate domain and this 

generates an outwards tilt relative to the conformation seen in the crystal structure (Chaston et 

al. 2016), with an overall RMSD of 2.1 Å across each subunit (Figure S1E). Our cryo-EM 

model more likely reflects the structure of the chaperonin in solution, with no crystal contacts 

between complexes that could induce crystal packing artefacts. The highly flexible apical 

domain plays a key role in the opening/closing of the complex and a similar feature is conserved 

throughout chaperonins in other organisms (Chaudhry et al., 2004; Zang et al., 2016). The stem 

loop in the apical domain forms an extended β-sheet with the terminal β-strands of the adjacent 

subunit near the nucleotide binding site (Figure S1F). Map density for the nucleotide binding 

site indicated that the ligand bound was ATP (Figure S1G) rather than the ADP seen in the 

crystal structure (Chaston et al. 2016), with multiple residues coordinating to the ribose sugar 

and phosphates. The magnesium ion was coordinated to the phosphates of ATP and also to 

Asp101, at the base of the stem loop. There was also a large open pocket that may be occupied 

by water molecules coordinated to nearby polar residues (Figure S1G). The lower resolution 

achieved in the intermediate and apical domains may indicate that these regions are more 

dynamic in solution. In particular, the lack of density for the helical protrusion may suggest 

that this secondary structure could be prone to unfolding as seen in the crystal structure of the 

TF55αβ hexadecameric complex (Chaston et al., 2016). 
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TF55β filaments form at high protein concentrations, but are disassembled by EDTA 

At concentrations of 9 mg/ml, short assemblies of TF55β could be observed on grids, 

and were localised preferentially near the edge of the holes of the holey carbon grid (Figure 

2A). When concentrated to 20 mg/ml (the concentration used for single particle analysis), 

longer filaments could be observed alongside top views of the TF55β complex (Figure 2B). 

However, initial attempts to analyse these filaments were hindered by the single particles, 

which interfered with helical reconstruction. The addition of EDTA in excess of magnesium 

ion concentration present, caused the filaments to dissociate (Figure 2C) as previously observed 

in S. shibatae TF55 (Trent et al., 1997), but also visibly reduced the number of TF55β 

complexes. EDTA is able to release nucleotides from chaperonin complexes (Lin et al., 2013) 

and, because ATP is required for the monomeric TF55β to assemble into TF55β complex, this 

particular chaperonin may be unstable without the presence of both Mg2+ and ATP (Trent et 

al., 1997). 

 

Filamentous TF55β assembly can be induced by DDM 

While attempting to overcome the preferential orientation problem common to cryo-

EM of group II chaperonins (Zang et al., 2016), we found serendipitously that the inclusion of 

0.005% DDM could cause the TF55β complex to form long filamentous assemblies without 

any trace of single particles (Figure 2D), even at a lower concentration of 10 mg/ml. Thermal 

melt analysis of the chaperonin in the presence of different concentrations of DDM (Figure 2E) 

appeared to suggest that filament formation was partially dependent on detergent concentration, 

analogous to that noted previously for SDS in the GroEL system (Chen et al., 2015). The 

filaments of TF55β generated with DDM resembled those previously described in S. shibatae 

(Trent et al., 1997) and showed characteristic striations both at the nonameric double ring of 
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individual TF55β complexes and at the contacts between end-to-end stacked chaperonin. 2D 

class averaging of a two-chaperonin segment produced a striking similarity to a 2D projection 

of the crystal structure lattice (Figure 2F). 

 

Using a single-particle analysis approach in the cryoSPARC2 workflow (Punjani et al., 2017), 

a two-chaperonin segment of the filament could be refined to a resolution of 5.2 Å (Figure 3A, 

S3). Density for the intermediate and apical domains was much clearer than that seen with the 

chaperonin in isolation, probably as a result of the contacts between the apical domains 

rigidifying this area. Akin to the crystal lattice contacts, the protruding helix overlaps with the 

helix of the adjacent unit, locking each other along the filament (Figure 3B). In the crystal 

structure, the protruding helices crossed towards the centre of the helix. However, MDFF 

fitting of the cryo-EM model in ISOLDE (Croll, 2018) and NAMD (Trabuco et al., 2008) 

together with secondary structure restraints minimised on an interaction at the distal end of the 

helix.  

