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Abstract: Thirty years ago a class of proteins was found to prevent the aggregation of Rubisco.
These proteins’ ability to prevent unwanted associations led to their being called chaperones.
These chaperone proteins also increased in expression as a response to heat shock, hence their label
as heat shock proteins (Hsps). However, neither label encompasses the breadth of these proteins’
functional capabilities. The term “unfoldases” has been proposed, as this basic function is shared by
most members of this protein family. Onto this is added specializations that allow the different family
members to perform various cellular functions. This current article focuses on the resolved structural
bases for these functions. It reviews the currently available molecular structures in the Protein Data
Bank for several classes of Hsps (Hsp60, Hsp70, Hsp90, and Hsp104). When possible, it discusses the
complete structures for these proteins, and the types of molecular machines to which they have been
assigned. The structures of domains and the associated functions are discussed in order to illustrate
the rationale for the proposed unfoldase function.
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1. Introduction

The central dogma of molecular biology states that genes are transcribed into messenger RNAs,
which are then translated into the proteins that carry out cellular functions. While this simple and
elegant principle governs most biological systems, literature from both the distant and recent past have
cited complications in the cellular environment that may disrupt the flow of genetic information [1,2].

Considering the dense population of the cytosol (average protein conc: 150 mg/mL), Finka and
Goloubinoff [3] proposed an inherent need to protect nascent polypeptides from “unwanted
associations” that prevent the attainment of the functional protein fold. The first of these chaperone
proteins was found by Sternberg in 1973 in studies of mutations that disrupted bacteriophage λ

head formation. The disruption of groEL, groES, dnaK, dnaJ, and grpE was found to have deleterious
effects for the growth of the bacteriophage. These genes are bacterial homologs of Hsp60, Hsp10,
Hsp70, Hsp40, and the nucleotide exchange factor for the Hsp70/Hsp40 machine. Expression of
these proteins was increased with heat shock treatment, leading to their label as heat shock proteins
(Hsps) [4]. The functions of these proteins were validated with the generation of recombinant versions
of the proteins that performed their expected functions outside the original cellular environment [5,6].
Further experimentation revealed several types of functions for different chaperone proteins, which
may be attributed to the diversity of their structures.

Current structural information divides the chaperones into five major classes based on their
observed molecular weights: Hsp60, Hsp70, Hsp90, Hsp104, and the small Hsps. Aside from their
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differences in size, the structures of these different classes are quite divergent. The Hsp60s adopt a
barrel-like Anfinsen cage structure for sequestered folding of target proteins. Hsp70s and the small Hsps,
on the other hand, adopt modular “clamps” for protecting extended hydrophobic structures in their
targets. Hsp90s form multidomain V-shaped structures whose scissor-like motion helps refine receptor
proteins, and the Hsp104s form hexameric rings that facilitate unfolding by a ratchet-like mechanism.

A survey of the molecular structures deposited at the Protein Data Bank (PDB) (www.rcsb.org; [7])
as of August 2019 shows an uneven distribution across the five classes. The most structures are
available for Hsp90 with 541 entries, while several Hsp families and their homologs had more
limited entries available (e.g., small Hsps (14 entries); Hsp104 (18 entries); Hsp104 homolog, ClpA
(13 structures)). The sampling of structures from different organisms is also not uniform. The majority
of the structures for Hsp60 are from E. coli. In contrast, most entries deposited for Hsp70 and Hsp90
were from Homo sapiens, and the limited number of structures available for Hsp104 were mainly from
Saccharomyces cerevisiae.

This disparity in distribution coincides with several factors: (1) Clinical significance, (2) structure
complexity, and (3) ease of generation. Hsp90s, which have been associated with the refinement of
receptor protein structures, currently have 541 entries. Hsp104s, on the other hand, currently have
only 18 entries. Unlike crystal structures of the other chaperones, the structures of the large hexameric
Hsp104 were commonly determined through cryoelectron microscopy. Developments in this field
have bypassed the need to combine structural information for component functional domains to
predict their interactions. For example, the Hsp70 substrate binding domain (PDBID: 1DKX) and
the Hsp70 ATPase domain (PDBID: 1DKG) may be docked into hypothetical combined structures.
Direct analysis of the complete chaperone proteins (e.g., complete Hsp70 structure: PDBID: 4B9Q) has
provided insight into their functional mechanisms. The analysis of the available structures for each of
the chaperone classes and their proposed mechanisms of action are provided in the following sections.
It must be noted that the presented structures were selected based on the keyword search function at
www.rcsb.org [7], choosing search results for UniProt [8] molecule name (e.g., Hsp70). This process
may not cover all related structures from other homologous proteins (e.g., H. sapiens homolog, Hsc70).
A summary of chaperone proteins curated in the UniProt database [8] is provided in Table 1. For each
of the succeeding sections on chaperone families, a report is made on available component structures
and how these fit unto structures of the full functional molecules. The authors make no claims on the
validity of the deposited structures presented. Caveat emptor.

2. Review

2.1. Hsp60s (Chaperonins/Heptameric Anfinsen Cages)

The Hsp60 family of proteins is best known through the E. coli GroEL/GroES system. Mutations
on these proteins have been linked with the defective maturation of bacteriophage proteins as early as
1973 [4]. Structural studies using negative stain electron microscopy revealed the involvement of a
double-stacked ring made up of 60 kDA components [9]. Orthologs of GroEL are called Hsp60 and
Cpn60, depending on their source, i.e., mitochondria and chloroplast, respectively [10]. These 60 kDA
components combine to make stacked heptameric structures that segregate unfolded polypeptide
chains from the rest of the cellular environment. Partner proteins, Hsp10 and Cpn10 (GroES in bacteria),
were later discovered to regulate these Anfinsen cages, forming complete GroEL/GroES molecular
machines [11].

The earliest deposited structure is from Braig et al. [12], depicting a full oligomeric structure of
bacterial GroEL at 2.8 Å resolution (PDBID: 1GRL). The observed heptameric ring validated previous
EM data for the macrostructure [9]. The heptameric ring was believed to form part of the Anfinsen
cages where nascent polypeptides can fold. Subsequent studies have shown that the GroEL structure
is able to passively promote spontaneous unfolding of stable misfolded polypeptides with exposed
hydrophobic segments [1]. The open structure of the heptameric rings allows the easy dissociation of
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unfolded polypeptide intermediates with low binding affinity. These polypeptides may then explore
alternative folding intermediates in search of more stable conformations.

The structural basis for the passive mechanism was provided by the co-crystallization of GroEL
and GroES (PDBID: 1AON) [13]. This structure showed the organization of GroEL as two stacked
heptamer rings, with a heptameric lid (GroES), forming a bullet-shaped GroEL–GroES1 structure.
The subscript in GroES1 depicts the number of GroES molecules associated with the GroEL stack.
Misfolded polypeptides may passively enter open chambers such as those formed by the “trans”
(i.e., “far” from GroES) heptamer ring of GroEL. The polypeptides are then isolated from the cellular
environment by the binding of a GroES lid. The Anfinsen cages formed by this association are observed
in the chamber formed by GroES binding with the “cis” heptamer ring of GroEL. Conserved residues
in the GroES monomers were observed to provide the regulatory function of the lid domain in this
“passive” mechanism of GroEL function [14].

Interestingly, Goloubinoff et al. [1] also documented a separate function for GroEL that suggested
its involvement in an active mechanism for unfolding of misfolded polypeptides. This was done in
cooperation with a cochaperone protein, GroES, and was powered by ATP hydrolysis. The active
mechanism involves ATP hydrolysis-dependent conformational changes that are believed to drive
protein unfolding. Work by Xu et al. [13] showed different nucleotide-dependent conformations for the
GroEL–GroES molecular machine. The observed bullet-shaped structure represents the heptamer rings
in both the ATP-bound (closed) and ADP-bound (open) conformations. Binding interactions between
the client protein and the GroEL chamber, coupled with changes in conformation induced by ATP
hydrolysis, was believed to provide the mechanical forces required for client protein unfolding. That is,
client proteins attached to GroEL at specific residues are pulled apart through the shift in position of these
residues with nucleotide induced conformational change. In addition, the ATP bound state of GroEL
promotes the binding of GroES, while the ADP-bound state prevents it. This provides another layer
through which changes in bound nucleotide may provide active modulation of GroEL/Hsp60 function.

