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Abstract 

Most proteins must fold into unique three-dimensional structures to perform their biological 

functions. In the crowded cellular environment, newly-synthesized proteins are at risk of 

misfolding and forming toxic aggregate species. To ensure efficient folding, different classes of 

molecular chaperones receive the nascent protein chain emerging from the ribosome and guide it 

along a productive folding pathway. Because proteins are structurally dynamic, constant 

surveillance of the proteome by an integrated network of chaperones and protein degradation 

machineries is required to maintain protein homeostasis (proteostasis). The capacity of this 

proteostasis network declines during aging, facilitating neurodegeneration and other chronic 

diseases associated with protein aggregation. Understanding the proteostasis network holds the 

promise of identifying targets for pharmacological intervention in these pathologies. 
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Proteins are involved in almost every biological process. A typical mammalian cell expresses 10-

20,000 different proteins, which are synthesized on ribosomes as linear chains up to several 

thousand amino acids (aa) in length. To function, most newly-synthesized proteins must fold into 

a defined three-dimensional structure. How this is accomplished and how cells maintain the 

integrity of their proteome (proteostasis (1)) in a range of external and endogenous stress 

conditions is a problem of paramount biological and medical relevance. 

The folded structures of proteins are only marginally stable, and subtle changes due to 

mutation may tip the balance (2). Furthermore, a substantial fraction of proteins (15-30% of 

mammalian proteomes) lack ordered structure partially or entirely (3), and the formation of toxic 

aggregates by such metastable proteins is associated with Alzheimer’s and Parkinson’s disease. 

Thus, protein quality control and the maintenance of proteome balance are critical for cellular 

and organismal health. To ensure proteostasis, organisms from all domains of life invest in an 

extensive quality control network, integrating molecular chaperones, which mediate protein 

folding and conformational repair, with the ubiquitin-proteasome system (UPS) and autophagy, 

which remove terminally misfolded proteins and aggregates. Importantly, the capacity of the 

proteostasis network (PN) declines during aging (4), facilitating the emergence of chronic 

diseases caused by protein aggregation, including neurodegeneration, type II diabetes, heart 

disease and certain forms of cancer.  

Here we review advances made over the last 15 years in understanding how cells support 

protein folding and maintain proteostasis. We focus on the mechanisms of molecular chaperones 

in the cytosol, and the ways that chaperone systems cooperate to form a functional PN. In 

particular, we highlight the differences in the pathways and energy landscapes of protein folding 
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in vivo and in vitro. For a detailed discussion of the protein folding machineries of the 

endoplasmic reticulum, see (5). 

  

Molecular Chaperones  Machineries of Protein Folding 

Fundamental insight into protein folding was provided by Anfinsen’s pioneering experiments in 

the 1950s, which showed that small proteins refold spontaneously in vitro on removal from 

denaturant (6). This finding demonstrated the primacy of the amino acid sequence in determining 

a protein’s native conformation, and also implied that folding occurs without the aid of 

additional factors. However, evidence began to emerge in the 1980s that certain proteins require 

assistance by molecular chaperones for folding in vivo (7). Research over the last two decades 

has firmly established the essential role of chaperone machineries in allowing newly-synthesized 

proteins to fold efficiently and at a biologically relevant time-scale. 

While small proteins up to ~100 aa may fold rapidly (within milliseconds) and with full 

yield in vitro (8), folding is often inefficient for larger proteins, due to off-pathway aggregation. 

Proteins >100 aa constitute the major fraction of all proteomes, with large multidomain proteins 

strongly increasing in number from prokaryotes to eukaryotes (Fig. 1). The folding of such 

proteins in vivo is further compounded by macromolecular crowding (300-400 g/L total protein 

in the cytosol) (9), which enhances the tendency of folding intermediates and misfolded states to 

aggregate. A major function of the chaperone network is to prevent such aberrant interactions, 

which are often irreversible. We define a molecular chaperone as any protein that interacts with, 

stabilizes or helps another protein to acquire its functionally active conformation, without being 

present in its final structure (7). 
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Folding and Aggregation 

The folding process is inherently error-prone, owing to the large number of possible 

conformations a protein chain can adopt (>1030 for a 100 aa protein). Moreover, folding relies on 

the cooperation of many weak, non-covalent interactions and involves amino acid contacts both 

close in sequence and far apart (8). Hydrophobic forces are particularly relevant in driving chain 

collapse and the burial of non-polar amino acids within the core of the folding structure (in the 

case of soluble proteins), restricting the conformational space that must be searched during 

folding (10). However, the free-energy landscape towards the thermodynamically favorable 

native state is often rugged, which means the molecules need to cross substantial kinetic energy 

barriers and consequently populate folding intermediates (8) (Fig. 2A). Such kinetically trapped 

intermediates are the rule for larger proteins, entailing the danger of misfolding due to the 

formation of non-native interactions (10). Slow steps in folding that lead to the accumulation of 

folding intermediates include prolyl isomerization and disulfide bond formation (in secretory 

proteins), which can be accelerated by prolyl isomerases and protein disulfide isomerases, 

respectively (5, 11).  

Partially folded or misfolded proteins typically expose hydrophobic amino acid residues 

and regions of unstructured polypeptide backbone to the solvent, features that can give rise to 

aggregation. Like folding, aggregation is largely driven by hydrophobic forces but is highly 

concentration dependent (12). While the majority of aggregates are amorphous, a subset of non-

native proteins aggregate to form so-called amyloid fibrils, which are structurally defined by -

strands running perpendicular to the long fibril axis (cross--structure) (Fig. 2A). Fibril 

formation is often preceded by the accumulation of oligomeric aggregates, which are thought to 

play key roles in disease (Fig. 2A). 
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Molecular chaperones that function broadly in de novo folding include the chaperonins 

(Hsp60), the Hsp70 and Hsp90 systems. They recognize hydrophobic amino acid residues 

exposed by non-native proteins and promote folding through ATP-regulated cycles of protein 

binding and release. In this mechanism of kinetic partitioning, release of hydrophobic elements 

allows folding to proceed, while (re)binding of non-native protein blocks aggregation and may 

reverse misfolded states (Fig. 2B). 

