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Chaperonins are biological nanomachines that help newly translated proteins to fold by rescuing them from kinetically trapped misfolded states. Protein folding assistance by the chaperonin machinery is obligatory in vivo for a subset of proteins in the bacterial proteome. Chaperonins are large oligomeric complexes, with unusual seven fold symmetry (group I) or eight/nine fold symmetry (group II), that form double-ring constructs, enclosing a central cavity that serves as the folding chamber. Dramatic large-scale conformational changes, that take place during ATP-driven cycles, allow chaperonins to bind misfolded proteins, encapsulate them into the expanded cavity and release them back into the cellular environment, regardless of whether they are folded or not. The theory associated with the iterative annealing mechanism, which incorporated the conformational free energy landscape description of protein folding, quantitatively explains most, if not all, the available data. Misfolded conformations are associated with low energy minima in a rugged energy landscape. Random disruptions of these low energy conformations result in higher free energy, less folded, conformations that can stochastically partition into the native state. Two distinct mechanisms of annealing action have been described. Group I chaperonins (GroEL homologues in eubacteria and endosymbiotic organelles), recognize a large number of misfolded proteins non-specifically and operate through highly coordinated cooperative motions. By contrast, the less well understood group II chaperonins (CCT in Eukarya and thermosome/TF55 in Archaea), assist a selected set of substrate proteins. Sequential conformational changes within a CCT ring are observed, perhaps promoting domain-by-domain substrate folding. Chaperonins are implicated in bacterial infection, autoimmune disease, as well as protein aggregation and degradation diseases. Understanding the chaperonin mechanism and the specific proteins they rescue during the cell cycle is important not only for the fundamental aspect of protein folding in the cellular environment, but also for effective therapeutic strategies.
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INTRODUCTION
Protein folding in the cell is not always a spontaneous process due to unproductive pathways of misfolding and aggregation. Chaperonin molecules in bacterium prevent such off-pathway reactions and promote protein folding through spectacular ATP-driven cycles of binding and releasing substrate proteins (SPs). Chaperonins are distinguished among the molecular chaperone family by the presence of a cavity that offers a productive environment for protein folding, thus preventing unwarranted inter protein interactions, which could occur in the crowded cellular environment. Many chaperones are known as heat-shock proteins (Hsp), alluding to their overexpression under stress conditions, although their action is also required under normal cell growth. Availability of chaperone assistance at critical junctures, for example through thermotolerance, ensures cell viability even when cellular functions would otherwise be overwhelmed. More broadly, comprehensive protein quality control relies on a range of chaperone subfamilies, classified according to their molecular weight, to deliver assistance with essential processes in the protein lifecycle: folding/refolding, with an important role for Hsp60/Hsp10 (GroEL/S), Hsp90 and Hsp70/Hsp40 classes (DnaK/DnaJ); protection against oxidative stress, Hsp33; disaggregation, Hsp100 (Hsp104/ClpB), Hsp70/Hsp40, and small Hsps (sHsp); and degradation, Hsp100 (Clp family, p97, the proteasome Rpt1-6 ring). (Parsell and Lindquist, 1993; Wickner et al., 1999; Frydman, 2001; Kim et al., 2013).
Two distinct chaperonin classes have been identified. GroEL and its co-chaperonin GroES in Escherichia coli (Figure 1A) are the prototype for chaperonin systems found in eubacteria and endosymbiotic organelles, or Group I chaperonins. The thermosome (Figure 1B) and TCP-1 ring complex (TRiC, or CCT for chaperonin-containing TCP1) are representative for archaeal and eukaryotic cells, respectively, and are known as Group II chaperonins. Structural characterization (Braig et al., 1994; Xu et al., 1997; Ditzel et al., 1998; Fei et al., 2013) reveals that chaperonins have an oligomeric, double-ring structure, composed of two (thermosome) or more (CCT) distinct subunits within the same ring or identical subunits (GroEL). Within each subunit there are three distinct domains: The ATP-binding equatorial domain, the flexible apical domain and the intermediate hinge region. The co-chaperonin GroES is a single-ring oligomer with identical subunits, capping one of the GroEL rings (Figure 1A). This elaborate annealing machinery is present in nearly all organisms and it is essential for cell survival (Fayet et al., 1989).
[image: Figure 1]FIGURE 1 | Prototypes of chaperonin classes. (A) Group I chaperonin GroEL and its co-chaperonin GroES (purple) (B) Group II chaperonin thermosome. Three domains, equatorial (red), intermediate (green), and apical (yellow), are distinguished within each subunit. The domains belonging to one subunit of each chaperonin are higlighted. Adapted from (Ditzel et al., 1998).
Why does folding of some proteins in the crowded cellular milieu require chaperonin assistance? This requirement does not exist in vitro, as favorable conditions for folding can be identified for known chaperonin substrates. Cellular conditions, however, are unfavorable (non-permissive) for a subset of these proteins, leading to formation of misfolded conformations. To reach the native state from the misfolded conformations, proteins must overcome large free energy barriers, a feat which could prove difficult to accomplish within the biological time scale. Moreover, misfolded proteins expose patches of hydrophobic amino acids, making them potential targets for aggregation or leaving them vulnerable to degradation. Chaperonins rescue proteins trapped in misfolded conformations and allow them to reach the native state within a protected folding chamber.
It should be noted that the chaperone annealing action does not alter the three-dimensional conformation of the native protein, in accord with Anfinsen. (1973) hypothesis that the information needed for the native state is encoded solely in the amino acid sequence. Instead, chaperones induce pathways that ensure the correct folding of newly translated or newly translocated proteins (Naqvi et al., 2022).
Here, we provide our perspective on the substrate recognition mechanisms for the two chaperonin types. A number of reviews describe in detail other fundamental features of the chaperonin machinery, including structure, allosteric motion and ATPase activity (Thirumalai and Lorimer, 2001; Hartl and Hayer - Hartl, 2002; Saibil and Ranson, 2002; Fenton and Horwich, 2003; Spiess et al., 2004; Horovitz and Willison, 2005; Horwich et al., 2006; Gruber and Horovitz, 2016; Thirumalai et al., 2020; Horovitz et al., 2022). We refer the interested reader to these accounts for a broader picture of the chaperonin mechanisms.
We also briefly examine the role of chaperonin in disease and point to extensive research in the area (Ranford and Henderson, 2002). Prevention of aggregation through chaperonin assisted folding of non-native polypeptides naturally suggests that defects in the chaperonin machinery may result in disease. The extreme situation, the absence of chaperonin, is fatal, as a consequence of the essential nature of this machinery for the cell. Besides these immediate implications, chaperonins are also found to be major immunogens that play an important role in infection, autoimmune disease, and idiopathic diseases such as arthritis and atherosclerosis. Considering the potential therapeutic use, the study of chaperonin assisted protein folding is likely to suggest valuable practical approaches.