The latest published Hsp60 structures are from Nisemblat et al. [15]. This features the human
mitochondrial chaperonin symmetrical “football” complex (PDBID: 4PJ1). The football-shaped form of
this molecular machine was first published by Fei et al. in 2014 [16]. The structure has two GroES
lids covering the two GroEL chambers. Other depictions of this molecule label it as GroEL–GroES2 to
represent the two GroES molecules in the structure [17]. The GroEL–GroES2 conformation is believed
to capture the protein folding functional form of the chaperones, or the predominant conformation in
the population in the presence of high concentrations of target/substrate polypeptides [16].

Fei et al. [16] were able to present structures of both the substrate-bound (PDBID: 4PKN) and
unbound (PBDID: 4PKO) states. A comparison between the two forms shows variance in the apical
regions of GroES/Hsp10 and GroEL/Hsp60. A difference was observed in the orientation of the
heptamer rings, particularly in their deviation from perfect seven-fold symmetry; this difference was
associated with conformational changes that affected the flexible regions in GroEL upon GroES binding.
Changes were also observed for the solvent-exposed areas inside the chamber. These changes are
believed to provide the plasticity required for accommodating variably sized substrates for unfolding
in the GroEL–GroES chambers.

The highest resolution attained for published Hsp60 structures is 1.7 Å; two structures are available
with this resolution. The first is of a monomeric peptide fragment of E. coli GroEL that retains substrate
binding function (PDBID: 1KID) [18]. The second 1.7 Å structure is for a homolog of the functional
monomeric peptide fragment from Thermus thermophilus (PDBID: 1SRV) [19]. The two functional
peptide fragments cover similar locations in GroEL. Both are from the N-terminal section (1KID: aa
184–376; 1SRV: aa 192–446) and share 69.4% identity. Solving the latter structure provided evidence
for the capacity to determine high resolution structures with low acquisition times (23 min) at third
generation synchrotron facilities.

The binding sites observed in these “minichaperone” structures match the expected regions for
monomers in the double-stacked form. Observations made with the monomer–substrate binding
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show a preference for extended polypeptides in the bound structures. Its ability to capture exposed
hydrophobic patches in folding intermediates may therefore force the extension of these polypeptides
into the preferred bound form, providing a structural basis for the unfolding function of Hsp60 [18].

Figure 1 depicts the currently available structures of the GroEL-GroES molecular machine and
its components.

Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW  4  of  18 

 

hydrophobic patches in folding intermediates may therefore force the extension of these polypeptides 

into the preferred bound form, providing a structural basis for the unfolding function of Hsp60 [18]. 

Figure 1 depicts the currently available structures of the GroEL‐GroES molecular machine and 

its components. 

 

 

Figure 1. Evolution of deposited Hsp60 structures in the Protein Data Bank (PDB). Colored models 

depict  the stated structures superimposed on  the  full complex structure (shown  in gray). The  first 

structure was of the GroEL‐stacked heptamers (PDBID: 1GRL), followed by the structures from the 

co‐crystallized GroES  and GroEL  proteins  (PDBID:  1AON). This GroEL–GroES1  structure  is  also 

called  the  “bullet”  conformation.  The  presence  of  another  GroES  forms  a  “football”‐shaped 

conformation  (PDBID:  4PKO).  Crystallization  in  the  presence  and  absence  of  the  polypeptide 

substrates show a difference in the heptamer symmetry. The full structure of a human mitochondrial 

chaperonin (PDBID: 4PJ1) is used as a reference for the relative positions of GroEL and GroES in the 

available structures. Binding to a substrate is observed to alter the heptameric symmetry of the GroEL 

stacks. A heptagon cage is used to approximate the relative positions of the component monomers in 

the different states. Changes in symmetry are observed near sectors 5–7 with GroES binding. A shift 

in perturbed positions is seen with the binding of a polypeptide substrate (sectors 4–6). 

2.2. Hsp70s (Multidomain Chaperone Systems) 

In contrast to the protein folding/unfolding chambers formed by Hsp60s, the Hsp70 family of 

chaperones employs its actions through regulated clamping of targeted polypeptide sections. This 

mechanism involves the coordinated function of distinct globular domains for ATP hydrolysis and 

substrate binding. Work by Swain et al. [20] revealed the importance of the interdomain linker, not 

Figure 1. Evolution of deposited Hsp60 structures in the Protein Data Bank (PDB). Colored models
depict the stated structures superimposed on the full complex structure (shown in gray). The first
structure was of the GroEL-stacked heptamers (PDBID: 1GRL), followed by the structures from the
co-crystallized GroES and GroEL proteins (PDBID: 1AON). This GroEL–GroES1 structure is also called
the “bullet” conformation. The presence of another GroES forms a “football”-shaped conformation
(PDBID: 4PKO). Crystallization in the presence and absence of the polypeptide substrates show a
difference in the heptamer symmetry. The full structure of a human mitochondrial chaperonin (PDBID:
4PJ1) is used as a reference for the relative positions of GroEL and GroES in the available structures.
Binding to a substrate is observed to alter the heptameric symmetry of the GroEL stacks. A heptagon
cage is used to approximate the relative positions of the component monomers in the different states.
Changes in symmetry are observed near sectors 5–7 with GroES binding. A shift in perturbed positions
is seen with the binding of a polypeptide substrate (sectors 4–6).



Int. J. Mol. Sci. 2019, 20, 6195 5 of 18

2.2. Hsp70s (Multidomain Chaperone Systems)

In contrast to the protein folding/unfolding chambers formed by Hsp60s, the Hsp70 family
of chaperones employs its actions through regulated clamping of targeted polypeptide sections.
This mechanism involves the coordinated function of distinct globular domains for ATP hydrolysis
and substrate binding. Work by Swain et al. [20] revealed the importance of the interdomain linker, not
just for connecting the domains, but also for the regulation of their functions. Similar to the Hsp60s,
the Hsp70 chaperones function in cooperation with partner proteins. Hsp40 helps both the delivery of
polypeptides to the substrate binding domain, and the activation of ATP hydrolysis to promote their
capture. Nucleotide exchange factors, like GrpE, facilitate the change in the Hsp70 nucleotide-binding
state that promotes substrate release and resetting for succeeding target capture. The coordinated
clamping action of Hsp70s has been associated with many cellular functions that involve protein
unfolding, complex dissociation, and membrane translocation [21].

The multidomain nature of Hsp70 led to difficulties for the acquisition of their full structures.
The earliest Hsp70-related structures in the PDB are of its substrate binding domain, with a captured
polypeptide string (PDBIDs: 1DKX-1DKZ) [22]. The compact structure of the substrate binding domain
allowed the investigation of its structure in crystals (PDBIDs: 1DKX-1DKZ) [22] and in solution
(PDBID: 2BPR) [23]. NMR-based analysis of the latter allowed observations on the dynamic nature of
the substrate binding domain both in the absence (PDBID: 1DG4) [24] and presence of a bound peptide
(PDBID: 1Q5L) [25]

The structure of the missing ATPase domain was first reported in 1997 by Harrison et al. (PDBID:
1DKG) [26]. Similar to the substrate binding domain, the ATPase domain was crystalized as a distinct
functional domain, separate from the rest of the Hsp70 components. This structure was of the bacterial
homolog of Hsp70, DnaK. The ATPase domain was co-crystallized with an associated nucleotide
exchange factor (GrpE), revealing the structural basis for this regulatory function. GrpE was observed
to promote a more open conformation for the lobes that form the ATP binding-cleft, allowing faster
dissociation and replacement of the attached nucleotide.