 

Protein Folding in the Context of Translation  

Protein folding in vivo occurs in the context of the vectorial translation of the polypeptide chain 

on the ribosome from N- to C-terminus, a fundamental difference from refolding of a chemically 

denatured protein in vitro where all elements of the polypeptide chain are simultaneously 

available. 

Translation is slow compared to folding. For example, it takes eukaryotic ribosomes ~25 

sec to synthesize a 100 aa protein (~5 sec for bacterial ribosomes) (13), suggesting that folding 

can begin cotranslationally. The nascent chain exit channel of the large ribosome subunit is ~100 

Å long and for the most part 10-20 Å wide, providing just enough space for -helices or small 

tertiary structure elements to form (14) (Fig. 3). As a consequence, the C-terminal 30-40 aa of 

the translating chain are topologically restricted and cannot participate in the long-range 

interactions necessary for the cooperative folding of larger domains. The exit channel expands 

towards its opening, however, forming an “exit port” that may allow the emerging chain to 

explore local peptide conformations (15, 16). The channel of the bacterial ribosome was recently 

shown to provide sufficient space for the folding of a 29 aa zinc-binding protein (17). A limited 

number of small single-domain proteins (~80 proteins <50 aa in E. coli; see Fig. 1) may thus fold 
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to completion before emerging from the ribosome. A five-helix domain of 70 aa was observed to 

form a compact non-native intermediate in the exit port that rearranges into a native-like 

structure after the full domain sequence emerges from the ribosome (18). Moreover, the 

ribosome surface contributes to avoiding misfolding of incomplete chains that would aggregate 

in free solution (19, 20). These studies provide fascinating evidence that the ribosome modulates 

the folding pathway: Because folding is rate-limited by translation, the nascent protein is allowed 

to sample available conformations in a quasi-equilibrium (16), with small modules beginning to 

form inside the channel and coalescing upon emergence from the ribosome, perhaps reducing 

kinetic traps along the folding pathway. Chaperone binding to the emerging chain may further 

avoid misfolding, as described in the following section.  

While most single-domain proteins reach their native state post-translationally once all 

elements of the nascent chain are available outside the ribosome (18, 20-22), cotranslational 

folding is critical for the biogenesis of many multidomain proteins. As noted previously (23), the 

sequential folding of domains emerging from the ribosome avoids the formation of misfolded 

states resulting from non-native inter-domain contacts (24, 25) (Fig. 3). The cotranslational 

formation of folded domains also allows subunit assembly to initiate on ribosome-bound 

polypeptides, as shown for the LuxA and LuxB subunits of bacterial luciferase (26). Such a 

mechanism is facilitated by the operon structure of bacterial genes where subunits of an 

oligomeric complex are often encoded by the same messenger RNA (mRNA). Of note, adjacent 

ribosomes in poly-ribosome complexes have been observed to be closely associated in a manner 

that maximizes the distance between their polypeptide exit sites (27, 28). This topology would 

disfavor aberrant interactions between nascent chains similar in length and folding status. Thus, a 
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partially folded nascent chain may preferentially assemble with a completed subunit that has 

already left the ribosome.  

The rate of translation can be manipulated by cells to optimize folding (29-34). 

Modifying translation speed by altering codon usage affects the conformation and function of the 

clock protein FREQUENCY (35) and the multi-drug resistance efflux pump MDR1 (36). Thus, a 

nuanced picture of translation is emerging, in which the rate of protein synthesis has been tuned 

in evolution to optimize folding and prevent misfolding of the nascent polypeptide.  

 

Chaperone Networks in the Cytosol 

Several evolutionary conserved families of molecular chaperones guide proteins along 

productive folding pathways, avoiding and sometime reversing misfolding and aggregation. 

Their members are often referred to as stress- or heat shock proteins (Hsp) because they are 

upregulated in conditions of conformational stress. The major chaperone families are classified 

by molecular weight (Hsp40, Hsp60, Hsp70, Hsp90, Hsp100 and the small Hsp). 

The organizational principles of cytosolic chaperone pathways are highly conserved. For 

the majority of proteins too large to fold in association with the ribosome, chaperones delay 

chain compaction, preventing misfolding, until sufficient structural elements are available for 

folding to be productive. Ribosome-binding chaperones (Trigger factor, TF, in bacteria; 

ribosome-associated complex, RAC, and nascent-chain-associated complex, NAC, in eukarya) 

interact first with the nascent polypeptide, followed by chaperones that have no direct affinity for 

the ribosome, including the classical Hsp70 system (DnaK/DnaJ in bacteria; Hsp70/Hsp40 in 

eukarya) (Fig. 4). Completion of folding may either be accomplished by Hsp70 or require 

transfer to the chaperonin (GroEL/ES in bacteria; TRiC in eukarya) or the Hsp90 system (HtpG 

in bacteria) (Fig. 4). The different chaperone machineries interact directly, or use specific 
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adaptor proteins to facilitate client transfer. In this way, the folding protein is constantly 

protected from aberrant interactions and premature degradation in the cytosol (37, 38). The ATP-

independent sHsp function in buffering aggregation and cooperate with Hsp70 in folding 

reactions (39). In addition to these promiscuous chaperone systems, specific assembly 

chaperones may assist the formation of oligomeric protein complexes by interacting with their 

folded subunits (40, 41). 