CHAPERONIN HEMICYCLE
Chaperonins operate as continuous annealing machines by alternating encapsulation of substrate proteins within the cavity of each ring. These encapsulation events are enabled by large scale, coordinated, conformational transitions that take place in conjunction with ATP and GroES binding in the active ring of GroEL. In this section, we focus on the series of events that occur during the GroEL hemicycle.At the initiation of the chaperonin cycle, termed the T state (Figure 2), GroEL presents a nearly continuous hydrophobic ring formed at the mouth of the cavity by the seven apical domain binding sites. (Braig et al., 1994) This state has high affinity for non-native polypeptides, which also present exposed hydrophobic surfaces. Binding of misfolded proteins to GroEL prevents the formation of irreversible protein aggregates. Upon ATP and GroES binding to the same ring, large-scale, entirely concerted, domain motions in that ring result in doubling the size of the cavity. During these transformations, GroES, which occupies the same apical binding sites as the SP, (Fenton et al., 1994; Buckle et al., 1997; Xu et al., 1997; Chen and Sigler, 1999) displaces the SP in the largely expanded cavity. As a result of these spectacular allosteric transitions, the SP is presented with a completely different, mostly hydrophilic, environment that promotes SP folding. The chaperonin cycle is completed by ATP hydrolysis and the binding of ATP in the opposite ring, which initiates the cycle in that ring. These events trigger the release of GroES, ADP and SP from the folding chamber. Stringent GroEL substrates require several cycles of binding and release in order to reach their native state. In each cycle, productive folding, if it were to occur at all takes place within the cavity. (Thirumalai et al., 2020).
[image: Figure 2]FIGURE 2 | Reaction hemicycle of GroEL illustrating the substrate protein (SP) folding assistance. EL and ES stand for GroEL and GroES respectively. The GroEL T state has a high affinity for SP binding. Upon ATP and GroES binding, the SP is displaced into the expanded GroEL cavity, where productive folding can take place. Dissociation of the complex occurs upon the initiation of a folding reaction in the opposite GroEL ring. The structures of the T, R, and R″ states are known. Reproduced from (Stan et al., 2007) Ⓒ(2007) National Academy of Sciences.
Iterative annealing mechanism
The function of the GroEL machinery can be quantitatively understood within the Iterative Annealing Mechanism (IAM) framework (Todd et al., 1996). This mechanism is described in the framework of the energy landscape, which associates a free energy to each conformational state of the protein (Figure 3). During each cycle, the SP is rescued from one of the low energy minima, that corresponds to a misfolded state. From the ensuing higher free energy state, the protein chain undergoes kinetic partitioning (Guo and Thirumalai, 1995) to either the native state or to the same or a different low energy minimum. Protein folding in a model cavity has been investigated using implicit solvent and coarse-grained models for the SP. (Betancourt and Thirumalai, 1999; Klimov et al., 2002; Baumketner et al., 2003; Takagi et al., 2003; Jewett et al., 2004; van der Vaart et al., 2004; Stan et al., 2007) These studies have provided several important clues about how protein folding occurs in confinement. It turns out that an optimum range of interactions between the cavity wall and the SP results in enhanced stability and folding rates.
[image: Figure 3]FIGURE 3 | Energy landscape perspective of the chaperonin annealing action.
GroEL substrate protein binding mechanism
GroEL manifests a promiscuous behavior towards binding non-native polypeptides. Misfolded proteins, that expose hydrophobic residues, are recognized by GroEL without preference for a specific secondary or tertiary structure (Viitanen et al., 1992; Aoki et al., 2000). Despite the large number of proteins that can form complexes with GroEL (Viitanen et al., 1992), in vivo only about 5–10% of E. coli proteins can afford to use the chaperonin machinery under normal conditions (Lorimer, 1996; Ewalt et al., 1997). Even upon heat stress, only about 30% of E. coli proteins require folding assistance (Horwich et al., 1993). The relatively reduced participation of GroEL to protein folding in the cell prompts us to wonder why only a subset of proteins of the entire organism uses chaperonin assistance. Given the GroEL promiscuity, how does GroEL discriminate between substrates and non-substrates within a proteome?
Addressing these questions is challenging, from an experimental point of view, because of the inherent difficulty in arresting structures of complexes formed between GroEL and non-native polypeptides. Somewhat surprisingly, even after 25 years, the only available crystal structures of GroEL-bound ligands correspond to the GroEL-GroES complex (Xu et al., 1997) and to peptides bound to GroEL (Wang and Chen, 2003) or to the GroEL apical domain fragment (Buckle et al., 1997; Chen and Sigler, 1999), while a number of lower resolution cryo-EM structures (Ranson et al., 2001; Roseman et al., 2001; Falke et al., 2005; Chen et al., 2006) are available. Nevertheless, these structures, as well as a number of biochemical studies, identified the GroEL binding sites and the multivalent binding of stringent substrate proteins. Bioinformatic analyses complementing these studies pinpointed chaperonin signaling pathways and chemical character conservation at functionally relevant sites.
Characterization of the GroEL binding sites using mutational (Fenton et al., 1994) and crystallographic (Xu et al., 1997) studies pointed towards a mostly hydrophobic groove between two amphiphatic helices (Figure 4A), as well as a nearby loop, located in the apical domain of each GroEL subunit. Specific residues implicated in GroES and SP binding are Tyr 199, Tyr 203, Phe 204, Leu 234, Leu 237, Leu 259, Val 263, Val 264 (Fenton et al., 1994). In addition, these studies led to the key observation that the same GroEL region responsible for recognizing misfolded substrates is ultimately destined to form the interface with GroES in the course of the chaperonin cycle. Strikingly, the structures of peptides bound to GroEL overlap significantly (Chen and Sigler, 1999), suggesting that strong restrictions are imposed on the bound conformation.
[image: Figure 4]FIGURE 4 | (A) Contacts between GroEL helices H and I (cyan) and the GroES mobile loop (pink). Sidechains of the residues that form the closest contacts are shown in red (GroEL) and green (GroES). (B) Schematic representation of contacts between GroEL and GroES. Reproduced from Ref (Stan et al., 2005).
Bioinformatic analysis of a large number of chaperonin sequences further revealed that the various chaperonin functions (peptide binding, nucleotide binding, GroES and SP release) require that the chemical character and not the identities of specific amino acids be preserved (Stan et al., 2003). Moreover, this study lent support to the sequence analysis by Kass and Horovitz (Kass and Horovitz, 2002), which suggested that correlated mutations couple residue doublets or triplets along signaling pathways within GroEL or between GroEL and GroES.