A combined structure of both ATPase and substrate binding domain was reported in 2008
(PDBID: 2V7Y) [27]. This featured both domains as undocked structures connected by an interdomain
linker. The substrate binding domain for this structure lacked the helical lid, previously seen by
Zhu et al. in 1996 (PDBIDs: 1DKX-1DKZ) [22]. The lid for the 2V7Y structure was truncated, and
interestingly, part of the remaining C-terminal section was bound by the substrate binding cleft as a
target polypeptide string. The presence of the bound polypeptide has been associated with promoting
the domain-disjoined/-undocked conformation for Hsp70 [20].

Crystal structures of the substrate binding domain in the presence of long and short inhibitor
peptides revealed a potential mechanism for allosteric regulation that involved the interdomain
linker and the helical lid (PDBIDs: 3DPO-3DPQ) [28]. Solution NMR structures of full length (aa
1-635); and truncated (aa 1-605) versions of the E. coli Hsp70 homolog, DnaK, predicted locations for
interaction between the different functional domains. These involved residues in the ATPase domain,
the SBD, and the linker, whose signals were broadened in peptide-free / “ATP-bound” conformation
(PDBID: 2KHO) [29]. While these particular structures were determined from ADP-bound molecules,
comparison with previous data allowed their analysis of conformational changes between the ATP-
and ADP-bound states.

An ATP-bound structure of a full Hsp70 molecule was determined in 2012 by Kityk et al. (PDBID:
4B9Q) [30]. The ATPase and substrate binding domains were observed to have a docked conformation,
with the helical lid open. This facilitates substrate capture in this ATP-bound form. This open
conformation in an ATP-bound Hsp70 molecule was again observed, at higher (1.9Å) resolution by
Qi et al. in 2013, confirming the allosteric opening of the substrate binding domain in response to
ATP binding (PDBID: 4JNE) [31]. Models of the Hsp70 domain structures in their ADP-bound and
ATP-bound conformations are provided in Figure 2.
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The involvement of both the bound nucleotide type and substrate binding affinity with the
function of Hsp70 suggest the importance of co-chaperones/partner proteins that may facilitate these
processes. The first structure of the isolated nucleotide binding domain/ATPase domain was solved
in the presence of a nucleotide exchange factor, GrpE (PDBID: 1DKG) [26]. A more recent structure
depicts the interaction of GrpE with the ATPase and substrate binding domains of Hsp70, as well
as the interdomain linker (PDBID 4ANI) [32] (Figure 3). These interactions point to mechanisms for
promoting a more open conformation for the lobes of the ATPase domain, and the stabilization of
a domain-disjoined conformation in the presence of the nucleotide exchange factor. These prepare
the Hsp70 molecule for ATP binding and change into the domain-docked conformation primed for
substrate capture.

In addition to the nucleotide exchange factors, Hsp70 also functions in cooperation with Hsp40
cochaperones. Similar to Hsp60–Hsp10 pairing, Hsp70s pair with Hsp40s to function as a molecular
machine. Hsp70s cycle through states of low and high binding affinity for their target polypeptides, as
determined by their nucleotide bound state (ATP- and ADP-bound, respectively). Hsp40s regulate this
process by promoting ATP hydrolysis in the nucleotide binding/ATPase domain, as well as substrate
capture in the substrate binding domain. Key features of Hsp40 structure that allow these functions
are its J-domain (PDBID: 1BQZ) [33], and its own substrate binding domain (PDBID: 1NLT) [34].
Hypotheses on their action suggest the promotion of substrate capture by their delivery of a target
polypeptide near the substrate binding domain of the Hsp70; coincident with the promotion of ATP
hydrolysis in the ATPase domain; facilitating substrate capture and retention in the ADP-bound
form [35].

Genetic and biophysical studies have identified mutations that disrupt the function of Hsp40
J-domains and a conserved tripeptide sequence (HPD) between helixes 1 and 2 are important for its
function [36]. There are currently no structures deposited for Hsp40 J-domain mutants in the PDB.
However a recent structure shows the co-crystallization of the E.coli Hsp70 homolog DnaK and the
N-terminally fused J-domain (PDBID: 5NRO) [30]. The combined structure allows the observation of a
bond network connecting the HPD loop of the J-domain with catalytic residues in the ATPase domain
of DnaK, providing a structural basis for the coordination of Hsp70 function by Hsp40 (Figure 3).

Figure 2. Functional domains of Hsp70 chaperones.

The location of the functional domains are superimposed on a domain-dissociated form of Hsp70
(white; PDBID: 2V7Y). Initial attempts at defining the molecular structure of Hsp70s were limited to the
individual functional domains. The structures of the substrate binding domain (blue; PDBID: 1DKX)
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and the nucleotide binding domain/ATPase domain (green; PDBID: 1DKG) are shown. The combined
domains were first solved with bound ADP, and they adopted a dissociated form (yellow; PDBID:
2V7Y). The helical lid of the substrate binding domain was not present in this structure. An ATP-bound
form of the full structure, with a helical lid, was observed to have a conformation with the two domains
docked together (red, PDBID: 4B9Q). The interdomain linker was implicated in the modulation of this
domain docking, suggesting its involvement in regulating Hsp70 function.
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Figure 3. Hsp70 cochaperones.

Hsp70 binding to nucleotide exchange factors like GrpE, and its cochaperone Hsp40, regulates
its function. GrpE (white) is seen to interact with the nucleotide binding domain (green) and the
interdomain linker (red). This is seen to stabilize the domain-dissociated conformation in the absence
of ATP (PDBID: 4ANI). In contrast, the J-domain (Jd) of Hsp40 (white) is observed to associate with the
ATP-bound conformation of Hsp70 (PDBID: 5NRO). This form shows a displaced lid region for the
substrate binding domain (blue). Jd is observed to interact with residues of the linker (red), which are
associated with catalytic residues in the nucleotide binding domain (green). These linked interactions
suggest an H-bond-based mechanism through which Hsp40 J-domains facilitate ATP hydrolysis in
Hsp70 chaperones. Current analysis shows the importance of maintaining a hydrogen bond network
between the HPD motif of Hsp40 and the catalytic sites of the ATPase domain to allow Hsp40-mediated
stimulation of Hsp70 functions.

2.3. Hsp90s (Receptor Protein Refinement)

Unlike the Hsp60 and Hsp70 chaperones that serve mainly to facilitate protein folding, the Hsp90
chaperones are involved with the refinement of receptor protein structures into their functional forms.
The Hsp90 chaperones have been associated with the modification of kinases, steroid hormone receptors,
and transcription factors, highlighting their roles in signal transduction and gene regulation [37].

Hsp90s work through the coordinated rearrangement of three main functional domains.
These proteins exist as homodimers that have N-terminal nucleotide binding domains, middle
domains, and C-terminal dimerization domains. Hsp90 homodimers adopt an “open” V-structure
in the ADP-bound and nucleotide-free states. Binding of ATP causes gross shifts in conformation,
leading to the closing of the arms in a pincer-like motion. ATP hydrolysis reverses the change,
allowing a nucleotide-dependent process for the mechanical manipulation of target protein structures.
In conjunction with the effect of the bound nucleotide, interactions with several co-chaperone types
(e.g., p23/Sba1; Hop/Sti1) provide additional layers of control for Hsp90 function.