 

DISCUSSION 

The current cryo-EM structure of the TF55β chaperonin complex from S. solfataricus 

shows many structural similarities with chaperonins from other organisms. Comparisons with 

the crystallized TF55β complex demonstrated a mobile stem loop that changed between ATP-

bound (open, before misfolded substrate binding) and ADP-bound (after hydrolysis and 

substrate release) states, similar to the changes observed in crystal structures of open- and 

closed-state of the group I chaperonin GroEL (Saibil et al., 2013) and a group II-like chaperonin 

from the bacteria Carboxydothermus hydrogenoformans (An et al., 2017). The stem loop that 

forms β-sheets with the N- and C-terminus of the neighbouring subunit may allosterically 
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coordinate ring closing through contacts at the base of the loop with the nucleotide together 

with conformational changes generated by the binding of a misfolded substrate protein at the 

equatorial-intermediate domains, as seen in the eukaryotic CCT:tubulin-bound complex 

(Muñoz et al., 2011; Saibil et al., 2013). 

 

The apical domain in the two cryo-EM structures presented here demonstrated its 

flexibility and indicated how it functions in protein recognition. The flexibility of the 

protruding helix in the open conformation of TF55β, as implied by a lack of density and 

resolution in this area, is recapitulated in the ability of this secondary structure to partially 

unwind in the α subunit of the TF55αβ crystal structure, where it forms a β-strand that binds 

inside the equatorial hydrophobic pocket of the neighbouring crystal lattice subunit (Chaston 

et al., 2016). The inherent flexibility or disorder of this element of the structure together with 

that the accompanying loop in solution, may be crucial for the recognition of misfolded protein 

substrates entering the chaperonin (Skjærven et al., 2015). In the filamentous form, the 

protruding helices appear to be able to recognise and contact successive chaperonin complexes, 

forming a locked tubular filament. Although 2D projections of the crystal lattice of TF55β are 

almost identical to the 2D averaged cryo-EM filament, modelling into the cryo-EM map 

suggests that the interacting surface may slightly differ between the solid and solution states. 

Nonetheless, the filamentous structure, in combination with our thermal melt assay, provides 

insight into the possible role of this assembly in archaea. Unlike S. shibatae, TF55β from S. 

solfataricus required much higher concentrations to assemble into filaments in vitro, despite 

their sharing 98% sequence identity in the β subunit, although this difference may result from 

other factors such as ion or ATP concentrations (Kagawa et al., 2003). Our thermal melt 

analysis, which shows a slow transition between 20 to 60 °C, suggests that these filaments are 

not stable at the higher temperatures Sulfolobus are normally found and are unlikely to be a 
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component of the archaeal cytoskeleton. The concentrations of magnesium in the work of 

(Trent et al., 1997) was ten times higher than that normally found inside a cell and may account 

for the observed filaments at chaperonin concentrations of 1 mg/ml. We propose that the 

filamentation of TF55β could be a cold-shock response that functions to sequester unengaged 

chaperonin (Trent et al., 1998). At higher temperatures, heat dissociation would then liberate 

the TF55β complex from the filament, allowing it to function effectively as a molecular 

chaperone (Figure 4). Interestingly, filament assembly of chaperonins has also been observed 

in thermophilic bacterium in which similar morphologies appear to be present, suggesting 

possible evolutionary conservation for thermophiles (Furutani et al., 1998), although further 

work will be required to evaluate fully this function in vitro and also the influence of ions or 

nucleotide concentration on filament formation. 

 

Mutants of S. shibatae TF55β have been examined for their ability to form both 

filaments as well as monolayers, providing potentially useful materials or coatings for 

biotechnological applications (Li et al., 2007). Surprisingly, removing segments of the 

protruding helix or the apical domain of TF55β from S. shibatae created mutants that were still 

able to form filaments, possibly suggesting that the overall architecture, and not purely the 

helical protrusion, is capable of assembly into filamentous forms. 