Multivalent binding of stringent SP substrates was suggested to be implicated in the GroEL unfoldase action. This action is brought about by the large scale conformational transitions that take place in coordinated fashion in all GroEL subunits during the chaperonin cycle, resulting in an increased separation of the apical binding sites. At the initiation of the chaperonin cycle, the seven GroEL binding sites form a nearly continuous ring at the cavity opening. Stringent GroEL substrates, such as malate dehydrogenase and Rubisco (not natural substrates for GroEL, however Rubisco is a substrate of the Rubisco binding protein, GroEL homolog in chloroplast), appear to interact with at least three consecutive binding sites (Farr et al., 2000; Elad et al., 2007). By contrast, Rhodanese, which is a less-stringent substrate, requires two non-contiguous binding sites (Farr et al., 2000). The effect of this displacement, corroborated with multivalent SP binding, is to impart a stretching force to the SP. (Thirumalai and Lorimer, 2001).
Taken together, these important results suggest that substrate recognition involves peptides that occupy the GroEL binding site in a similar conformation as the GroES mobile loop. For stringent GroEL SPs, multiple interfaces are formed involving these peptides and several contiguous GroEL subunits. The peptide complementarity to the GroEL binding sites is defined, as in the GroES case, by amino acids whose chemical character is strongly conserved.
Identification of GroEL substrates at the proteome level
The promiscuous behavior of GroEL towards binding non-native polypeptides appears to be at variance with the relatively small fraction of protein chains in an organism that actually use the GroEL machinery. However, common features of GroEL substrates and similar conformations of bound peptides, as discussed above, suggest a set of requirements for GroEL recognition. Several computational approaches (Chaudhuri and Gupta, 2005; Stan et al., 2005; Noivirt-Brik et al., 2007; Raineri et al., 2010; Tartaglia et al., 2010) and proteomic studies (Houry et al., 1999; Kerner et al., 2005) were successful in identifying and characterizing GroEL substrates within whole proteome.
Proteomic and biochemical studies (Houry et al., 1999; Kerner et al., 2005) provided the first experimental identification of GroEL SPs, on a proteome-wide scale, in E. coli. These studies found that 252 of the ∼2400 cytosolic proteins in E. coli interact with GroEL. Among this set of proteins, 85 are stringent substrates under normal growth conditions and they occupy 75–80% of the GroEL capacity. Additional in vivo studies (Chapman et al., 2006) involving a temperature-sensitive lethal E. coli mutant suggested a wider set of ∼300 GroEL interacting proteins, including some that had not been revealed by previous in vitro experiments. The latter study raises the possibility that even transient GroEL interaction, in the cellular environment, suffices to prevent aggregation of misfolded proteins. The set of obligate in vivo substrates was subsequently narrowed to ≃ 60 proteins identified in experiments using GroE-depleted conditions (Fujiwara et al., 2010), and completed by the addition of 20 novel substrates identified using cell-free proteomics (Niwa et al., 2016). GroEL substrates were also identified in other bacteria, such as Thermus thermophilus (Shimamura et al., 2004) and Bacillus subtilis (Endo and Kurusu, 2007).
One line of computational research focuses on identifying polypeptide regions within proteins that render them natural substrates for GroEL. The underlying hypothesis is that natural SPs have the same sequence complementarity to the GroEL binding site as GroES (Chaudhuri and Gupta, 2005; Stan et al., 2005). Therefore, SPs possess sequence patterns similar to the GroES mobile loop segment 23–31, GGIVLTGAA, which binds to GroEL. In one approach (Chaudhuri and Gupta, 2005), SP binding motifs are defined as strong hydrophobic patches (i.e., containing amino acids L, V, I, F, M) having 40–50% sequence similarity to the GroES segment GGIVLTG. The sequence similarity is evaluated using a pairwise alignment between the protein sequence and the peptide GGIVLTG and allowing amino acid substitutions that preserve the chemical character (hydrophobic-hydrophobic or same charge). In a different approach (Stan et al., 2005), the binding motif is required to match the pattern G_IVL_G_A that includes NC = 6 GroES amino acids in contact with GroEL (Figure 4) and three arbitrary amino acids (“_”). Pattern matching takes into account possible amino acid substitutions that preserve the chemical character, as well as less strongly bound peptides, having four (G_IVL) and five (G_IVL_G) contacts. Natural SPs must possess multiple copies of the binding motif, NB, to satisfy the required multivalent binding to GroEL. About a third of the sequences in the E. coli proteome are expected to be natural SPs (Horwich et al., 1993). This method retrieves the expected fraction of natural SPs in E. coli for sequences that satisfy 4 < NC < 6 and 2 [image: image]. No preferred secondary structure emerges in this set of proteins. This method is able to identify 80% of experimentally determined natural substrate proteins for GroEL from E. coli (Houry et al., 1999; Kerner et al., 2005) and predicted SPs in several other proteomes.
GroEL must not only recognize proteins that require folding assistance, but also the protein conformations that must be remodeled. How does GroEL discriminate between native conformations, which it should not recruit, from the misfolded conformations of proteins it must selectively assist? A structural and bioinformatic analysis (Stan et al., 2006) found that GroES-type binding motifs are not significantly exposed to solvent in the native conformation of GroEL SPs. This result suggests that GroEL recognition of misfolded conformations of SPs requires that multiple GroES-type binding motifs be solvent-exposed. In accord with this hypothesis, molecular dynamics simulations that probe extensively the conformational space of an obligate GroEL substrate, DapA (Nagpal et al., 2015), reveal that its GroES-type binding motifs are solvent-exposed in unfolding intermediates, but are inaccessible in the native conformation. These studies find that, for the seven motifs identified within the DapA sequence, the average solvent-exposed area per residue increases from ≃ 74Å in the native conformation to ≃ 182Å in the intermediate structures. Experimental studies using hydrogen-exchange coupled with mass spectrometry (Georgescauld et al., 2014) support the increased exposure of the hydrophobic segments and loss of hydrogen bonds that accompany the destabilization of the TIM-barrel core of this substrate.