Similar to the previous chaperones discussed, the modular nature of Hsp90 structures led to
the separate elucidation of their functional domains, prior to the definition of their full structures.
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The earliest deposited Hsp90 structure in the PDB was of its nucleotide-binding domain (PDBID:
1AH8) [38]. It took another 6 years for the structure of the middle domain to be solved (PDBID:
1HK7) [39]. Lastly, the structure for the C-terminal dimerization domain was determined in 2004
(PDBID: 1SF8) [40]. While the changes observed in the individual components provide important
insight on the reactions involved for Hsp90 function (i.e., structural features of ADP binding in
the NBD; Huai et al. PDBID: 1Y4S [41]), the coordinated action of the combined domains is best
studied in a full structure. Two crystal structures of the full Hsp90 molecule were solved in 2006.
One was solved for the ADP-bound, open conformation (PDBID: 2IOQ [42]), and the other was solved
for an ATP-analogue containing “closed” state (PDBID: 2CG9 [43]). The latter was stabilized by a
co-crystallized co-chaperone, Sba1. Figure 4 depicts the open and closed conformations of Hsp90.

Stabilization of the closed conformation by Sba1 highlights the role of partner proteins in regulating
Hsp90 functions. Several structures have been determined showing these interactions. Certain partner
proteins, like Sba1, stabilize the ATP-bound form, retaining a closed conformation. In contrast,
other partners (e.g., Sti1) promote ATP hydrolysis, and drive a shift towards open conformation.
Interestingly, some partner proteins (e.g., Hop) also serve as scaffolds that allow the coordinated action
of other chaperones (e.g., Hsp70) with Hsp90.

Hsp90s refine the structures of several protein targets: Steroid hormone receptors, protein kinases,
and Nucleotide-binding site, and leucine-rich repeat (NLR) domain-containing proteins. Its involvement
with the modification of these protein types makes it a major player in the regulation of signaling
pathways, and the cellular responses to stress and immunogenic threats. In addition, Hsp90 processes
RNA targets, such as small nucleolar ribonucleoproteins and RNA polymerase [37]. This further
demonstrates the importance of Hsp90s for the regulation of cellular processes, with the latter functions
showing its influence on gene expression.

Steroid hormone receptor processing involves three stages of structural interactions. The early
stage involves the binding of the target polypeptide by the Hsp70–Hsp40 chaperone complex; the
intermediate stage is achieved upon the binding of Hsp70–Hsp40 by Hsp90 through the Hop adapter
protein, facilitating the transfer of the target polypeptide. Peptidylprolyl isomerase (PPI) and p23
combine with the intermediate complex prior ATP hydrolysis. Cleavage of ATP results in an
Hsp90 conformational change, closing the arms, and promoting interactions between the attached
cochaperones and the target polypeptide. Release of the modified polypeptide, PPI, p23, and ADP
from this late complex resets the Hsp90 cycle.

Protein kinases are modified through a similar mechanism by Hsp90 chaperones; although, with
different adapter molecules. The early complex also involves Hsp70 and Hsp40. This complex is bound
by Hsp90 with Hop and Cdc37 (PDBID:1US7) to form the intermediate complex. Protein phosphatase
5 (Pp5) and Aha1 action promote the release of cdc37 and incorporation of ATP. Cleavage of ATP
induces the conformational change that facilitates Hsp90 closing, thus enhancing protein interactions
(by proximity). Aha1 then promotes the removal of ADP, releasing the attached cochaperones, and
resetting Hsp90 into the open conformation.

Several structural studies have investigated the interaction of cdc37 and Hsp90. The first involved
the co-crystallization of an isolated Hsp90 nucleotide binding domain and the interacting N-terminal
domain of cdc37 (PDBID:1US7 [44]). Interestingly, a fit of the Hsp90 NBD unto the full structures
(PDBID: 2IOQ) causes a clash between the bound cdc37 and the middle domain (Figure 5). A recent
cryoEM structure of Hsp90, cdc37, and cdk4 by Verba et al. (PDBID: 5FWK) [45] shows the bound
location of the M/C domains of cdc37, but the N-terminal domain was still undefined. This highlights
the need for further investigation in order to determine the mechanisms of cdc37 modulation of
Hsp90 function.

NLR domain-containing proteins are important receptors for pathogen recognition, and their
maturation requires their association with Hsp90 and its cochaperones Rar1 and Sgt1 [46]. The process
involves an initial binding of Rar1 to Hsp90 in order to stabilize its open, ATP-bound state. This allows
the binding of another Rar1 molecule, which coordinates the association of a ternary complex composed
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of Sgt1, an NLR domain-containing protein, and Hsp90. ATP hydrolysis, induced by a key Arginine
residue in the Hsp90 middle domain, changes the conformation of Hsp90 to the closed state, and this
alters proximal interactions for the bound NLR domain protein, and ultimately leads to the adoption
of its mature form. Lower affinity for the ADP-bound state promotes the dissociation of the bound
cochaperones, replacement of the nucleotide, and the resetting of the open conformation for Hsp90.

Lastly, Hsp90 chaperones also process RNA targets. In particular, Hsp90s facilitate the assembly
of small nucleolar ribonucleoproteins (snoRNPs) and RNA polymerase II. The actual mechanism of
snoRNP assembly has not been elucidated; however, the formation of a functional R2TP complex has
been shown to be involved [47]. This complex is formed through the linkage of Hsp90 and Rvb1/2,
linked through adapter proteins Tah1 and Pih1. The Tah1–Pih1 heterodimer initially binds Hsp90 at
its middle and C-terminal domains, and stabilizes its ATP-bound conformation. Rvb1/2 binding to
Pih1 and the transfer of the Tah1–Pih1 heterodimer then forms the R2TP complex. These same R2TP
complexes function together with Hsp90s to facilitate RNA polymerase II assembly. The R2TP–Hsp90
complex promotes the assembly of Rpb1 in the cytoplasm and its translocation into the nucleus [48].

The capacity of Hsp90s to interact with multiple partners that regulate its function highlights its role
for orchestrating the refinement of both protein- and RNA-based functional structures. Its employment
of a simple mechanism involving multiple binding sites, and the regulation of conformational change
through the modulation of ATP hydrolysis, demonstrates the great potential of adapting defined
biophysical characteristics for many different applications.
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Figure 4. Hsp90 chaperones functional domains and conformations. Section A depicts the functional
domains as individually crystallized, superimposed unto one arm of an open dimeric structure (PDBID:
2IOQ). The nucleotide binding domain (PDBID: 1AH8), the middle domain (PDBID: 1HK7), and the
C-terminal domain (PDBID: 1SF8) are colored red, green, and yellow, respectively. Section B shows
the nucleotide dependent transitions from an ADP-bound open form to an ATP-bound closed form.
The structure of the open form was made by fitting an ADP-bound monomer structure (PDBID: 2IOQ)
unto the ATP-bound dimer structure (PDBID: 2IOP), using the last two helices as bases. The monomeric
arms of Hsp90 are colored yellow and blue. An overlaid structure of the open and closed conformations
shows the expected movement of the arms. The structures of the open conformation are colored gray
for this image.
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Figure 5. Hsp90 co-chaperones.

Several adapter proteins regulate the transition of Hsp90 between its open and closed
conformations. Certain cochaperones like cdc37 bind the open, ADP-bound form, while others like Sba1
bind the closed, ATP-bound form. Some adapters like Aha1 can bind both forms of Hsp90. Figure 5
shows the relative binding locations for these proteins. These are based on the superimposition of Hs90
domains that were co-crystallized with the different co-chaperones (e.g. Aha1-Hsp90 middle domain
(PDBID:1USU; [39]); Cdc37-Hsp90 NBD (PDBID: 1US7); Sbd1-Hsp90 full structure (PDBID:2CG9))
unto the full structure of Hsp90. Interestingly, the superimposed Cdc37 structure (PDBID:1US7) results
in clashes with the other Hsp90 arm of the open Hsp90 structure (PDBID:2IOP). This suggests a role
for Cdc37 inregulating the transition between open and closed conformations for Hsp90.