Chaperone functions on the ribosome 

In bacteria, the abundant TF binds to the large ribosome subunit at the opening of the 

polypeptide exit tunnel and interacts with the nascent chains of most proteins >100 aa in an ATP-

independent manner (42, 43). Although TF is not essential in E. coli under laboratory growth 

conditions, the combined deletion of TF and DnaK (the major bacterial Hsp70) is lethal above 

30°C, resulting in bulk protein aggregation (13, 43). TF (~50 kDa) has an elongated three-

domain structure (22) and binds to hydrophobic stretches in nascent chains, thereby delaying 

chain collapse (22, 44-47). As a result, TF slows the rate of cotranslational folding but increases 

the yield of the folding reaction (48). For longer nascent chains, TF cooperates with the ATP-

regulated DnaK/DnaJ system (13) (Fig. 4A). Release from TF appears to be governed by the 

propensity of the bound peptide to bury hydrophobic segments as translation proceeds. A similar 

mechanism of folding is exemplified by the ATP-independent chaperone Spy in the bacterial 

periplasm, where client proteins remain associated with the chaperone until all hydrophobic 

elements are buried in the folded structure (49). 

In eukaryotes, RAC and NAC may fulfill a role similar to TF in protein folding. RAC in 

S. cerevisiae and other fungi is a complex of the Hsp70 chaperone Ssz1 and the ribosome-

binding Hsp40 cochaperone zuotin (Hsp70L1 and Mpp11 in mammals) (43). RAC cooperates 

with the ribosome-binding isoforms of Hsp70, Ssb1 and Ssb2 (50), and has been suggested to 
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couple cotranslational folding with the mechanics of peptide elongation by the ribosome (51, 

52). NAC, a dimeric complex of - (31 kDa) and - (22 kDa) subunits, associates with 

ribosomes via the -subunit and binds short nascent chains. Recent findings in C. elegans show 

that protein aggregates sequester NAC, thereby reducing translational capacity and implicating 

NAC as a sensor of protein quality control status (53). Moreover, NAC is required for correct 

intracellular protein sorting (54-56). Specifically, NAC modulates the fidelity of the signal 

recognition particle (SRP) in targeting proteins to the endoplasmic reticulum (ER) (54-56). 

Moreover, mistargeting of mitochondrial proteins to the ER occurs when NAC function is 

impaired (56). 

Chaperone functions downstream of the ribosome 

For proteins that are unable to fold with the ribosome-associated chaperones (≥30% of the 

proteome), the next layer of folding assistance is provided by the Hsp70 system, which is 

abundant in bacteria and eukarya (Fig. 4). Multiple Hsp70 molecules may interact with a nascent 

chain, preventing unproductive inter-domain interactions and supporting cotranslational folding 

(23, 50, 57). In addition, Hsp70 functions as a hub, providing connections to the more 

specialized downstream chaperones, Hsp90 and chaperonins. Substrate-loaded Hsp70 is coupled 

to Hsp90 via the Hsp organizing protein (Hop), which physically connects Hsp70 to Hsp90 to 

facilitate client transfer (58, 59) (Fig. 4B). Hsp70 also interacts directly with the eukaryotic 

chaperonin TRiC/CCT (60) (Fig. 4B), and in E. coli maintains certain proteins in a folding-

competent state before transfer to the chaperonin GroEL (23) (Fig. 4A). In addition to Hsp70, in 

eukarya the jellyfish-like, hexameric prefoldin (Pfd) can bind to nascent chains and mediates 

transfer to the chaperonin (Fig. 4B). In archaea, many species of which lack Hsp70, Pfd may 

fullfil a more general role as a nascent chain-binding chaperone (23). 
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Chaperone Paradigms 

Several mechanistic paradigms of chaperone function in protein folding have been defined (13). 

In the following sections, we discuss major recent advances in understanding the mechanisms of 

the Hsp70, chaperonin and Hsp90 machineries. 

The Hsp70 System 

Hsp70 (DnaK in bacteria) is a paradigm allosteric chaperone that binds to 5-7 aa sequence 

elements that are enriched in hydrophobic residues and are typically exposed by non-native 

proteins (61, 62). ATP-dependent binding and release of such segments allows Hsp70s to 

participate in a wide range of cellular processes, including protein folding, refolding, 

disaggregation, and protein transfer to cellular compartments or the proteolytic machinery (61, 

62).  

Hsp70 has two domains: an N-terminal nucleotide-binding domain (NBD) of ~40 kDa 

and a C-terminal substrate-binding domain (SBD) of ~30 kDa, connected by a hydrophobic 

linker (61) (Fig. 5A). The SBD consists of a -sandwich domain, harboring the peptide binding 

site, and an -helical lid segment. Peptide substrate binds in an extended conformation in a 

groove in the -sandwich domain (Fig. 5A).  

The Hsp70 reaction cycle is intimately regulated by Hsp40 proteins and nucleotide 

exchange factors (NEFs) (Fig. 5B). Hsp40 cochaperones (DnaJ in bacteria, jointly known as J-

domain proteins) function in recognizing and transferring substrate proteins to Hsp70 in the ATP 

state, in which the hydrophobic inter-domain linker and the -helical lid of the SBD are 

associated with the NBD, and the SBD is in an open conformation (63-65). In this state Hsp70 

has high on- and off-rates for substrate. Interaction of Hsp40 with Hsp70 strongly accelerates (by 

>1000-fold) the hydrolysis of the bound ATP, generating the ADP-state, in which SBD and 
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NBD are loosely associated (61, 66) and the -helical lid is in the closed conformation, trapping 

the bound substrate (low on- and off-rates) (61, 67) (Fig. 5B). Subsequent NEF binding to the 

NBD facilitates ADP-ATP exchange, opening the SBD and allowing substrate release for folding 

or transfer to downstream chaperones or the degradation machinery. Rebinding prevents off-

pathway aggregation and can reverse misfolding by removing long-range interactions present in 

unbound folding intermediate (kinetic partitioning mechanism) (68-71). It has also been 

suggested that DnaK binding can bias the folding pathway such that the bound substrate first 

forms secondary structure, followed by the development of longer-range contacts upon release 

(71, 72). In metazoans the cycle is further regulated by the Hsp70 interacting protein Hip, which 

stabilizes Hsp70 in the ADP-state, delaying client protein release (73) (Fig. 5B). 

Compared to bacteria, the number of Hsp40 proteins is markedly expanded in eukarya. 