 

The ability of TF55β to form filaments in the presence of DDM also has implications 

for the production of switchable nanowires. As demonstrated for both TF55β and GroEL, 

detergents can induce filament formation and could be used to control the filamentation process 

(Chen et al., 2015). NMR studies showed that SDS binds to the inner hydrophobic pocket in 

their apical domain, which is a known polypeptide substrate-binding site (Saibil et al., 2013). 
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Our thermal melt assay showed that detergent concentration was critical in the formation of 

filaments TF55β analogous to that seen with GroEL (Chen et al., 2015). High submicellar 

concentrations of detergent were required to form detectable and long filaments at lower 

protein concentrations. TF55β filaments could similarly be disassembled either through 

dilution (Furutani et al., 1998) or through addition of excess EDTA to release nucleotides and 

magnesium. Alternatively, as demonstrated for the GroEL-SDS system, cysteine mutants could 

be designed to rigidify the filament through disulfide bond formation, so that they could also 

be disassembled using a reducing agent (Chen et al., 2015). Our cryo-EM structures of 

filamentous TF55β highlights the potential interacting surface at the protruding helix during 

filament assembly and so provides crucial background information needed for the generation 

of tuneable protein nanowires. 
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Figure 1: The cryo-EM structure of the octadecameric TF55β complex. (A) Representative 

cryomicrograph of TF55β chaperonins. Arrows pointed at side and tilted views of the complex. 

Scale bar are 50 nm. (B) Selected 2D class averages of TF55β chaperonin from particles 

contributing to the final 3D reconstruction map. (C, D) Cryo-EM map of TF55β chaperonin 

viewed from the top (C) and side (D), with colours segmenting each corresponding subunit of 

the homo-octadecamer. (E) Cartoon representation of a subunit of the TF55β complex, with 

the domains coloured and labelled (apical, green; intermediate, purple; equatorial, cyan). (F) 

Cryo-EM density (blue mesh) around Mg•ATP (sphere and stick model) within the binding 

site of a subunit of the TF55β complex. Map density contoured at 4 σ. 
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Figure 2: TF55β filament formation. (A–D) Micrographs of TF55β chaperonin under 

different conditions near the edge of the grid holes. Scale bars are 50 nm. (A) TF55β at 9 mg/ml, 

arrows pointed at small assemblies of chaperonins. (B) TF55β at 20 mg/ml, showing striated 

filaments and top views of single complexes (rings). (C) TF55β at 19 mg/ml and 5 mM EDTA, 

showing loss of filaments to single complexes (arrow, ring particles). (D) TF55β at 9 mg/ml 

and 0.005% DDM, showing striated filaments only. (E) Thermal melt analysis of TF55β at 1 

mg/ml, with increasing fluorescence with higher DDM concentration (decreasing colour 

intensity). Solvent blank in darkest blue. Additional conditions and controls are included in 

Figure S2. (F) 2D class average of a segment of the filamentous TF55β (left) and a 2D 

projection from the crystal lattice of TF55β (right, PDB ID: 4XCD) showing striking 

similarities in the mode of interaction between complexes. 
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Figure 3: Cryo-EM structure of filamentous TF55β. (A) Cryo-EM map of a two-chaperonin 

segment of the filamentous TF55β. (B) MDFF of two subunits from the isolated complex model 

(cartoon) into the cryo-EM map (blue mesh) reveals an interaction near the apex of the helical 

protrusion. 
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Figure 4: Proposed mechanism for filamentation in response to temperature-shock. At 

low temperatures (< 30 °C) and sufficient concentrations, TF55β complexes assembles (hollow 

blue cylinders)  into filaments, while increasing temperatures up to 60 °C sees dissociation of 

the complex from the filament, resulting in liberated chaperonin at the high temperatures 

typically seen for Sulfolobus that can then aid refolding of misfolded proteins (green).  