2.4. Hsp104s (Disaggregating Complexes)

Similar to the previous chaperone families, the Hsp104 proteins have been associated with the
cellular stress response and the control of protein aggregation. In particular, the expression of these
104 kDA proteins were observed to be upregulated in response to thermal [49], ethanol and sodium
arsenite [50], and hydrogen peroxide stress [51]. Protein aggregation has also been associated with
the presence of these stress factors, and interestingly, the increased expression of Hsp104s alleviated
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these symptoms [52]. These findings reveal the importance of Hsp104s, not just for the maintenance of
protein structures within the cell, but also as potential therapeutic agents against aggregation-based
pathologies such as Alzheimer’s disease.

Relatively few entries for Hsp104 and its homologs were determined using X-ray diffraction
analysis (8/12 entries for Hsp104; 16/32 entries for ClpB). The remainder is composed of structures
determined by cryo-electron microscopy. The earliest deposited structures are from ClpB, the Hsp104
homolog in bacteria (E. coli and T. thermophilus). These include structures for the ClpB nucleotide
binding domain 1 deposited in 2002 (PDBID: 1JBK [53]), and a structure of the full protomer deposited
in 2003 (PDBID:1QVR [54]). Structures for ClpB C-terminal domains were revisited in 2012 by Biter
et al. (PDBIDs: 4FCT, 4FCV, 4FCW [55]) and the structure of the second nucleotide binding domain
(NBD2) was reported in 2014 (PDBID:4LJA [56]). Structures for eukaryotic Hsp104 were acquired from
S. cerevisiae in 2017. These were for the N-terminal domain (PDBID:5U2U [57]) and the middle domain
(PDBID: 5VY9 [58]). Figure 6 presents the location of the individual functional domains using the full
ClpB protomer structure as reference (PDBID: 5OFO) [59].

Several structures of multimeric Hsp104 have been determined through cryo-electron microscopy
(e.g. PDBIDs: 5KNE, 5VJH). These data show that Hsp104 associates into a hexameric ring
that surrounds its polypeptide target. The complex exists in two main conformations (closed and
extended), whose interconversion provides a “ratchet-like” function that progressively threads the
target polypeptide through the central pore [58]. This mechanical motion provides a means for the
translocation of target peptides through membranes, and the disaggregation/unravelling of misfolded
proteins. The transition between the two forms is mediated by coordinated action of the nuclease
binding domains of adjacent Hsp104 monomers in the protein complex. In the model described by
Gates et al. [58], nucleotide binding domains 1 and 2 of three members of the hexameric ring (P1, P2,
and P6) alternately interact with their adjacent protomer (e.g., P6 with P1; P1 with P2) via key arginine
residues and their bound nucleotide. These interactions, coupled with the shift from closed to extended
conformations (Figure 7), result in the mechanism that progressively pulls the target polypeptide
through the central pore.
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Figure 6. Hsp104/ClpB functional domains.

Individually crystallized functional domains of the E. coli homolog of Hsp104, ClbB are shown.
Nucleotide binding domains 1 and 2 are shown colored red (PDBID:1JBK) and green (PDBID:4LJA),
respectively. NBD2 coincides with the position of the C-terminal domain construct reported in PDBID:
4FCT. The positions of these domains were fitted onto a ClpB protomer (PDBID: 5OFO chain E) [59]
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for reference. The right column shows the relative position of this protomer (colored gray) in the
hexameric construct (side and top views).
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Figure 7. Functional conformations of Hsp104.

The figure depicts the extended (PDBID:5KNE) and closed (PDBID: 5VJH) conformations of
hexameric Hsp104 structures. A captured polypeptide string is shown (colored cyan) in the central
pore of the closed form. The models shown, as with all the other figures were based on the cited PDB
files and rendered using Swiss PDB Viewer 4.1.0 [60]

3. Conclusions

Structural analysis allows us to associate particular features of the chaperone proteins to their
different functional domains. Perhaps the best application of this is for the construction of fusion
proteins with combined features of different selected chaperones. Some of these chaperones have been
documented to work in cooperation (e.g., Hsp70 and Hsp90; [61]). Fusion proteins with chaperone
components have been employed for increased efficiency of recombinant protein production [62], but
there have been no reports yet regarding the direct combination of chaperone protein parts. We can
probably only say that we know how a system works when we can build its functional form from
its component parts. By defining the functional features of the many different chaperone domains,
we build a library of resources for the design and construction of novel molecular machines with
customizable functions for our desired applications.



Int. J. Mol. Sci. 2019, 20, 6195 13 of 18

Table 1. Chaperone protein families.

Chaperone Family Functions Annotated Subcellular Localizations
(UniProt [8]) * Curated Samples and Related Proteins: UniProt [8] *,++

Hsp60

Segregate unfolded polypeptide chains

Promote unfolding of misfolded
polypeptides by both active and passive

mechanisms

Chloroplast
Cytoplasm

Mitochondria

Prokaryotic:
60 kDa chaperonin (1–4); cpn60; groEL; groL; groL1 to groL5; mimG;

prmG; thsC

Eukaryotic:
cpn60 (I and II; 1 and 2); groL(A and B); hsp60; Hspd1; Rubisco large subunit

binding protein (alpha1, beta1, and beta2)
Tcm62

Hsp70

Unfold misfolded polypeptides

Translocate unfolded polyproteins
through membranes

Dissociate protein complexes

Chloroplast
Cytoplasm

Endoplasmic Reticulum (ER)
Mitochondria

Nucleus

Viral:
Movement protein Hsp70h

Prokaryotic:
Heat shock 70 kDA protein; Hsp70;

chaperone protein DnaK (1–3):
[Cochaperones: DnaJ; GrpE (1 and 2)]

HscA: [Cochaperone: HscB]
HscC; Ssa (1 and 2); SsC1

Eukaryotic:
Heat shock 70 kDA protein (1, 1A, 1B, 2, 3, 4, 4L, 5–10, 12–18)

Chaperone Protein DnaK [Cochaperone: DnaJ]
AtHsp70- (2,4,12,13); endoplasmic reticulum chaperone: BiP (1–5, 8); heat

shock 70 kDA protein cognate (1, 2, 4, 5, II, IV);
Hsc70; heat shock protein 70.2; Hsp1;

hypoxia upregulated protein 1 (hyou1); Lhs1
major heat shock 70 kDA protein (Aa, Ab, Ba, Bb, Bbb, Bb);

Sse (1 and 2); SsA (1–3); SsB1; SsC (1, 3); SsQ1; Sce70
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Table 1. Cont.

Chaperone Family Functions Annotated Subcellular Localizations
(UniProt [8]) * Curated Samples and Related Proteins: UniProt [8] *,++

Hsp90 Modification of kinases, steroid hormone
receptors, and transcription factors

Cytoplasm
Endoplasmic Reticulum (ER)

Mitochondria
Nucleus

Prokaryotic:
Chaperone protein HtpG

Eukaryotic:
ATP-dependent molecular chaperone Hsc82; endoplasmin; endoplasmin

homologs (Lpg3, Hsp90-7, grp94);
heat shock cognate protein 80; heat shock-like 85 kDa protein; heat shock

protein 81 (1–3); Hsp83;
Hsp90 (1-6, alpha, A2, beta):

[Cochaperones: Aha1; AHSA2P (putative); Cdc37; Cdc37-like 1; daf-41; Hch1;
Hsp interacting protein, HIP; p23 (1, 2); PhPL3;

peptidyl-prolyl cis trans isomerases (PPID, FKBP (4, 5, 8, 62, 65)); Protein
canopy homolog 3;

protein disulfide isomerase (PDI-A2, A4, A6); PPP5C; Sba1; Sgt (a, 1); OsSGT1,
AtSgt1; Shu; Unc45-A,B (potential); wos2;

Mod-E; Swo1

Hsp104 Dissociation, refolding, and
resolubilization of protein aggregates [8]

Cytoplasm
Nucleus

Eukaryotic:
ClpB1

Hsp104

* Table 1 summarizes available data in the UniProt database for the different chaperone families discussed in the paper. Examples of these chaperones, their co-chaperones, and cellular
locations are given. The results shown are from the entries curated as “Reviewed” by UniProt [8]. Other entries may have been added to the list since the manuscript was written. ++

Brackets denote cochaperones of the previously listed chaperone protein. Example: DnaK: [Cochaperone: DnaJ].