Human cells express approximately 50 different J-domain proteins (74), amplifying the ability of 

Hsp70 to recognize a diverse range of clients. For example, Hsp70 cooperates with the Hsp40 

auxilin in disassembling clathrin cages of endocytic vesicles (62) and with other specific Hsp40s 

in supporting the lifecycle of certain viruses (75). The NEFs of Hsp70 are less diverse (76). 

Bacteria contain only a single NEF, GrpE, while several structurally unrelated families of NEFs 

exist in eukarya, including the Bcl-2-associated anthanogene (BAG) domain proteins, as well as 

HspBP1 and Hsp110 (76). The Hsp110 proteins are Hsp70 homologs that function also as 

holding chaperones and cooperate with Hsp70 in protein disaggregation (77, 78). In eukarya the 

C-terminus of cytosolic Hsp70 is unstructured and mediates interactions between Hsp70 and 

Hsp90 (via Hop) or the ubiquitin-proteasome system (via CHIP) (61, 79) (Fig. 5B). Both Hop 

and CHIP contain tetratricopeptide repeat (TPR) domains that bind the C-terminus of Hsp70 and 

Hsp90 (13). 
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Chaperonins – nano-cages for protein folding 

The chaperonins (Hsp60s) are multi-subunit cylindrical complexes that function by enclosing a 

single molecule of non-native protein in their central cavity for folding to occur unimpaired by 

aggregation. They are essential in all three domains of life and are divided into two groups. 

Group I chaperonins occur in the bacterial cytosol (GroEL), mitochondria (Hsp60), and 

chloroplasts (Cpn60) (80), group II chaperonins in archaea (thermosome) and the eukaryotic 

cytosol (TRiC, also known as CCT) (81). The two chaperonin classes share a common subunit 

organization and general architecture, both forming  ̴ 1 MDa complexes consisting of two rings 

of 7-9 subunits of ~60 kDa that are stacked back-to-back. Group I and II chaperonins are unable 

to fold client proteins interchangeably, implying important differences in substrate protein 

recognition or folding mechanism. 

The group I chaperonin GroEL of the bacterial cytosol is involved in the folding of ~10% 

of the E.coli proteome including proteins that cannot use the upstream chaperones for folding 

(80, 82). GroEL cooperates with the lid-shaped GroES, a heptameric ring of ~10 kDa subunits 

that binds to the ends of the GroEL cylinder (Fig. 6A). The GroEL subunits contain an equatorial 

ATPase domain, an intermediate hinge-domain and an apical domain (82) (Fig. 6A). The apical 

domains form the entrance to the cavity and expose hydrophobic residues for the binding of a 

non-native substrate protein. The two rings of GroEL function sequentially as folding chambers, 

regulated allosterically by the GroEL ATPase (83, 84). Binding of ATP and GroES to the 

substrate-bound ring causes the displacement of the non-native substrate from its hydrophobic 

attachment sites into a cavity capped by GroES (Fig. 6B). This step is accompanied by extensive 

conformational changes of the GroEL subunits that enlarge the ring cavity and alter its physical 

properties from hydrophobic to hydrophilic (80, 82). Proteins up to ~60 kDa in size are now free 

to fold in the chaperonin nano-cage for the time it takes GroEL to hydrolyze its bound ATP to 
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ADP (~2 sec at 37oC) (85). Binding of ATP to the opposite GroEL ring then induces an allosteric 

signal that causes ADP to dissociate and GroES to unbind. Folded protein is released, while 

incompletely folded/misfolded molecules may rebind, resulting in possible unfolding in 

preparation for another folding cycle (86, 87). Whether the GroEL rings function strictly 

sequentially in folding or sometimes in parallel, with both folding chambers being capped by 

GroES simultaneously, is a matter of ongoing research (80, 84, 88). 

The GroEL-dependent proteins tend to populate aggregation-prone, kinetically trapped 

folding intermediates when folding in free solution (89, 90). While aggregation prevention is an 

important function of the chaperonin (91), recent studies show that GroEL/GroES can markedly 

accelerate the folding of some of these proteins by smoothing their folding energy landscape (85, 

92-96). The confining environment of the chaperonin cage allows complex topologies to form 

sequentially, thereby guiding the substrate along a folding pathway that avoids kinetic traps (95). 

Exactly how GroEL/GroES accelerates protein folding is not yet clear, but has been shown to 

depend on the volume of the cage, the negative charge of the cavity wall and the flexible C-

termini of the GroEL subunits that protrude into the cavity (80). 

The eukaryotic chaperonin TRiC also supports the folding of ~10% of the proteome, 

including the key cytoskeletal proteins actin and tubulin (81). Like GroEL, TRiC cycles between 

open and closed states, but substrate encapsulation is cofactor-independent and is mediated by 

helical protrusions from the tip of each subunit that function as an in-built lid (97) (Fig. 6C). The 

iris-like lid does not seal the cavity completely, but leaves a small pore that can accommodate 

extended polypeptide chains. This feature allows TRiC to encapsulate and fold large substrates in 

a domain-wise fashion and act cotranslationally (98) (Fig. 4B). Unlike the homo-oligomeric 

GroEL, each ring of TRiC consists of eight paralogous subunits, which differ in substrate 



15 
 

recognition. Thus, TRiC may dictate the topology of the bound substrate (99) (Fig. 6D). The 

subunits also vary in their affinity for ATP, with low- and high-affinity subunits being spatially 

segregated within the ring (100). As a result, the ATP-driven conformational cycle may proceed 

sequentially (101). Moreover, the unique subunit arrangement creates a pronounced asymmetry 

in the distribution of charges in the folding chamber (102-104) (Fig. 6D), which may influence 

the folding trajectory of the encapsulated substrate. The TRiC-mediated folding of certain 

substrates, such as G-protein  subunits, is enhanced by cooperation with the co-chaperone 

phosducin-like protein (105). Although the structure and conformational cycle of TRiC are now 

well understood, it remains unclear how exactly the special features of the eukaryotic chaperonin 

contribute to protein folding. 