 

MATERIALS AND METHODS 

Purification of TF55β complex from S. solfataricus 

The TF55β complex was purified from S. solfataricus as described previously (Chaston 

et al., 2016). S. solfataricus (DSM1617) cell paste was purchased from the University of 

Georgia Biofermentation Facility. Cells were grown at 80 °C (pH 3.7) and harvested at an 

OD600 of 1.2. 20 g of cell paste was resuspended in 350 mL of lysis buffer (50 mM Tris/Cl pH 
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8.0, 5 mM MgCl2, 0.001% PMSF, 100 mM NaCl, 1% DDM) and sonicated using a Branson 

Digital Sonifier for 3 min at 30 % amplitude with 1 s on/off cycles. The lysate was centrifuged 

in a Beckman 45Ti rotor at 100,000 x g for 30 min at 4 °C and the supernatant was applied to 

a HiLoad 26/10 Q Sepharose column (GE Life Sciences) equilibrated in 90 % buffer A and 10% 

buffer B (buffer A: 20 mM Tris/Cl pH 8.0, 2 mM MgCl2, 1 mM EDTA, 0.001% PMSF, 0.05% 

DDM; buffer B: same as A with 1 M NaCl). The column was washed until baseline was 

achieved and the protein was eluted in a 10-50% buffer B gradient over 400 mL. Fractions 

containing TF55 were pooled and concentrated to less than 10 mL before applying to a HiPrep 

16/60 Sephacryl S-300 column equilibrated in buffer C (20 mM Tris/Cl pH 8.0, 2 mM MgCl2, 

1 mM EDTA, 100 mM NaCl). Fractions corresponding to the β subunit of TF55 (as assessed 

by mass spectrometry finger printing) were pooled and Mg•ATP was added to a final 

concentration of 2 mM. This sample was then concentrated to 0.5 mL and applied to a Superose 

6 10/300 GL column equilibrated in buffer C (20 mM Tris/Cl pH 8.0, 2 mM MgCl2, 1 mM 

EDTA, 100 mM NaCl) to obtain the TF55β complex (Figure S1A, S1B). The protein was 

concentrated to 20.0 mg mL-1, which was then flash frozen and stored at –80 °C before use. 

 

Cryo-EM grid preparation, data collection, and data processing for single particle TF55β 

complex 

A 3.5 µL droplet of purified TF55β complex was applied on a copper grid with holey 

carbon film (Quantifoil Copper R1.2/1.3, 200 mesh) that had been glow discharged for 60 s. 

Grids were blotted for 5 s and flash-frozen in liquid ethane using a FEI Vitrobot Mark IV.  

 

Grids were transferred to a FEI Talos Arctica transmission electron microscope 

operating at 200 kV. Images were recorded automatically using EPU at a magnification of 
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150,000 ×, yielding a pixel size of 0.986 Å. A dose rate of 50 electrons (spread over 29 frames) 

per Å2 per second and a total exposure time of 61 s were used on the Falcon-III detector 

operating in counting mode. 1641 movies were collected in total. 

 

The data processing workflow for single particle analysis is summarised in Figure S1D. 

In brief, MotionCor2 (Zheng et al., 2017) was used to correct local beam-induced motion and 

to align resulting frames using 5 × 5 patches. Defocus and astigmatism values were estimated 

using CTFFIND4 (Rohou and Grigorieff, 2015), and 14 micrographs were excluded due to 

drift or excessive ice contamination. All further data processing was performed in RELION 3 

(Zivanov et al., 2018). The main challenge in auto-picking lay in the difficulty of picking side 

views of the complex which were less populated and harder to distinguish compared to the top 

views. Ultimately this was only afforded after using manually picked top and side views as 

initial templates for auto-picking a subset of micrographs which then, using  the 16 Å resolution 

map of TF55 α6β6γ6 chaperonin (EMD-6291) low-pass filtered to 30 Å as the reference model 

for 3D classification, afforded a 3D template that succeeded in picking both top and side views 

of the complex. After two rounds of 2D and 3D classification, the model was refined using the 

3D auto-refinement module imposed with D9 symmetry. Further 3D auto-refinement was 

performed after particle polishing and CTF refinement in RELION. The final resolution of the 

complex was estimated to be 3.6 Å based on the gold-standard Fourier Shell Correlation (FSC 

= 0.143) criterion (Figure S1C). The same procedure was used to process the TF55β chaperonin 

map with C1 symmetry, yielding an estimated resolution of 4.4 Å based on the gold-standard 

Fourier Shell Correlation (FSC = 0.143) criterion (Figure S1C).  
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Initially, chain A of the crystal structure of TF55β (PDB ID: 4XCD, Chaston et al., 