A different line of computational research (Noivirt-Brik et al., 2007; Raineri et al., 2010; Tartaglia et al., 2010; Azia et al., 2012) uses machine learning approaches to examine physicochemical characteristics of E. coli proteins that indicate a requirement for GroE-dependent folding. Among two sets of in vivo substrates (Kerner et al., 2005; Chapman et al., 2006), stringent dependence on GroEL correlates with low folding propensity and high translation efficiency (Noivirt-Brik et al., 2007). Secondary structure content, as well as contact order, which quantifies the average distance along the polypeptide chain between amino acids that form native contacts, were not found to distinguish GroEL SPs from other proteins. Consistently, this study found that homologues of these SPs in Ureaplasma urealyticum, an organism that lacks a chaperonin system, do not possess sequence characteristics that would require them to recruit the GroE system. Additional features were found by two other studies to separate GroEL SPs from GroE-independent proteins. One found that lower rate of evolution, hydrophobicity, and aggregation propensity are characteristics of GroEL SPs (Raineri et al., 2010), however it was later argued that the estimation of aggregation propensity may reflect the algorithm bias towards amyloid structure (Azia et al., 2012). Solubilities of E. coli proteins are found to display a bimodal distribution within a cell-free system in the absence of chaperones, with stringent GroEL SPs belonging to the more aggregation-prone set (Niwa et al., 2009). In agreement with these results, the second computational approach was successful in distinguishing the GroEL requirement for the previously identified substrate classes (Kerner et al., 2005) on the basis of decreasing folding propensity and increasing likelihood of aggregation (Tartaglia et al., 2010). To probe the substrate requirements in controlled fashion, recent experiments used computationally designed substrates based on the enhanced green fluorescence protein (eGFP) (Bandyopadhyay et al., 2017; Bandyopadhyay et al., 2019). These in vitro and in vivo studies showed that GroEL dependence of eGFP variants increases with increasing frustration (Ferreiro et al., 2018), effected through point mutations (Bandyopadhyay et al., 2017), or contact order (Plaxco et al., 1998), engineered through circular permutations (Bandyopadhyay et al., 2019). Intriguingly, as noted above, in vivo GroEL SPs are not distinguishable from non-substrates through the contact order parameter. This suggests that other features play a larger role in determining GroE-dependence.
Specific recognition of substrate proteins by group II chaperonins
In contrast to the extensive knowledge of the set of proteins that require assistance from the GroEL-GroES system, relatively little is currently known about the substrates of group II chaperonins. The presence of distinct subunit types within group II chaperonins suggests that specialized binding mechanisms were developed to target different substrates. However, the extent of subunit heterogeneity varies among members of this class. In archaeal chaperonins, one (Knapp et al., 1994), two (Waldmann et al., 1995), or three (Archibald and Roger, 2002) distinct subunit types are identified, whereas in eukaryotic chaperonins eight different subunits are described (Liou and Willison, 1997). Correspondingly, it is plausible that different substrate recognition mechanisms are used by archaeal and eukaryotic chaperonins. Group II chaperonins have been suggested to employ a sequential, rather than cooperative, mechanism for conformational transitions, consistent with their suggested domain-by-domain folding of SPs and specific SP interaction.
Archaeal chaperonins are abundant in the cell (approximately 1–2% of cellular proteins) and have low subunit heterogeneity as a result of gene interconversion (Archibald and Roger, 2002). These facts prompted the suggestion that, like GroEL, they assist folding of a large set of proteins perhaps through a promiscuous mechanism. In support of this hypothesis, it is noted that thermosome, which has two subunit types, assists folding of GroEL substrates green fluorescence protein (Yoshida et al., 2002) and cythrate synthase (Iizuka et al., 2004). The coexistence of group I and group II chaperonins within the archaebacterium Methanosarcina mazei (Klunker et al., 2003) provides an unique opportunity to compare and contrast the annealing action of the two chaperonin classes. Both chaperonins contribute to the folding of 13% of the proteins in the archaeal cytosol, albeit the two sets of substrates are non-overlapping (Hirtreiter et al., 2009).
The less abundant eukaryotic chaperonin CCT (0.1% of cellular proteins) uses a significantly different mechanism of substrate recognition than GroEL. CCT was initially suggested to interact only with actins and tubulins (Kubota et al., 1994). Recently, numerous other substrates have been identified, including some that contain tryptophan-aspartic acid repeats (Spiess et al., 2004). Substrates include the myosin heavy chain, the Von Hippel-Lindau (VHL) tumor suppressor, cyclin E, and the cell division control protein. Charged residues on the surface of CCT SPs appear to be required for recognition by the eukaryotic machinery. Intriguingly, CCT substrates cannot be folded by other prokaryotic or eukaryotic chaperones (Tian et al., 1995).
A challenging aspect of the CCT substrate recognition mechanism is the lack of knowledge of the CCT binding site. Several proposals exist regarding the localization of CCT binding sites. One assumes structural homology to the GroEL binding sites, formed by two apical domain helices (Xu et al., 1997). In contrast to the GroEL binding site, the two CCT helices have a mostly hydrophilic character, which would be consistent with the notion that CCT recognizes surface charged residues (Jayasinghe et al., 2010). A second proposed CCT binding site involves a flexible helical protrusion (Heller et al., 2004) that acts as a built-in lid for the chaperonin cavity. Finally, the inner side of the closed cavity was also suggested as CCT binding site (Pappenberger et al., 2002). This region has a mostly charged and polar character, a feature similar to the lining of the GroEL cavity wall. At this time, few experimental data are available to unambiguously define the CCT binding site. A study that used photocrosslinking and fluorescence spectroscopy to probe VHL binding (Spiess et al., 2006) provides strong indication that the CCT binding sites are located within helix 11, which is structurally homologous to the GroEL binding site.
It is possible that more than one of these proposed locations correspond to in vivo CCT binding sites. This would not be completely surprising given the diversity among CCT substrates and the CCT inhomogeneous oligomeric structure (Spiess et al., 2004). Distinct CCT subunits may serve the purpose of providing the versatility to recognize different substrates.
Implication of chaperonins in disease
An intriguing connection was made between the Hsp60 chaperonin class and prion disease (DebBurman et al., 1997). Prion proteins are suggested to form fibrillar aggregates upon conversion of the normal cellular form PrPC, having primarily α-helical structure, into a β-sheet rich misfolded conformation, PrPSc. Experiments performed in vitro found that GroEL promotes conversion to the disease-related PrPSc (DebBurman et al., 1997). These authors proposed that in vivo validation of the chaperonin-assisted conversion would provide a natural target for clinical approaches.
Mutations in human chaperonins result in diseases, such as the hereditary spastic paraplegia (Hansen et al., 2002), or the McKusick-Kaufman Syndrome (Stone et al., 2000). Chaperonins have been implicated, through autoimmune response, as putative causes of diseases such as rheumatoid arthritis, atherosclerosis, and inflammation (Ranford et al., 2000). Immunosuppresive action of chaperonins has been described in animal models of juvenile arthritis (van Eden et al., 1989) and diabetes (Elias et al., 1990), as well as in human pregnancy (Cavanagh and Morton, 1994). Immunization with a mycobacterial chaperonin was suggested to protect against arthritis (van Eden, 1991). To date, there is no clear understanding of the subset of chaperonin SPs affected by these mutations and the precise effect of these mutations on chaperonin annealing action (Barral et al., 2004). Mastering the intricacies of the chaperonin action will provide answers to these questions and suggest effective therapies.