Hsp90 – conformational surveillance of metastable clients 

In eukaryotes Hsp90 supports not only protein folding, but also the conformational maturation 

and maintenance of a range of medically relevant signaling proteins, including proto-oncogenic 

kinases, steroid hormone receptors and transcription factors (106-110). Owing to its involvement 

in multiple signaling pathways, Hsp90 also plays an important evolutionary role by buffering 

destabilizing mutations in its client proteins (111). 

Hsp90 is a homodimer, with each subunit consisting of an N-terminal nucleotide binding 

domain (NTD) of ~25 kDa, a middle domain (MD) of ~40 kDa, and a C-terminal dimerization 

domain (CTD) of ~12 kDa (107, 112, 113) (Fig. 7A). A charged linker region connects the NTD 

with the MD. The Hsp90 dimer is dynamic and samples a range of conformations that are 

selectively stabilized by nucleotide, client protein and various cofactors (114, 115). In the 

absence of nucleotide, Hsp90 favors an open conformation (Fig. 7A and B). Upon ATP binding, 

a lid segment of the NTD closes over the bound nucleotide, which leads to NTD dimerization via 

strand exchange. A flexible loop from the MD contacts the NTD inducing a twisted closed 
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conformation, with residues from the MD contributing to ATP hydrolysis (112) (Fig. 7A and B). 

After ATP hydrolysis and nucleotide release Hsp90 reverts to the open state (Fig. 7B). Although 

ATP contributes free energy and directionality to the Hsp90 conformational cycle, the rate 

limiting step is not ATP hydrolysis, but the large conformational transition from the open to 

closed state (116). 

How Hsp90 recognizes substrates and how its ATPase cycle is coupled to client 

maturation is not yet well understood. Recent evidence suggests that Hsp90 has an extended 

substrate binding interface that crosses domain boundaries and exhibits specificity for proteins 

with exposed hydrophobic residues, independent of whether they are disordered, partly folded, or 

near native (113, 117, 118). Interaction with Hsp90 can selectively stabilize metastable client 

proteins in their active conformation, as shown for glucocorticoid receptor and v-Src kinase (58, 

119), explaining why Hsp90 is especially important in cancer cells where growth is driven by the 

constitutive activation of one or more oncoproteins. 

Hsp90 cooperates with various cochaperones, which regulate its ATPase activity and 

recruit clients (107, 112) (Fig. 7B). These factors act sequentially along the Hsp90 cycle, and in 

some cases form mixed complexes with the chaperone (120). Hop and Cdc37 stabilize the open 

conformation of the Hsp90 dimer, inhibit ATP hydrolysis and facilitate client binding. Hop 

mediates client transfer from Hsp70 to Hsp90, whereas Cdc37 functions as an adapter for kinase 

clients. Aha1 binds asymmetrically to the MD and NTD of the Hsp90 dimer, facilitating 

transition to the closed conformation and thereby accelerating ATP hydrolysis (121, 122). p23 

acts towards the end of the cycle, and facilitates client maturation by stabilizing the closed state 

of the Hsp90 N-domains and inhibiting ATP hydrolysis (107). In addition, Hsp90 cooperates 

with a range of other cofactors containing TPR-domains. Some of these factors also contain 
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peptidyl-prolyl-isomerase (PPIase) domains and participate in client folding on Hsp90 (109). In 

contrast to eukaryotic Hsp90, the bacterial Hsp90, HtpG, is independent of Hsp90 cochaperones.  

 

The Proteostasis Network 

Proteostasis, the state in which the proteome of an organism is in functional balance, must be 

tightly controlled within individual cells, tissues and organs. To maintain proteome integrity, the 

different chaperone classes and their cofactors cooperate with the machineries of protein 

synthesis and protein degradation in a coordinated proteostasis network (PN), comprising ~1400 

components in mammalian cells (123-125) (Fig. 8A). The PN must balance protein synthesis 

with turnover, clear surplus, misfolded and aggregated proteins, and respond to stress. 

Importantly, decline or disruption of the PN is strongly associated with aging and diseases of 

aberrant protein folding and aggregation (4, 126). The organization of the PN appears to be 

robust, displaying a high degree of redundancy. For example, only 55 of the 332 chaperones 

were found to be among the core fitness genes of human leukemia K562 cells (123, 127) (Fig. 9). 

In C. elegans, knockdown of only ~20 of the 219 chaperones enhanced aggregation and toxicity 

of neurodegenerative disease proteins (123). The large size of the PN with in-built redundancy 

would facilitate adaptation to the needs of specific cell types and tissues, dependent on 

environmental and physical exposure, as well as requirements of the expressed proteome. 

Stress conditions, including exposure to elevated temperature or oxidizing agents, 

upregulate multiple chaperones (stress proteins) by inducing transcriptional programs dedicated 

to specific cell compartments. These include the cytosolic stress response (128) and the unfolded 

protein response (UPR) pathways of the ER and mitochondria (129, 130). The stress response of 

individual cell types and tissues is further coordinated at the organismal level by cell non-

autonomous signaling mechanisms (4, 131). 
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Degradation of terminally misfolded proteins and control of protein stoichiometries is 

mainly performed by the UPS (132, 133), which comprises several hundred components (133) 

and plays an important role in maintaining proteome balance (134) (Fig. 8A). Interestingly, 

certain misfolded proteins require chaperone-mediated transport from the cytosol into the 

nucleus for proteasomal degradation (135-137), defining the nucleus as a general protein quality 

control compartment. Clearance of aggregated proteins by the UPS requires disaggregation prior 

to degradation, which is performed by Hsp70 in cooperation with Hsp110 and a mixed-class 

Hsp40 complex (77, 78) (Fig. 8A). In bacteria and fungi, AAA+ ATPase complexes of the 

Hsp100 family cooperate with the Hsp70 system in disaggregation (138). Protein aggregates 

resisting disassembly may be cleared by selective autophagy and lysosomal degradation (133) 

(Fig. 8A). Both proteasomal and lysosomal clearance pathways are tightly coupled to the Hsp70 

and Hsp90 chaperone systems via BAG-domain proteins and specific ubiquitin ligases, such as 

the cochaperone CHIP (139, 140).  