Int. J. Mol. Sci. 2019, 20, 6195 15 of 18

Author Contributions: Writing—original draft preparation, N.A.D.B.; writing—review and editing, N.A.D.B. and
S.J.L.; funding acquisition, N.A.D.B. and S.J.L.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Epstein, C.J.; Goldberger, R.F.; Anfinsen, C.B. Genetic control of tertiary protein structure—studies with
model systems. Cold Spring Harb. Symp. 1963, 28, 439–449. [CrossRef]

2. Finka, A.; Mattoo, R.U.H.; Goloubinoff, P. Experimental Milestones in the Discovery of Molecular Chaperones
as Polypeptide Unfolding Enzymes. Annu. Rev. Biochem. 2016, 85, 715–742. [CrossRef] [PubMed]

3. Finka, A.; Goloubinoff, P. Proteomic data from human cell cultures refine mechanisms of chaperone mediated
protein homeostasis. Cell Stress Chaperones. 2013, 18, 591–605. [CrossRef] [PubMed]

4. Sternberg, N. Properties of a mutant Escherichia coli defective in bacteriophage λ head formation (groE): II.
The propagation of phage λ. J. Mol. Biol. 1973, 76, 25–44. [CrossRef]

5. Goloubinoff, P.; Christeller, J.T.; Gatenby, A.A.; Lorimer, G.H. Reconstitution of active dimeric ribulose
bisphosphate carboxylase from an unfolded state depends on two chaperonin proteins and Mg-ATP. Nature.
1989, 342, 884–889. [CrossRef]

6. Skowyra, D.; Georgopoulos, C.; Zylicz, M. The E. coli dnaK gene product, the hsp70 homolog, can reactivate
heat-inactivated RNA polymerase in an ATP hydrolysis-dependent manner. Cell 1990, 62, 939–944. [CrossRef]

7. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E.
The Protein Data Bank. Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

8. The UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2019, 47,
D506–D515. [CrossRef]

9. Hohn, T.; Hohn, B.; Engel, A.; Wurtz, M.; Smith, P.R. Isolation and characterization of the host protein groE
involved in bacteriophage lambda assembly. J. Mol. Biol. 1979, 129, 359–373. [CrossRef]

10. Hemmingsen, S.M.; Woolford, C.; van der Vies, S.M.; Tilly, K.; Dennis, D.T.; Georgopoulos, C.P.; Hendrix, R.W.;
Ellis, R.J. Homologous plant and bacterial proteins chaperone oligomeric protein assembly. Nature 1998, 26,
330–334. [CrossRef]

11. Viitanen, P.V.; Lubben, T.H.; Reed, J.; Goloubinoff, P.; O’Keefe, D.P.; Lorimer, G.H. Chaperonin-facilitated
refolding of ribulosebisphosphate car- boxylase and ATP hydrolysis by chaperonin 60 (groEL) are K +

dependent. Biochemistry 1990, 29, 5665–5671. [CrossRef] [PubMed]
12. Braig, K.; Otwinowski, Z.; Hegde, R.; Boisvert, D.C.; Joachimiak, A.; Horwich, A.L.; Sigler, P.B. The crystal

structure of the bacterial chaperonin GroEL at 2.8 A. Nature. 1994, 371, 578–586. [CrossRef] [PubMed]
13. Xu, Z.; Horwich, A.L.; Sigler, P.B. The crystal structure of the asymmetric GroEL-GroES-(ADP) 7 chaperonin

complex. Nature 1997, 388, 741–750. [CrossRef] [PubMed]
14. Landry, S.J.; Zeilstra-Ryalls, J.; Fayet, O.; Georgopoulos, C.; Gierasch, L.M. Characterization of a Functionally

Important Mobile Domain of GroES. Nature. 1993, 364, 255–258. [CrossRef] [PubMed]
15. Nisemblat, S.; Yaniv, O.; Parnas, A.; Frolow, F.; Azem, A. Crystal structure of the human mitochondrial

chaperonin symmetrical football complex. Proc. Natl. Acad. Sci. USA 2015, 112, 6044–6049. [CrossRef]
[PubMed]

16. Fei, X.; Ye, X.; La Ronde, N.A.; Lorimer, G.H. Crystal structure of the Football-shaped
GroEL-GroES2-(ADPBeFx) 14 complex. Proc. Natl. Acad. Sci. USA 2014, 111, 12775–12780. [CrossRef]

17. Koike-Takeshita, A.; Arakawa, T.; Taguchi, H.; Shimamura, T. Crystal Structure of a Symmetric
Football-Shaped GroEL:GroES(2)-ATP(14) Complex Determined at 3.8 angstrom Reveals Rearrangement
between Two GroEL Rings. J. Mol. Biol. 2014, 426, 3634–3641. [CrossRef]

18. Buckle, A.M.; Zahn, R.; Fersht, A.R. A structural model for GroEL-polypeptide recognition. Proc. Natl. Acad.
Sci. USA 1997, 94, 3571–3575. [CrossRef]

19. Walsh, M.A.; Dementieva, I.; Evans, G.; Sanishvili, R.; Joachimiak, A. Taking MAD to the extreme: Ultrafast
protein structure determination. Acta Crystallogr. Sect. D Biol. Crystallogr. 1999, 55, 1168–1173. [CrossRef]

20. Swain, J.F.; Dinler, G.; Sivendran, R.; Montgomery, D.L.; Stotz, M.; Gierasch, L.M. Hsp70 Chaperone Ligands
Control Domain Association via an Allosteric Mechanism Mediated by the Interdomain Linker. Mol. Cell
2007, 26, 27–39. [CrossRef]

http://dx.doi.org/10.1101/SQB.1963.028.01.060
http://dx.doi.org/10.1146/annurev-biochem-060815-014124
http://www.ncbi.nlm.nih.gov/pubmed/27050154
http://dx.doi.org/10.1007/s12192-013-0413-3
http://www.ncbi.nlm.nih.gov/pubmed/23430704
http://dx.doi.org/10.1016/0022-2836(73)90079-X
http://dx.doi.org/10.1038/342884a0
http://dx.doi.org/10.1016/0092-8674(90)90268-J
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/gky1049
http://dx.doi.org/10.1016/0022-2836(79)90501-1
http://dx.doi.org/10.1038/333330a0
http://dx.doi.org/10.1021/bi00476a003
http://www.ncbi.nlm.nih.gov/pubmed/1974461
http://dx.doi.org/10.1038/371578a0
http://www.ncbi.nlm.nih.gov/pubmed/7935790
http://dx.doi.org/10.1038/41944
http://www.ncbi.nlm.nih.gov/pubmed/9285585
http://dx.doi.org/10.1038/364255a0
http://www.ncbi.nlm.nih.gov/pubmed/8100614
http://dx.doi.org/10.1073/pnas.1411718112
http://www.ncbi.nlm.nih.gov/pubmed/25918392
http://dx.doi.org/10.1073/pnas.1412922111
http://dx.doi.org/10.1016/j.jmb.2014.08.017
http://dx.doi.org/10.1073/pnas.94.8.3571
http://dx.doi.org/10.1107/S0907444999003698
http://dx.doi.org/10.1016/j.molcel.2007.02.020


Int. J. Mol. Sci. 2019, 20, 6195 16 of 18

21. Mayer, M.P.; Bukau, B. Hsp70 chaperones: Cellular functions and molecular mechanism. Cell. Mol. Life
Sci. CMLS 2005, 62, 670–684. [CrossRef] [PubMed]