2016) was docked as a rigid body into the density of one of the subunits in the D9 symmetric 

cryo-EM map using Chimera’s fitting program (Pintilie et al., 2010). Due to weak density in 

the apical domain of the complex, the equatorial and intermediate domains (residues 21–202, 

382–531) were modelled independently using Coot (Emsley et al., 2010), Phenix real-space 

refinement (Adams et al., 2010), and ISOLDE (Croll, 2018). Rigid body fitting of the apical 

domain (residues 203-381) was performed in Coot before molecular dynamics flexible fitting 

(MDFF) in ISOLDE, aided by the non-crystallographic symmetry (NCS)-averaged map 

generated in Coot from the map solved with C1 symmetry. Figures were prepared using 

PyMOL (Schrodinger, LLC), Chimera (Pettersen et al., 2004) or ChimeraX (Goddard et al., 

2018). 

 

Cryo-EM grid preparation, data collection, and data processing for filamentous TF55β  

TF55β chaperonin was diluted with buffer C containing 0.01% DDM to obtain a final 

protein concentration of 10 mg/ml and DDM concentration of 0.005%, incubating on ice for 

30 min. A 3.5 µL droplet of the sample was applied on a copper grid with holey carbon film 

(Quantifoil Copper R1.2/1.3, 200 mesh) that had been glow discharged for 60 s. Grids were 

blotted for 4 s and flash-frozen in liquid ethane using a FEI Vitrobot Mark IV.  

 

Grids were transferred to a FEI Talos Arctica transmission electron microscope 

operating at 200 kV. Images were recorded automatically using EPU at a magnification of 

92,000 ×, yielding a pixel size of 1.6 Å. A dose rate of 30 electrons (spread over 30 frames) 

per Å2 per second and a total exposure time of 116 s were used on the Falcon-III detector 

operating in counting mode. 436 movies were collected in total. 
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The data processing workflow for the TF55β filament is summarised in Figure S3. 

Micrographs were imported into cryoSPARC2 (Punjani et al., 2017) and motion correction and 

CTF estimation were performed using the Patch motion or Patch CTF programs respectively. 

29 micrographs were discarded on the basis of drift or excessive ice contamination. From a 2D 

template of filaments that were manually traced using e2helixboxer.py (Tang et al., 2007) and 

2D classified, segments of filaments were automatically picked in cryoSPARC2 using the 

template picker to obtain 36,108 segments from 406 micrographs. After two rounds of 2D 

classification to filter out junk particles and bad segments, a final 32,363 segments with a box 

size of 300 pixels were then subjected to ab initio reconstruction with D9 symmetry applied in 

order to obtain a segment with two full chaperonins. Further homogenous and non-uniform 

refinement after re-extracting particles from local motion correction converged on a map with 

an estimated resolution of 5.2 Å based on the gold-standard Fourier Shell Correlation (FSC = 

0.143) criterion. Docking and manual fitting was initially performed in ChimeraX/ISOLDE 

using two chains of the cryo-EM model of TF55β chaperonin orientated at the helical 

protrusion interface. The resulting coordinates were used as the starting model for further 

MDFF in NAMD (Trabuco et al., 2008). Figures were prepared using PyMOL, Chimera or 

ChimeraX. 

 

Thermal melting assay 

Changes in the protein structure upon heating were monitored by SYPRO orange, a dye 

that fluoresces when bound to hydrophobic patches of the protein as it denatures. Fluorescence 

was measured in triplicate on the CFX384 Touch Real-Time PCR Detection System (Bio-Rad) 

in FRET mode over a temperature gradient of 10 to 100 °C. Each 20 µL reaction contained 
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SYPRO orange (15×) and a combination of 0, 0.1, or 1.0 mg/ml of purified TF55β with 0, 

0.001, 0.005, or 0.01% DDM in buffer C.  

 

Data and Code Availability 

The accession number for the deposited coordinates of the TF55β chaperonin complex 

reported in this paper is PDB ID: 6VIC. The accession numbers for the TF55β chaperonin 

complex and filament cryo-EM maps are EMDB: EMD-21209 (D9 symmetric refinement), 

EMD-21210 (C1 symmetric refinement), and EMD-21211 (two-chaperonin segment of 

filamentous TF55β).  
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