Toxicity of protein misfolding and aggregation 

Protein dysfunction resulting from misfolding due to mutation (single nucleotide 

polymorphisms, SNPs) renders proteins metastable and underlies many pathologies, including 

cystic fibrosis and a wide range of metabolic defects (141). While a fully functional PN may 

buffer the destabilizing effects of SNPs on protein conformation, metastable mutant proteins tend 

to aggregate when PN capacity is overwhelmed, as occurs progressively during aging (142, 143). 

Age-dependent decline of the PN facilitates the toxic aggregation of neurodegenerative disease 

proteins (both wild-type and mutant forms), such as amyloid beta peptide (Aβ) and Tau in 

Alzheimer’s disease, α-synuclein in Parkinson’s disease and huntingtin in Huntington’s disease. 

The hallmark of these pathologies is the intra- or extracellular deposition of aggregates 

containing amyloid-like -sheet fibrils (Fig. 8A). Chaperones have been shown to interfere at 
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various steps of the aggregation cascade (144), including primary nucleation, fibril elongation 

and fragmentation, and secondary nucleation by the fibril surface (145, 146). Toxic aggregates 

are also produced when faulty translation products accumulate (147-149), for example when 

polypeptide chains that stall during translation on the ribosome are not efficiently cleared by 

ribosome quality control (RQC) machinery and the UPS (149-151). 

The toxicity arising from aggregation underlies common structural properties of the 

aggregates (gain of toxic function) and may be entirely unrelated to the normal function of the 

affected protein. In parallel with assembling to insoluble end-stage fibrils, the disease proteins 

often accumulate toxic oligomers that expose ‘sticky’ surfaces (hydrophobic amino acid residues 

and unpaired -strands) (152). These features confer to the oligomers the ability to engage in 

aberrant interactions with multiple key cellular proteins (153, 154). The proteins targeted by 

toxic aggregates are often themselves metastable (155, 156); they are typically enriched in 

intrinsically unstructured regions and sequences of low amino acid complexity, characteristic 

features of many RNA binding proteins (154-157). Toxic protein aggregation interferes with 

nucleo-cytoplasmic transport of RNA and protein, and generally impairs RNA homeostasis (156, 

158). Moreover, the aggregates impair protein degradation by the proteasome and autophagy 

systems (124) and sequester critical components of the chaperone network, such as certain 

Hsp40 cochaperones (137, 149, 151). Protein aggregation therefore directly interferes with PN 

function, and is both a symptom and cause of PN decline  setting in motion a vicious cycle that 

ultimately triggers proteostasis collapse (Fig. 8B).  

Aggregate management is critical in determining cell viability and the lifespan of model 

organisms. Proteins have been optimized during evolution to maintain solubility at their 

physiological concentrations (159). Thus, even a modest increase in abundance, as might be 
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caused by age-dependent proteome imbalance or due to aneuploidy (160, 161), will result in loss 

of solubility. Interestingly, recent evidence indicates that cells contain machineries that actively 

sequester surplus and misfolded proteins into transient or stable deposits when their timely 

degradation fails (161-168), presumably an attempt to reduce toxic effects exerted by soluble 

oligomers (169). 

The PN as a drug target 

Mechanisms that promote proteostasis have the potential to maintain mutant proteins in a 

functional, non-aggregated state, slow aging and decrease the incidence of age-related diseases in 

model organisms. Thus, boosting PN capacity may be beneficial in both loss-of-function and 

gain-of-toxic function diseases of protein misfolding (170). Conversely, attenuating the PN by 

inhibiting specific chaperone or degradation pathways is effective in cancer treatment, based on 

the fact that oncogenic proteins are often metastable and thus highly chaperone dependent (110, 

124, 171, 172). For example, the inhibition of Hsp90 with molecules that block ATP binding 

prevents the activation of client proteins that promote tumor growth and directs them towards 

degradation (110, 171). Similarly, pharmacologic inhibition of Hsp70 or its co-factor interactions 

may interfere with folding and promote protein degradation, defining a promising strategy in the 

treatment of cancer and certain neurodegenerative diseases (172). 

In principle, PN capacity can be enhanced in several ways (Fig 8A): i) By 

downregulating translation to reduce the load of misfolded proteins on the chaperone system, ii) 

by upregulating chaperone levels to improve folding and conformational repair, and iii) by 

enhancing the clearance of misfolded proteins and aggregates or by promoting the formation of 

inclusions that are non-toxic. For example, the antihypertensive drug Guanabenz has the 

additional effect of attenuating translation by maintaining translation initiation factor 2 (eIF2) 

in its inactive, phosphorylated state (173, 174), which mimics the transient inhibition of 
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translation upon unfolded protein stress. On the other hand, certain neuronal cells are highly 

sensitive to translational attenuation (175) and the pharmacologic reversal of eIF2 

phosphorylation has been shown to improve cognitive memory in mice (176-178). Numerous 

small molecule compounds have been described that activate cellular stress response pathways 

and reduce the aggregation of disease proteins or enhance their clearance by increasing 

chaperone levels (13, 179-181). A key role in aggregation prevention and aggregate dissociation 

is played by the Hsp70 machinery, as shown by overexpressing single or multiple components of 

the system in cellular and animal disease models (124, 154, 182, 183). Finally, activating the 

UPS or inducing autophagy with small molecule compounds can enhance degradation and 

reduce aggregate load (184, 185). Much excitement is caused by the recent development and 

approval of the first proteostasis modulator compounds for specific proteins. These include 

therapeutics for cystic fibrosis that specifically target the folding and trafficking defect of mutant 

CFTR (186) and drugs for the treatment of transthyretin amyloidoses, fatal aggregation diseases 

characterized by progressive neuropathy and cardiomyophathy (187).  