CONCLUSION
Protein folding assistance mediated by chaperonins is a critical quality control mechanism to maintain protein homeostasis. Selective recruitment of substrate proteins by chaperonins represents a fundamental regulatory step in the remodeling action, given the limited availability of chaperonins within the cytosol and the stringent dependence of a subset of proteins on this assistance. Remarkably, GroEL substrate selectivity is achieved even as the chaperonin promiscuously binds misfolded proteins. As highlighted here, research efforts to elucidate the substrate recognition mechanism have primarily focused on two complementary questions. One question is focused on how GroEL binds substrate proteins that require its assistance. As the GroEL binding site is well established and the GroES co-chaperone competes with substrates during the chaperonin cycle, this suggests that natural SPs include polypeptide regions similar to the GroES loops that participate in the interface with GroEL. The additional observation that substrates interact with multiple GroEL subunits (2–3) further defines the requirement that several GroES-type motifs be present within the polypeptide chain, at least for stringent substrates. The other question refers to which proteins are likely to require folding assistance in vivo. Here, low partition factor (fraction of molecules that fold spontaneously) and high aggregation propensity emerge as important factors that underlie the GroEL requirement. In addition, such factors can help to explain the extent of GroEL dependence among known substrates.
AUTHOR CONTRIBUTIONS
All authors conceived and executed the project, and wrote the report.
FUNDING
DT is grateful to the National Science Foundation (CHE 19-00033) for support. Additional support from the Welch Foundation (F-0019) through the Collie-Welch Regents Chair is greatly acknowledged. GS would like to acknowledge the National Science Foundation (MCB-2136816) for support.
ACKNOWLEDGMENTS
The authors gratefully acknowledge stimulating comments from Amnon Horovitz.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Anfinsen, C. B. (1973). Principles that govern the folding of protein chains. Science 181, 223–230. doi:10.1126/science.181.4096.223
 Aoki, K., Motojima, F., Taguchi, H., Yomo, T., and Yoshida, M. (2000). GroEL binds artificial proteins with random sequences. J. Biol. Chem. 275, 13755–13758. doi:10.1074/jbc.275.18.13755
 Archibald, J. M., and Roger, A. J. (2002). Gene duplication and gene conversion shape the evolution of archaeal chaperonins. J. Mol. Biol. 316, 1041–1050. doi:10.1006/jmbi.2002.5409
 Azia, A., Unger, R., and Horovitz, A. (2012). What distinguishes GroEL substrates from other Escherichia coli proteins?FEBS J. 279, 543–550. doi:10.1111/j.1742-4658.2011.08458.x
 Bandyopadhyay, B., Goldenzweig, A., Unger, T., Adato, O., Fleishman, S. J., Unger, R., et al. (2017). Local energetic frustration affects the dependence of green fluorescent protein folding on the chaperonin GroEL. J. Biol. Chem. 292, 20583–20591. doi:10.1074/jbc.M117.808576
 Bandyopadhyay, B., Mondal, T., Unger, R., and Horovitz, A. (2019). Contact order is a determinant for the dependence of GFP folding on the chaperonin GroEL. Biophys. J. 116, 42–48. doi:10.1016/j.bpj.2018.11.019
 Barral, J. M., Broadley, S. A., Schaffar, G., and Hartl, F. U. (2004). Roles of molecular chaperones in protein misfolding diseases. Semin. Cell Dev. Biol. 15, 17–29. doi:10.1016/j.semcdb.2003.12.010
 Baumketner, A., Jewett, A., and Shea, J. E. (2003). Effects of confinement in chaperonin assisted protein folding: Rate enhancement by decreasing the roughness of the folding energy landscape. J. Mol. Biol. 332, 701–713. doi:10.1016/s0022-2836(03)00929-x
 Betancourt, M. R., and Thirumalai, D. (1999). Exploring the kinetic requirements for enhancement of protein folding rates in the GroEL cavity. J. Mol. Biol. 287, 627–644. doi:10.1006/jmbi.1999.2591
 Braig, K., Otwinowski, Z., Hedge, R., Boisvert, D. C., Joachimiak, A., Horwich, A. L., et al. (1994). The crystal structure of the bacterial chaperonin GroEL at 2.8Å. Nature 371, 578–586. doi:10.1038/371578a0
 Buckle, A. M., Zahn, R., and Fersht, A. R. (1997). A structural model for GroEL - polypeptide recognition. Proc. Natl. Acad. Sci. U. S. A. 94, 3571–3575. doi:10.1073/pnas.94.8.3571
 Cavanagh, A. C., and Morton, H. (1994). The purification of early-pregnancy factor to homogeneity from human platelets and identification as chaperonin 10. Eur. J. Biochem. 222, 551–560. doi:10.1111/j.1432-1033.1994.tb18897.x
 Chapman, E., Farr, G., Usaite, R., Furtak, K., Fenton, W., Chaudhuri, T., et al. (2006). Global aggregation of newly translated proteins in an Escherichia coli strain deficient of the chaperonin GroEL. Proc. Natl. Acad. Sci. U. S. A. 103, 15800–15805. doi:10.1073/pnas.0607534103
 Chaudhuri, T. K., and Gupta, P. (2005). Factors governing the substrate recognition by GroEL chaperone: A sequence correlation approach. Cell Stress Chaperones 10, 24–36. doi:10.1379/csc-64r1.1
 Chen, L. L., and Sigler, P. B. (1999). The crystal structure of a GroEL/peptide complex: Plasticity as a basis for substrate diversity. Cell 99, 757–768. doi:10.1016/s0092-8674(00)81673-6
 Chen, D. H., Song, J. L., Chuang, D. T., Chiu, W., and Ludtke, S. J. (2006). An expanded conformation of single-ring GroEL-GroES complex encapsulates an 86 kDa substrate. Structure 14, 1711–1722. doi:10.1016/j.str.2006.09.010
 DebBurman, S. K., Raymond, G. J., Caughey, B., and Lindquist, S. (1997). Chaperone-supervised conversion of prion protein to its protease-resistant form. Proc. Natl. Acad. Sci. U. S. A. 94, 13938–13943. doi:10.1073/pnas.94.25.13938