22. Zhu, X.; Zhao, X.; Burkholder, W.F.; Gragerov, A.; Ogata, C.M.; Gottesman, M.E.; Hendrickson, W.A.
Structural analysis of substrate binding by the molecular chaperone DnaK. Science 1996, 272, 1606–1614.
[CrossRef] [PubMed]

23. Wang, H.; Kurochkin, A.V.; Pang, Y.; Hu, W.; Flynn, G.C.; Zuiderweg, E.R. NMR solution structure of the
21 kDa chaperone protein DnaK substrate binding domain: A preview of chaperone-protein interaction.
Biochemistry 1998, 37, 7929–7940. [CrossRef] [PubMed]

24. Pellecchia, M.; Montgomery, D.L.; Stevens, S.Y.; Vander Kooi, C.W.; Feng, H.P.; Gierasch, L.M.; Zuiderweg, E.R.
Structural insights into substrate binding by the molecular chaperone DnaK. Nat. Struct. Mol. Biol. 2000, 7,
298–303. [CrossRef]

25. Stevens, S.Y.; Cai, S.; Pellecchia, M.; Zuiderweg, E.R. The solution structure of the bacterial HSP70 chaperone
protein domain DnaK (393–507) in complex with the peptide NRLLLTG. Protein Sci. 2003, 12, 2588–2596.
[CrossRef] [PubMed]

26. Harrison, C.J.; Hayer-Hartl, M.; Di Liberto, M.; Hartl, F.; Kuriyan, J. Crystal structure of the nucleotide
exchange factor GrpE bound to the ATPase domain of the molecular chaperone DnaK. Science 1997, 276,
431–435. [CrossRef] [PubMed]

27. Chang, Y.-W.; Sun, Y.-J.; Wang, C.; Hsiao, C.-D. Crystal Structures of the 70-kDa Heat Shock Proteins in
Domain Disjoining Conformation. J. Biol. Chem. 2008, 283, 15502. [CrossRef]

28. Liebscher, M.; Roujeinikova, A. Allosteric coupling between the lid and interdomain linker in DnaK revealed
by inhibitor binding studies. J. Bacteriol. 2009, 191, 1456–1462. [CrossRef]

29. Bertelsen, E.B.; Chang, L.; Gestwicki, J.E.; Zuiderweg, E.R. Solution conformation of wild-type E. coli Hsp70
(DnaK) chaperone complexed with ADP and substrate. Proc. Natl. Acad. Sci. USA 2009, 106, 8471–8476.
[CrossRef]

30. Kityk, R.; Kopp, J.; Mayer, M.P. Molecular Mechanism of J-Domain-Triggered ATP Hydrolysis by Hsp70
Chaperones. Mol. Cell 2018, 69, 227–237.e4. [CrossRef]

31. Qi, R.; Sarbeng, E.B.; Liu, Q.; Le, K.Q.; Xu, X.; Xu, H.; Liu, Q. Allosteric opening of the polypeptide-binding
site when an Hsp70 binds ATP. Nat. Struct. Mol. Biol. 2013, 20, 900–907. [CrossRef] [PubMed]

32. Wu, C.-C.; Naveen, V.; Chien, C.-H.; Chang, Y.-W.; Hsiao, C.-D. Crystal Structure of Dnak Protein
Complexed with Nucleotide Exchange Factor Grpe in Dnak Chaperone System: Insight into Intermolecular
Communication. J. Biol. Chem. 2012, 287, 21461. [CrossRef] [PubMed]

33. Huang, K.; Flanagan, J.M.; Prestegard, J.H. The influence of C-terminal extension on the structure of the
“J-domain” in E. coli DnaJ. Protein Sci. 1999, 8, 203–214. [CrossRef] [PubMed]

34. Li, J.; Qian, X.; Sha, B. The crystal structure of the yeast Hsp40 Ydj1 complexed with its peptide substrate.
Structure 2003, 11, 1475–1483. [CrossRef] [PubMed]

35. Horne, B.E.; Li, T.; Genevaux, P.; Georgopoulos, C.; Landry, S.J. The Hsp40 J-domain stimulates Hsp70 when
tethered by the client to the ATPase domain. J. Biol Chem. 2010, 285, 21679–21688. [CrossRef]

36. Greene, M.K.; Maskos, K.; Landry, S.J. Role of the J-domain in the cooperation of Hsp40 with Hsp70. Proc. Natl.
Acad. Sci. USA 1998, 95, 6108–6113. [CrossRef]

37. Li, J.; Buchner, J. Structure, function and regulation of the hsp90 machinery. Biomed. J. 2013, 36, 106–117.
[CrossRef]

38. Prodromou, C.; Roe, S.M.; Piper, P.W.; Pearl, L.H. A molecular clamp in the crystal structure of the N-terminal
domain of the yeast Hsp90 chaperone. Nat. Struct. Mol. Biol. 1997, 4, 477–482. [CrossRef]

39. Meyer, P.; Prodromou, C.; Hu, B.; Vaughan, C.; Roe, S.M.; Panaretou, B.; Pearl, L.H. Structural and Functional
Analysis of the Middle Segment of Hsp90. Implications for ATP Hydrolysis and Client Protein and
Cochaperone Interactions. Mol. Cell 2003, 11, 647. [CrossRef]

40. Harris, S.F.; Shiau, A.K.; Agard, D.A. The crystal structure of the carboxy-terminal dimerization domain of
htpG, the Escherichia coli Hsp90, reveals a potential substrate binding site. Structure 2004, 12, 1087–1097.
[CrossRef]

41. Huai, Q.; Wang, H.; Liu, Y.; Kim, H.Y.; Toft, D.; Ke, H. Structures of the N-terminal and middle domains
of E. coli Hsp90 and conformation changes upon ADP binding. Structure 2005, 13, 579–590. [CrossRef]
[PubMed]

http://dx.doi.org/10.1007/s00018-004-4464-6
http://www.ncbi.nlm.nih.gov/pubmed/15770419
http://dx.doi.org/10.1126/science.272.5268.1606
http://www.ncbi.nlm.nih.gov/pubmed/8658133
http://dx.doi.org/10.1021/bi9800855
http://www.ncbi.nlm.nih.gov/pubmed/9609686
http://dx.doi.org/10.2210/PDB1DG4/PDB
http://dx.doi.org/10.1110/ps.03269103
http://www.ncbi.nlm.nih.gov/pubmed/14573869
http://dx.doi.org/10.1126/science.276.5311.431
http://www.ncbi.nlm.nih.gov/pubmed/9103205
http://dx.doi.org/10.1074/jbc.M708992200
http://dx.doi.org/10.1128/JB.01131-08
http://dx.doi.org/10.1073/pnas.0903503106
http://dx.doi.org/10.1016/j.molcel.2017.12.003
http://dx.doi.org/10.1038/nsmb.2583
http://www.ncbi.nlm.nih.gov/pubmed/23708608
http://dx.doi.org/10.1074/jbc.M112.344358
http://www.ncbi.nlm.nih.gov/pubmed/22544739
http://dx.doi.org/10.1110/ps.8.1.203
http://www.ncbi.nlm.nih.gov/pubmed/10210198
http://dx.doi.org/10.1016/j.str.2003.10.012
http://www.ncbi.nlm.nih.gov/pubmed/14656432
http://dx.doi.org/10.1074/jbc.M110.113118
http://dx.doi.org/10.1073/pnas.95.11.6108
http://dx.doi.org/10.4103/2319-4170.113230
http://dx.doi.org/10.1038/nsb0697-477
http://dx.doi.org/10.1016/S1097-2765(03)00065-0
http://dx.doi.org/10.1016/j.str.2004.03.020
http://dx.doi.org/10.1016/j.str.2004.12.018
http://www.ncbi.nlm.nih.gov/pubmed/15837196


Int. J. Mol. Sci. 2019, 20, 6195 17 of 18

42. Shiau, A.K.; Harris, S.F.; Southworth, D.R.; Agard, D.A. Structural Analysis of E. coli hsp90 reveals dramatic
nucleotide-dependent conformational rearrangements. Cell 2006, 127, 329–340. [CrossRef] [PubMed]