 

Conclusions 

Since the emergence of the molecular chaperone concept more than two decades ago, dramatic 

progress has been made towards understanding protein folding in vivo and how cells maintain 

proteome balance. The resulting field is exerting a major influence on several other areas, from 

basic biology to medicine. A number of intriguing questions remain, however, regarding both the 

mechanism of individual chaperone machines, and how their functions are coordinated within 

the PN.  
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From a mechanistic perspective, it remains unclear how exactly the major ATP-

dependent chaperone systems (Hsp70, Hsp90, chaperonins) support protein folding. Resolving 

this question will require detailed molecular descriptions of the folding pathways of respective 

client proteins. For example, it will be fascinating to discover why the eukaryotic chaperonin 

TRiC can fold proteins, like actin and tubulins, which the bacterial GroEL/GroES is unable to 

handle. The contribution of the ribosome to protein folding is another intriguing subject of 

current research. Going forward, it will be important to learn how the environment of the 

ribosome exit channel affects the energy landscape of cotranslational folding, and whether this 

effect is a generic feature of folding in vivo. The confinement of small polypeptides within the 

negatively charged ribosome exit channel is reminiscent of the effect of the chaperonin folding 

cage, and the two systems may influence folding in similar ways, albeit for proteins of vastly 

different sizes. 

The interactions between different chaperone systems and other components of the PN 

remain largely unexplored. In particular, little is known about how chaperone systems respond to 

increased load due to proteotoxic stress, and how cells achieve an optimum balance between 

different chaperone activities (e.g. folding versus holding and aggregation prevention, or transfer 

to the degradation machinery). The crosstalk between compartment specific stress response 

pathways is another area of interest. A holistic understanding of the PN will be vital to future 

attempts to manipulate its activities pharmacologically, and should offer new opportunities to 

treat the wide range of diseases associated with declining proteostasis.  
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Figure Legends 

Fig. 1. Increasing complexity of proteomes from bacteria to human. The total number of 

proteins, the numbers of proteins >100 aa and < 50 aa in length are shown for the predicted 

proteomes of Escherichia coli, Saccharomyces cerevisiae and human. Note the increase in the 

number and fraction of proteins >100 aa and of large multidomain proteins from E. coli to S. 

cerevisiae to human. Such proteins tend to populate intermediate states during folding, resulting 

in increased aggregation propensity and chaperone dependence. 

 

Fig. 2. Protein aggregation competes with folding. (A) During folding, protein molecules 

sample various conformations while traveling downhill on a potential free energy surface (green) 

towards the thermodynamically favorable native state. Kinetically trapped on- or off-pathway 

intermediates occupy low energy wells (folding intermediates and partially folded states). 

Molecular chaperones provide assistance to folding by lowering free energy barriers and 

preventing aberrant inter-molecular interactions (red), which can lead to various forms of 

aggregates (amorphous, oligomeric, fibrillar). Fibrillar (amyloid-like) aggregates may be 

thermodynamically most stable. (B) Molecular chaperones promote protein folding by a generic 

mechanism of kinetic partitioning of non-native states. Many chaperones use ATP binding and 

hydrolysis to switch between low- and high-affinity states for folding intermediates (unfolded, 

partially folded) exposing hydrophobic amino acid residues. Binding to chaperone blocks 

aggregation and reduces the concentration of aggregation-prone molecules. Release from 

chaperone allows folding (burial of hydrophobic residues). Efficient folding occurs when the rate 

constant of folding (kfold) is faster than re-binding of folding intermediate to chaperone (kon) and 

aggregation (kagg) is slower than kon. Figures modified from (13).  
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Fig. 3. Protein folding on the ribosome. The polypeptide exit tunnel of the large ribosomal 

subunit, as seen in a longitudinal cut through the bacterial ribosome, is magnified and shown 

schematically. The nascent polypeptide chain of a multidomain protein is modeled into the 

tunnel forming a folded N-terminal domain of ~200 aa immediately outside the ribosomal exit 

port. This co-translational folding process may be assisted by chaperones that dock onto the 

ribosome at the opening of the exit tunnel. Completion of folding is mediated by downstream 

chaperones which have no direct affinity for the ribosome. 1, 2 and 3 mark regions of the tunnel 

where structure formation of the nascent chain, including folding of domains <50 aa, has been 

observed. PTC, peptidyl transferase center. 

 

Fig. 4. Chaperone pathways of protein folding in the cytosol. For ~70% of bacterial (A) and 

eukaryotic proteins (B), the ribosome and associated factors (trigger factor, TF, in bacteria; 

NAC, nascent chain associated complex, and RAC, ribosome associated complex, in eukaryotes) 

provide folding assistance. Downstream of the ribosome, Hsp70 (DnaK in bacteria) is the hub of 

the chaperone network. Hsp70 cooperates with Hsp40s (DnaJ in bacteria) and nucleotide 

exchange factors (NEFs; GrpE in bacteria) to fold ~20% of the proteome. The remaining ~10% 

of the proteome is passed on to the chaperonins for folding, GroEL/ES in bacteria and TRiC in 

eukaryotes. In eukaryotes, some nascent proteins are transferred directly to TRiC by prefoldin 

(Pfd). This alternative pathway dominates in archaea, which lack Hsp70 proteins. Eukaryotes 

also employ the Hsp90 chaperone system to catalyze the activation of metastable proteins such 

as kinases and transcription factors. Clients are transferred to Hsp90 via the Hsp70 system and 

the cochaperone Hop. The bacterial Hsp90, HtpG, is thought to act more generally in folding and 

functions without known co-chaperones.  
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Fig. 5. Hsp70 conformational cycle. (A) Structure of the bacterial Hsp70, DnaK. ATP binding 

and hydrolysis at the nucleotide binding domain (NBD) drives large conformational changes in 

Hsp70. ATP binding induces the open state of Hsp70 (left; PDB 4B9Q), in which the -helical 

lid of the substrate binding domain (SBD) is attached to the NBD. Upon hydrolysis of ATP to 