 Ditzel, L., Löwe, J., Stock, D., Stetter, K., Huber, H., Huber, R., et al. (1998). Crystal structure of the thermosome, the archaeal chaperonin and homolog of CCT. Cell 93, 125–138. doi:10.1016/s0092-8674(00)81152-6
 Elad, N., Farr, G. W., Clare, D. K., Orlova, E. V., Horwich, A. L., and Saibil, H. R. (2007). Topologies of a substrate protein bound to the chaperonin GroEL. Mol. Cell 26, 415–426. doi:10.1016/j.molcel.2007.04.004
 Elias, D., Markovits, D., Reshef, T., van der Zee, R., and Cohen, I. R. (1990). Induction and therapy of autoimmune diabetes in the non-obese diabetic (NOD/lt) mouse by a 65-kDa heat shock protein. Proc. Natl. Acad. Sci. U. S. A. 87, 1576–1580. doi:10.1073/pnas.87.4.1576
 Endo, A., and Kurusu, Y. (2007). Identification of in vivo substrates of the chaperonin GroEL from Bacillus subtilis. Biosci. Biotechnol. Biochem. 71, 1073–1077. doi:10.1271/bbb.60640
 Ewalt, K. L., Hendrick, J. P., Houry, W. A., and Hartl, F. U. (1997). In vivo observation of polypeptide flux through the bacterial chaperonin system. Cell 90, 491–500. doi:10.1016/s0092-8674(00)80509-7
 Falke, S., Tama, F., Brooks, C. L., Gogol, E. P., and Fisher, M. T. (2005). The 13 angstroms structure of a chaperonin GroEL-protein substrate complex by cryo-electron microscopy. J. Mol. Biol. 348, 219–230. doi:10.1016/j.jmb.2005.02.027
 Farr, G. W., Furtak, K., Rowland, M. R., Ranson, N. A., Saibil, H. R., Kirchhausen, T., et al. (2000). Multivalent binding of nonnative substrate proteins by the chaperonin GroEL. Cell 100, 561–573. doi:10.1016/s0092-8674(00)80692-3
 Fayet, O., Ziegelhoffer, T., and Georgopoulos, C. (1989). The groES and groEL heat shock gene products of Escherichia coli are essential for bacterial growth at all temperatures. J. Bacteriol. 171, 1379–1385. doi:10.1128/jb.171.3.1379-1385.1989
 Fei, X., Yang, D., LaRonde-LeBlanc, N., and Lorimer, G. H. (2013). Crystal structure of a GroEL-ADP complex in the relaxed allosteric state at 2.7 Å resolution. Proc. Natl. Acad. Sci. U. S. A. 110, E2958–E2966. doi:10.1073/pnas.1311996110
 Fenton, W. A., and Horwich, A. L. (2003). Chaperonin-mediated protein folding: Fate of substrate polypeptide. Q. Rev. Biophys. 36, 229–256. doi:10.1017/s0033583503003883
 Fenton, W. A., Kashi, Y., Furtak, K., and Horwich, A. L. (1994). Residues in chaperonin GroEL required for polypeptide binding and release. Nature 371, 614–619. doi:10.1038/371614a0
 Ferreiro, D. U., Komives, E. A., and Wolynes, P. G. (2018). Frustration, function and folding. Curr. Opin. Struct. Biol. 48, 68–73. doi:10.1016/j.sbi.2017.09.006
 Frydman, J. (2001). Folding of newly translated proteins in vivo: The role of molecular chaperones. Annu. Rev. Biochem. 70, 603–647. doi:10.1146/annurev.biochem.70.1.603
 Fujiwara, K., Ishihama, Y., Nakahigashi, K., Soga, T., and Taguchi, H. (2010). A systematic survey of in vivo obligate chaperonin-dependent substrates. EMBO J. 29, 1552–1564. doi:10.1038/emboj.2010.52
 Georgescauld, F., Popova, K., Gupta, A. J., Bracher, A., Engen, J. R., Hayer-Hartl, M., et al. (2014). GroEL/ES chaperonin modulates the mechanism and accelerates the rate of TIM-barrel domain folding. Cell 157, 922–934. doi:10.1016/j.cell.2014.03.038
 Gruber, R., and Horovitz, A. (2016). Allosteric mechanisms in chaperonin machines. Chem. Rev. 116, 6588–6606. doi:10.1021/acs.chemrev.5b00556
 Guo, Z., and Thirumalai, D. (1995). Kinetics of protein folding: Nucleation mechanism, time scales, and pathways. Biopolymers 36, 83–102. doi:10.1002/bip.360360108
 Hansen, J. J., Dürr, A., Cournu-Rebeix, I., Georgopoulos, C., Ang, D., Nielsen, M. N., et al. (2002). Hereditary spastic paraplegia SPG13 is associated with a mutation in the gene encoding the mitochondrial chaperonin Hsp60. Am. J. Hum. Genet. 70, 1328–1332. doi:10.1086/339935
 Hartl, F. U., and Hayer - Hartl, M. (2002). Molecular chaperones in the cytosol: From nascent chain to folded protein. Science 295, 1852–1858. doi:10.1126/science.1068408
 Heller, M., John, M., Coles, M., Bosch, G., Baumeister, W., and Kessler, H. (2004). NMR studies on the substrate-binding domains of the thermosome: Structural plasticity in the protrusion region. J. Mol. Biol. 336, 717–729. doi:10.1016/j.jmb.2003.12.035
 Hirtreiter, A. M., Calloni, G., Forner, F., Scheibe, B., Puype, M., Vandekerckhove, J., et al. (2009). Differential substrate specificity of group I and group II chaperonins in the archaeon Methanosarcina mazei. Mol. Microbiol. 74, 1152–1168. doi:10.1111/j.1365-2958.2009.06924.x
 Horovitz, A., and Willison, K. R. (2005). Allosteric regulation of chaperonins. Curr. Opin. Struct. Biol. 15, 646–651. doi:10.1016/j.sbi.2005.10.001
 Horovitz, A., Reingewertz, T. H., Cuéllar, J., and Valpuesta, J. M. (2022). Chaperonin mechanisms: Multiple and (mis) understood?Annu. Rev. Biophys. 51, 115–133. doi:10.1146/annurev-biophys-082521-113418
 Horwich, A. L., Low, K. B., Fenton, W. A., Hirshfield, I. N., and Furtak, K. (1993). Folding in vivo of bacterial cytoplasmic proteins: Role of GroEL. Cell 74, 909–917. doi:10.1016/0092-8674(93)90470-b
 Horwich, A. L., Farr, G. W., and Fenton, W. A. (2006). GroEL-GroES-mediated protein folding. Chem. Rev. 106, 1917–1930. doi:10.1021/cr040435v
 Houry, W. A., Frishman, D., Eckerskorn, C., Lottspeich, F., and Hartl, F. U. (1999). Identification of in vivo substrates of the chaperonin GroEL. Nature 402, 147–154. doi:10.1038/45977
 Iizuka, R., So, S., Inobe, T., Yoshida, T., Zako, T., Kuwajima, K., et al. (2004). Role of the helical protrusion in the conformational change and molecular chaperone activity of the archaeal group II chaperonin. J. Biol. Chem. 279, 18834–18839. doi:10.1074/jbc.M400839200