43. Ali, M.M.U.; Roe, S.M.; Vaughan, C.; Meyer, P.; Panaretou, B.; Piper, P.W.; Pearl, L.H. Crystal Structure of an
Hsp90-Nucleotide-P23/Sba1 Closed Chaperone Complex. Nature 2006, 440, 1013. [CrossRef] [PubMed]

44. Roe, S.M.; Ali, M.M.U.; Meyer, P.; Vaughan, C.K.; Panaretou, B.; Piper, P.W.; Pearl, L.H. The Mechanism of
Hsp90 Regulation by the Protein Kinase-Specific Cochaperone p50 (Cdc37). Cell 2004, 116, 87. [CrossRef]

45. Verba, K.A.; Wang, R.Y.; Arakawa, A.; Liu, Y.; Shirouzu, M.; Yokoyama, S.; Agard, D.A. Atomic Structure of
Hsp90-Cdc37-Cdk4 Reveals that Hsp90 Traps and Stabilizes an Unfolded Kinase. Science 2016, 352, 1542.
[CrossRef]

46. Takahashi, A.; Casais, C.; Ichimura, K.; Shirasu, K. HSP90 interacts with RAR1 and SGT1 and is essential
for RPS2-mediated disease resistance in Arabidopsis. Proc. Natl. Acad. Sci. USA 2003, 100, 11777–11782.
[CrossRef]

47. Kakihara, Y.; Houry, W.A. The R2TP complex: Discovery and functions. Biochimica et Biophysica Acta 2012,
1823, 101–107. [CrossRef]

48. Boulon, S.; Pradet-Balade, B.; Verheggen, C.; Molle, D.; Boireau, S.; Georgieva, M.; Bertrand, E. HSP90 and its
R2TP/Prefoldin-like cochaperone are involved in the cytoplasmic assembly of RNA polymerase II. Mol. Cell
2010, 39, 912–924. [CrossRef]

49. Kandror, O.; Bretschneider, N.; Kreydin, E.; Cavalieri, D.; Goldberg, A.L. Yeast adapt to near-freezing
temperatures by STRE/Msn2, 4-dependent induction of trehalose synthesis and certain molecular chaperones.
Mol. Cell 2004, 13, 771–781. [CrossRef]

50. Parsell, D.A.; Lindquist, S. The function of heat-shock proteins in stress tolerance: Degradation and
reactivation of damaged proteins. Annu. Rev. Genet. 1993, 27, 437–496. [CrossRef]

51. Godon, C.; Lagniel, G.; Lee, J.; Buhler, J.M.; Kieffer, S.; Perrot, M.; Labarre, J. The H2O2 stimulon in
Saccharomyces cerevisiae. J. Biol. Chem. 1998, 273, 22480–22489. [CrossRef]

52. Borchsenius, A.S.; Muller, S.; Newnam, G.P.; Inge-Vechtomov, S.G.; Chernoff, Y.O. Prion variant maintained
only at high levels of the Hsp104 disaggregase. Curr. Genet. 2006, 49, 21–29. [CrossRef] [PubMed]

53. Li, J.; Sha, B. Crystal structure of E. coli Hsp100 ClpB nucleotide-binding domain 1 (NBD1) and mechanistic
studies on ClpB ATPase activity. J. Mol. Biol. 2002, 318, 1127–1137. [CrossRef]

54. Lee, S.; Sowa, M.E.; Watanabe, Y.; Sigler, P.B.; Chiu, W.; Yoshida, M.; Tsai, F.T.F. The Structure of ClpB:
A Molecular Chaperone that Rescues Proteins from an Aggregated State. Cell 2003, 115, 229–240. [CrossRef]

55. Biter, A.B.; Lee, S.; Sung, N.; Tsai, F.T. Structural basis for intersubunit signaling in a protein disaggregating
machine. Proc. Natl. Acad. Sci. USA 2012, 109, 12515–12520. [CrossRef]

56. Zeymer, C.; Barends, T.R.M.; Werbeck, N.D.; Schlichting, I.; Reinstein, J. Elements in nucleotide sensing
and hydrolysis of the AAA+ disaggregation machine ClpB: A structure-based mechanistic dissection of a
molecular motor. Acta Crystallogr. Sect. D Biol. Crystallogr. 2014, 70, 582–595. [CrossRef]

57. Wang, P.; Li, J.; Weaver, C.; Lucius, A.; Sha, B. Crystal structures of Hsp104 N-terminal domains from
Saccharomyces cerevisiae and Candida albicans suggest the mechanism for the function of Hsp104 in
dissolving prions. Acta Crystallogr. D Struct. Biol. 2017, 73, 365–372. [CrossRef]

58. Gates, S.N.; Yokom, A.L.; Lin, J.; Jackrel, M.E.; Rizo, A.N.; Kendsersky, N.M.; Southworth, D.R. Ratchet-like
polypeptide translocation mechanism of the AAA+ disaggregase Hsp104. Science 2017, 357, 273–279.
[CrossRef]

59. Deville, C.; Carroni, M.; Franke, K.B.; Topf, M.; Bukau, B.; Mogk, A.; Saibil, H.R. Structural pathway of
regulated substrate transfer and threading through an Hsp100 disaggregase. Sci. Adv. 2017, 3, e1701726.
[CrossRef]

60. Guex, N.; Peitsch, M.C. SWISS-MODEL and the Swiss-PdbViewer: An environment for comparative protein
modeling. Electrophoresis 1997, 18, 2714–2723. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2006.09.027
http://www.ncbi.nlm.nih.gov/pubmed/17055434
http://dx.doi.org/10.1038/nature04716
http://www.ncbi.nlm.nih.gov/pubmed/16625188
http://dx.doi.org/10.1016/S0092-8674(03)01027-4
http://dx.doi.org/10.1126/science.aaf5023
http://dx.doi.org/10.1073/pnas.2033934100
http://dx.doi.org/10.1016/j.bbamcr.2011.08.016
http://dx.doi.org/10.1016/j.molcel.2010.08.023
http://dx.doi.org/10.1016/S1097-2765(04)00148-0
http://dx.doi.org/10.1146/annurev.ge.27.120193.002253
http://dx.doi.org/10.1074/jbc.273.35.22480
http://dx.doi.org/10.1007/s00294-005-0035-0
http://www.ncbi.nlm.nih.gov/pubmed/16307272
http://dx.doi.org/10.1016/S0022-2836(02)00188-2
http://dx.doi.org/10.1016/S0092-8674(03)00807-9
http://dx.doi.org/10.1073/pnas.1207040109
http://dx.doi.org/10.1107/S1399004713030629
http://dx.doi.org/10.1107/S2059798317002662
http://dx.doi.org/10.1126/science.aan1052
http://dx.doi.org/10.1126/sciadv.1701726
http://dx.doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803


Int. J. Mol. Sci. 2019, 20, 6195 18 of 18

61. Johnson, B.D.; Schumacher, R.J.; Ross, E.D.; Toft, D.O. Hop modulates Hsp70/Hsp90 interactions in protein
folding. J. Biol. Chem. 1998, 273, 3679–3686. [CrossRef]

62. Kyratsous, C.A.; Silverstein, S.J.; DeLong, C.R.; Panagiotidis, C.A. Chaperone-fusion expression plasmid
vectors for improved solubility of recombinant proteins in Escherichia coli. Gene 2009, 440, 9–15. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1074/jbc.273.6.3679
http://dx.doi.org/10.1016/j.gene.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19328840
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Review 
	Hsp60s (Chaperonins/Heptameric Anfinsen Cages) 
	Hsp70s (Multidomain Chaperone Systems) 
	Hsp90s (Receptor Protein Refinement) 
	Hsp104s (Disaggregating Complexes) 

	Conclusions 
	References