ADP, Hsp70 transitions from the open state with high on- and off-rates for peptide substrate to 

the closed state (right; PDB 2KHO), in which NBD and SBD are separated and the -helical lid 

is closed over the peptide binding cleft (low on- and off-rates for peptide substrate). Bound 

nucleotide is shown with adenosine in red and phosphate in blue. Bound peptide with the 

sequence NRLLLTG is shown in space filling representation. (B) Cycle of substrate binding and 

release. Non-native polypeptide substrate interacts first with Hsp40 and is delivered to ATP-

bound Hsp70 (open state). Interaction with Hsp40 triggers ATP hydrolysis on Hsp70, generating 

the closed state. ADP release catalyzed by nucleotide exchange factor (NEF) and re-binding of 

ATP trigger substrate release for folding or possible transfer to downstream chaperones. Hip in 

metazoans stabilizes the ADP-state, thereby delaying substrate release. Prolonged binding of 

non-native protein to Hsp70 may favor degradation. Figure modified from (13). 

 

Fig. 6. The chaperonins. (A) Structure of the group I bacterial chaperonin system 

GroEL/GroES. The crystal structure of the asymmetrical GroEL:7ADP:GroES complex (PDB 

1PFQ) is shown on the left in space-filling representation. One subunit in each ring is displayed 

in schematic representation with the equatorial domain in blue, the intermediate domain yellow 

and the apical domain red. The conformations of the GroEL subunit in the open state and in the 

GroES-bound, closed state are shown in ribbon-representation in the middle and on the right, 
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respectively. (B) Reaction cycle of GroEL/GroES. Substrate protein binds as folding 

intermediate to the empty GroEL ring and is encapsulated by GroES in an ATP-dependent step. 

The protein is free to fold within the chaperonin nano-cage for the time required to hydrolyze 

ATP on each subunit of the heptameric GroEL ring. ATP binding to the opposite ring then 

triggers the release of folded protein and GroES, completing the cycle. Incompletely folded 

protein will re-bind following release. Figures modified from (13). (C) Structure of the 

eukaryotic chaperonin TRiC. The crystal structure of the hexadecameric TRiC complex with 

both rings in the closed conformation (PDB 4V94) is shown on the left in space-filling 

representation. One subunit in each ring is displayed in schematic representation with the 

domains color coded as above. The subunit conformation of the TRiC subunit in the open state 

(PDB 3KFK) and in the closed state (PDB 4V94) with the -helical extensions covering the ring 

opening are shown in ribbon-representation in the middle and on the right, respectively. ADP is 

bound in the equatorial domain in the closed state. (D) TRiC mechanism. The subunit orientation 

of the TRiC complex is shown schematically as a top view of the ring. Non-native substrate 

protein binds in a distinct topology contacting the apical domains of specific subunits (left). 

Upon ATP binding, TRiC releases the protein in a sequential manner aided by asymmetry in 

ATP affinities of the TRiC subunits (middle). Following release, the protein folds to completion 

inside the TRiC cage, the hemispheres of which are partitioned into acidic and basic character. 

 

Fig. 7. Hsp90 conformational cycle. (A) Crystal structures of the open state of Hsp90 from 

bacteria (PDB 2IOQ) and the closed state from yeast (PDB 2CG9). Each subunit of the Hsp90 

homodimer consists of an N-terminal nucleotide binding domain (NTD), a middle domain and a 

C-terminal dimerization domain (CTD). (B) Hsp90 reaction cycle. Inactive substrate protein 
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binds to the Hsp90 dimer. ATP binding shifts the Hsp90 conformational equilibrium to the 

closed state with the NTDs dimerized. This metastable state is committed to ATP hydrolysis, 

resulting in further conformational changes to the closed, twisted state. Release of ADP and Pi 

returns Hsp90 to the open state. The bound client protein is conformationally activated as Hsp90 

proceeds through its cycle. Cofactors Hop and Cdc37 delay the ATP hydrolysis step of the cycle. 

Aha1 stabilizes NTD dimerization, thereby accelerating ATP hydrolysis. p23 stabilizes the 

closed dimer, slowing the release of substrate protein from Hsp90. 

 

Fig. 8. The proteostasis network. (A) Cells employ an extensive network of molecular 

chaperones and other factors to maintain proteome integrity. Specific chaperone components are 

listed that participate in promoting the folding of newly-synthesized proteins and destabilize non-

native protein conformations, as well as cooperate with the degradation machineries (the 

ubiquitin proteasome system [UPS] and autophagy/lysosomal degradation). Pathways promoted 

by chaperones are shown with green arrows, off-pathway reactions with red arrows. Various 

options to modulate the PN pharmacologically are also indicated. RQC, ribosome quality control 

machinery. (B) Balanced versus imbalanced PN. Protein misfolding and aggregate formation is 

shown as the key process that puts pressure on the PN, resulting in possible destabilization. 

Green circle: The PN at full capacity copes with the load of misfolded proteins by either 

refolding/disaggregating or degrading aberrant proteins. Red circle: The PN is progressively 

overwhelmed through a positive feedback loop in which protein misfolding and aggregation 

leads to aberrant interactions with key proteins (including limiting PN components), resulting in 

proteostasis impairment and eventual collapse. This downhill spiral is accelerated by the age-

dependent decline of proteostasis capacity and/or excessive production of aberrant proteins. 
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Fig. 9. The subset of chaperones that belong to the core fitness genes of transformed human 

cells. (A) Venn diagram showing the overlap between the human chaperome and the core fitness 

genes (the essentialome) of K562 leukemia cells. Data from references (123, 127). (B) The 

chaperome (332) proteins divided into the major chaperone families. The number and fraction of 

essential chaperones (55 in total) are indicated for each family. TPR, tetratricopeptide repeat 

cochaperones. Note that the chaperonins contain the highest fraction of essential components, 

and the TPR proteins comprise the highest number of essential cochaperones. Data from 

references (123, 127). 
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