 Jayasinghe, M., Tewmey, C., and Stan, G. (2010). Versatile substrate protein recognition mechanism of the eukaryotic chaperonin CCT. Proteins 78, 1254–1265. doi:10.1002/prot.22644
 Jewett, A. I., Baumketner, A., and Shea, J. E. (2004). Accelerated folding in the weak hydrophobic environment of a chaperonin cavity: Creation of an alternate fast folding pathway. Proc. Natl. Acad. Sci. U. S. A. 101, 13192–13197. doi:10.1073/pnas.0400720101
 Kass, I., and Horovitz, A. (2002). Mapping pathways of allosteric communication in GroEL by analysis of correlated mutations. Proteins 48, 611–617. doi:10.1002/prot.10180
 Kerner, M. J., Naylor, D. J., Ishihama, Y., Maier, T., Chang, H., Stines, A. P., et al. (2005). Proteome-wide analysis of chaperonin-dependent protein folding in Escherichia coli. Cell 122, 209–220. doi:10.1016/j.cell.2005.05.028
 Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M., and Ulrich Hartl, F. (2013). Molecular chaperone functions in protein folding and proteostasis. Annu. Rev. Biochem. 82, 323–355. doi:10.1146/annurev-biochem-060208-092442
 Klimov, D. K., Newfield, D., and Thirumalai, D. (2002). Simulations of β-hairpin folding confined to spherical pores using distributed computing. Proc. Natl. Acad. Sci. U. S. A. 99, 8019–8024. doi:10.1073/pnas.072220699
 Klunker, D., Haas, B., Hirtreiter, A., Figueiredo, L., Naylor, D., Pfeifer, G., et al. (2003). Coexistence of group I and group II chaperonins in the archaeon Methanosarcina mazei. J. Biol. Chem. 278, 33256–33267. doi:10.1074/jbc.M302018200
 Knapp, S., Schmidt-Krey, I., Hebert, H., Bergman, T., Jornvall, H., and Ladenstein, R. (1994). The molecular chaperonin TF55 from the thermophilic archaeon sulfolobus solfataricus: A biochemical and structural characterization. J. Mol. Biol. 242, 397–407. doi:10.1006/jmbi.1994.1590
 Kubota, H., Hynes, G., Carne, A., Asworth, A., Willison, K. R., and Ashworth, A. (1994). Identification of six TCP-1 related genes encoding divergent subunits of the TCP-1 containing chaperonin. Curr. Biol. 4, 89–99. doi:10.1016/s0960-9822(94)00024-2
 Liou, A. K., and Willison, K. R. (1997). Elucidation of the subunit orientation in CCT (chaperonin containing TCP1) from the subunit composition of CCT micro-complexes. EMBO J. 16, 4311–4316. doi:10.1093/emboj/16.14.4311
 Lorimer, G. H. (1996). A quantitative assessment of the role of the chaperonin proteins in protein folding in vivo. FASEB J. 10, 5–9. doi:10.1096/fasebj.10.1.8566548
 Nagpal, S., Tiwari, S., Mapa, K., and Thukral, L. (2015). Decoding structural properties of a partially unfolded protein substrate: En route to chaperone binding. PLoS Comput. Biol. 11, e1004496. doi:10.1371/journal.pcbi.1004496
 Naqvi, M. M., Avellaneda, M. J., Roth, A., Koers, E. J., Roland, A., Sunderlikova, V., et al. (2022). Protein chain collapse modulation and folding stimulation by GroEL-ES. Sci. Adv. 8, eabl6293. doi:10.1126/sciadv.abl6293
 Niwa, T., Ying, B.-W., Saito, K., Jin, W., Takada, S., Ueda, T., et al. (2009). Bimodal protein solubility distribution revealed by an aggregation analysis of the entire ensemble of Escherichia coli proteins. Proc. Natl. Acad. Sci. U. S. A. 106, 4201–4206. doi:10.1073/pnas.0811922106
 Niwa, T., Fujiwara, K., and Taguchi, H. (2016). Identification of novel in vivo obligate GroEL/ES substrates based on data from a cell-free proteomics approach. FEBS Lett. 590, 251–257. doi:10.1002/1873-3468.12036
 Noivirt-Brik, O., Unger, R., and Horovitz, A. (2007). Low folding propensity and high translation efficiency distinguish in vivo substrates of GroEL from other Escherichia coli proteins. Bioinformatics 23, 3276–3279. doi:10.1093/bioinformatics/btm513
 Pappenberger, G., Wilsher, J. A., Roe, S. M., Counsell, D. J., Willison, K. R., and Pearl, L. H. (2002). Crystal structure of the CCTγ apical domain: Implications for substrate binding to the eukaryotic cytosolic chaperonin. J. Mol. Biol. 318, 1367–1379. doi:10.1016/s0022-2836(02)00190-0
 Parsell, D., and Lindquist, S. (1993). The function of heat-shock proteins in stress tolerance: Degradation and reactivation of damaged proteins. Annu. Rev. Genet. 27, 437–496. doi:10.1146/annurev.ge.27.120193.002253
 Plaxco, K. W., Simons, K. T., and Baker, D. (1998). Contact order, transition state placement and the refolding rates of single domain proteins. J. Mol. Biol. 277, 985–994. doi:10.1006/jmbi.1998.1645
 Raineri, E., Ribeca, P., Serrano, L., and Maier, T. (2010). A more precise characterization of chaperonin substrates. Bioinformatics 26, 1685–1689. doi:10.1093/bioinformatics/btq287
 Ranford, J. C., and Henderson, B. (2002). Chaperonins in disease: Mechanisms, models, and treatments. Mol. Pathol. 55, 209–213. doi:10.1136/mp.55.4.209
 Ranford, J. C., Coates, A. R. M., and Henderson, B. (2000). Chaperonins are cell-signalling proteins: The unfolding biology of molecular chaperones. Expert Rev. Mol. Med. 2, 1–17. doi:10.1017/S1462399400002015
 Ranson, N. A., Farr, G. W., Roseman, A. M., Gowen, B., Saibil, H. R., Horwich, A. L., et al. (2001). ATP-Bound states of GroEL captured by cryo-electron microscopy. Cell 107, 869–879. doi:10.1016/s0092-8674(01)00617-1
 Roseman, A. M., Ranson, N. A., Gowen, B., Fuller, S. D., and Saibil, H. R. (2001). Structures of unliganded and ATP-bound states of the Escherichia coli chaperonin GroEL by cryoelectron microscopy. J. Struct. Biol. 135, 115–125. doi:10.1006/jsbi.2001.4374
 Saibil, H., and Ranson, N. (2002). The chaperonin folding machine. Trends biochem. Sci. 27, 627–632. doi:10.1016/s0968-0004(02)02211-9
 Shimamura, T., Yokoyama, A. K. K., Masui, R., Murai, N., Yoshida, M., Taguchi, H., et al. (2004). Crystal structure of the native chaperonin complex from Thermus thermophilus revealed unexpected asymmetry at the cis-cavity. Structure 12, 1471–1480. doi:10.1016/j.str.2004.05.020
 Spiess, C., Meyer, A. S., Reissmann, S., and Frydman, J. (2004). Mechanism of the eukaryotic chaperonin: Protein folding in the chamber of secrets. Trends Cell Biol. 14, 598–604. doi:10.1016/j.tcb.2004.09.015
 Spiess, C., Miller, E. J., McClellan, A. J., and Frydman, J. (2006). Identification of the TRiC/CCT substrate binding sites uncovers the function of subunit diversity in eukaryotic chaperonins. Mol. Cell 24, 25–37. doi:10.1016/j.molcel.2006.09.003
 Stan, G., Thirumalai, D., Lorimer, G. H., and Brooks, B. R. (2003). Annealing function of GroEL: Structural and bioinformatic analysis. Biophys. Chem. 100, 453–467. doi:10.1016/s0301-4622(02)00298-3
 Stan, G., Brooks, B. R., Lorimer, G. H., and Thirumalai, D. (2005). Identifying natural substrates for chaperonins using a sequence-based approach. Protein Sci. 14, 193–201. doi:10.1110/ps.04933205
 Stan, G., Brooks, B. R., Lorimer, G. H., and Thirumalai, D. (2006). Residues in substrate proteins that interact with GroEL in the capture process are buried in the native state. Proc. Natl. Acad. Sci. U. S. A. 103, 4433–4438. doi:10.1073/pnas.0600433103
 Stan, G., Lorimer, G. H., Thirumalai, D., and Brooks, B. R. (2007). Coupling between allosteric transitions in GroEL and assisted folding of a substrate protein. Proc. Natl. Acad. Sci. U. S. A. 104, 8803–8808. doi:10.1073/pnas.0700607104
 Stone, D. L., Slavotinek, A., Bouffard, G. G., Banerjee-Basu, S., Baxevanis, A. D., Barr, M., et al. (2000). Mutation of a gene encoding a putative chaperonin causes McKusick-Kaufman syndrome. Nat. Genet. 25, 79–82. doi:10.1038/75637
 Takagi, F., Koga, N., and Takada, S. (2003). How protein thermodynamics and folding mechanisms are altered by the chaperonin cage: Molecular simulations. Proc. Natl. Acad. Sci. U. S. A. 100, 11367–11372. doi:10.1073/pnas.1831920100
 Tartaglia, G. G., Dobson, C. M., Hartl, F. U., and Vendruscolo, M. (2010). Physicochemical determinants of chaperone requirements. J. Mol. Biol. 400, 579–588. doi:10.1016/j.jmb.2010.03.066
 Thirumalai, D., and Lorimer, G. H. (2001). Chaperonin - mediated protein folding. Annu. Rev. Biophys. Biomol. Struct. 30, 245–269. doi:10.1146/annurev.biophys.30.1.245
 Thirumalai, D., Lorimer, G. H., and Hyeon, C. (2020). Iterative annealing mechanism explains the functions of the GroEL and RNA chaperones. Protein Sci. 29, 360–377. doi:10.1002/pro.3795
 Tian, G., Vainberg, I. E., Tap, W. D., Lewis, S. A., and Cowan, N. J. (1995). Specificity in chaperonin-mediated protein folding. Nature 375, 250–253. doi:10.1038/375250a0
 Todd, M. J., Lorimer, G. H., and Thirumalai, D. (1996). Chaperonin - facilitated protein folding: Optimization of rate and yield by an iterative annealing mechanism. Proc. Natl. Acad. Sci. U. S. A. 93, 4030–4035. doi:10.1073/pnas.93.9.4030
 van der Vaart, A., Ma, J., and Karplus, M. (2004). The unfolding action of GroEL on a protein substrate. Biophys. J. 87, 562–573. doi:10.1529/biophysj.103.037333
 van Eden, W., Hogervorst, E. J., van der Zee, R., van Embden, J. D., Hensen, E. J., and Cohen, I. R. (1989). The mycobacterial 65 kD heat-shock protein and autoimmune arthritis. Rheumatol. Int. 9, 187–191. doi:10.1007/BF00271878
 van Eden, W. (1991). Heat-shock proteins as immunogenic bacterial antigens with the potential to induce and regulate autoimmune arthritis. Immunol. Rev. 121, 5–28. doi:10.1111/j.1600-065x.1991.tb00821.x
 Viitanen, P. V., Gatenby, A. A., and Lorimer, G. H. (1992). Purified chaperonin 60 (GroEL) interacts with the non-native states of a multitude of Escherichia coli proteins. Protein Sci. 1, 363–369. doi:10.1002/pro.5560010308
 Waldmann, T., Nimmesgern, E., Nitsch, M., Peters, J., Pfeifer, G., Muller, S., et al. (1995). The thermosome of thermoplasma acidophilum and its relationship to the eukaryotic chaperonin TRiC. Eur. J. Biochem. 227, 848–856. doi:10.1111/j.1432-1033.1995.tb20210.x
 Wang, J. M., and Chen, L. L. (2003). Domain motions in GroEL upon binding of an oligopeptide. J. Mol. Biol. 334, 489–499. doi:10.1016/j.jmb.2003.09.074
 Wickner, S., Maurizi, M. R., and Gottesman, S. (1999). Posttranslational quality control: Folding, refolding, and degrading proteins. Science 286, 1888–1893. doi:10.1126/science.286.5446.1888
 Xu, Z., Horwich, A. L., and Sigler, P. B. (1997). The crystal structure of the assymetric GroEL - GroES - (ADP)7 chaperonin complex. Nature 388, 741–750. doi:10.1038/41944
 Yoshida, T., Kawaguchi, R., Taguchi, H., Yoshida, M., Yasunaga, T., Wakabayashi, T., et al. (2002). Archaeal group II chaperonin mediates protein folding in the cis - cavity without a detachable GroES - like Co - chaperonin. J. Mol. Biol. 315, 73–85. doi:10.1006/jmbi.2001.5220
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Stan, Lorimer and Thirumalai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_1.gif
< Np<4





OPS/images/fmolb-09-1071168-g003.gif





OPS/images/fmolb-09-1071168-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Friends in need: How chaperonins recognize and remodel proteins that require folding assistance		Introduction

		Chaperonin hemicycle		Iterative annealing mechanism

		GroEL substrate protein binding mechanism

		Identification of GroEL substrates at the proteome level

		Specific recognition of substrate proteins by group II chaperonins

		Implication of chaperonins in disease





		Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-1071168-g001.gif





OPS/images/fmolb-09-1071168-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





