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Preface

The Hsp90 chaperone complex is responsible for the activation and maturation of a vast array

of signaling proteins, which when disregulated often lead to disease. Recently, there has been a leap

in our understanding of the molecular mechanisms involved in such regulation. The focus of this

Special Issue is on the recent structural and biochemical advances of Hsp90 that provide insights into

the mechanistic activation of Hsp90 client proteins. This special Issue brings together our current

understanding of the role of the Hsp90 complex into a concise collection of articles that is aimed at

researchers and scientists new to the field.

My sincere thanks go to all the authors that have contributed to this Special Issue, without whom

this excellent collection of articles would not have been possible.

Chrisostomos Prodromou

Editor
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Editorial

An Editorial on the Special Issue ‘Hsp90 Structure, Mechanism
and Disease’
Chrisostomos Prodromou

School of Life Sciences, Biochemistry and Biomedicine, John Maynard Smith Building, University of Sussex,
Falmer, Brighton BN1 9QG, UK; chris.prodromou@sussex.ac.uk

Hsp90 is known for its role in the activation of an eclectic set of regulatory and signal
transduction proteins. As such, Hsp90 plays a central role in oncogenic processes [1,2].
Although the specific details of the chaperone cycle remained controversial for a significant
amount of time, the development of small molecules to inhibit Hsp90 was intense, and
recently, the inhibitor Pimitespib was approved against gastrointestinal stromal tumour [3].
It is now apparent that Hsp90’s role reaches beyond what we first envisaged. The scope
of this ‘Special Issue’ is to bring together this diverse information to better understand
Hsp90 structure, mechanism and its role in disease. The articles not only highlight the
most recent advances in our understanding, but present challenges that will need to be
addressed by the scientific community. In total, six manuscripts were selected as ‘Editor’s
Choice’ articles.

The review by Bjorklund and Prodromou [4], an ‘Editor’s Choice’ article, discuses
recent advances in our understanding of the chaperone cycle and its regulation by co-
chaperones by focusing on known structural complexes of Hsp90. Similarly, the mechanism
of client protein activation by the Hsp90 complex is discussed, particularly for those of
steroid hormone receptors and kinases. It appears that the Hsp90 complex is able to unfold
client protein, allowing for their subsequent activation.

The article by Wengert et al. [5], also selected as an ‘Editor’s Choice’ article, reviewed
the impact of mitochondrial TRAP1 on the regulation of mitochondrial function. TRAP1 is
often upregulated in transformed cells and contributes to the ‘hallmarks of cancer’. It was
reported that TRAP1 function is regulated by a number of post-translational modifications,
which differentially impact on the function of TRAP1 in normal and cancer cells. Future
progress towards understanding the post-translational or ‘chaperone code’ may inform
therapeutic targeting of TRAP1 in cancer.

The review of Joshi et al. [6], another ‘Editor’s Choice article, brings together work
where there has been an increased appreciation of the importance of mitochondria in regu-
lating diverse aspects of normal cell biology, cancer and neurodegenerative disease. Much
remains to be learned about the regulation of mitochondrial function and the contributions
provided by their proteostasis. Specifically, how TRAP1 modulates the balance between
oxidative phosphorylation (OXPHOS) by the mitochondrial electron transport chain (ETC)
to generate ATP and by the less efficient process of aerobic glycolysis in the cytoplasm
is discussed. It appears that TRAP1 interacts with components of the ETC to modulate
activity, while the loss of TRAP1 dramatically upregulates OXPHOS by association with
ETC components and suppresses their activity, forcing cells to rely on glycolysis for energy.
The functional significance of TRAP1 as a dimer or higher-order oligomers is also discussed.
Ongoing studies will no doubt provide additional mechanistic insight into the role of
TRAP1 as a component of the mitochondrial proteostasis network.

The article by Jay et al. [7] looks at the role of extracellular Hsp90 alpha (eHsp90α),
which is emerging as a newly defined research topic. It appears that inducible cellular
Hsp90α (eHsp90α) is a stress-responsive isoform primarily for extracellular tissue re-
pair. Milestone findings of recent research are elegantly brought together, including how
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eHsp90α is hijacked by tumours for their invasion and metastasis. It is anticipated that
future therapeutic targeting of eHsp90α in wound healing and tumorigenesis could be
safer and more effective than a pan inhibition of Hsp90 as a whole.

The ‘Editor Choice’ review by Backe et al. [8] looks at the large co-chaperones FNIP1,
FNIP2 and Tsc1 that broaden the spectrum of Hsp90 regulators. These proteins have
established roles in the regulation of tumour suppressor proteins FLCN and Tsc2. The
authors discuss how their co-chaperone functions may explain their previously observed
behaviour in cells and how they regulate numerous Hsp90 client proteins, including
oncoproteins and tumour suppressors. Furthermore, these co-chaperones enhance Hsp90
binding to inhibitory drugs. These studies provide the groundwork for future investigations
of these large co-chaperones in a pathological context as well as developing the next
generation of cancer therapeutics.

The article by Ziaka and van der Spuy [9] extensively reviewed the critical role of
Hsp90 in retinal proteostasis in health and disease. Current evidence highlights that the
inhibition of Hsp90 as a therapeutic approach is a double-edged sword in the retina, with
Hsp90 inhibition both inducing the neuroprotective upregulation of the heat shock response,
but also leading to the degradation of key Hsp90 client proteins that can eventually lead to
ocular toxicity. Based on the current understanding of the Hsp90 association with the retina-
specific clients PDE6 and GRK1, critical components of the phototransduction cascade
are reviewed. These insights will be of critical importance for the development of future
next-generation molecules targeting Hsp90 proteostasis, either for the treatment of systemic
or retina-specific disease.

The review by Dutta et al. [10] highlighted how the major cytosolic Hsp90 chaperone
of the malaria parasite, Plasmodium falciparum (PfHsp90), and its associated co-chaperone
complexes, display key structural and functional differences compared to the human Hsp90
system. While the core co-chaperones regulating client entry, ATPase activity and Hsp90
conformation are broadly conserved in P. falciparum, there are some major differences,
such as the expression of two p23 isoforms, and the apparent absence of a canonical
Cdc37. Overall, these differences in the co-chaperone network of PfHsp90 suggest that the
elucidation of Hsp90–co-chaperone interactions can greatly extend our understanding of
proteostasis and lead to the identification of novel inhibitors and drug candidates.

Piper et al. [11] bring together a review using a wealth of information on the folding
of myosin heads which require a UCS (Unc45A and B, Cro1, She4) domain-containing
co-chaperone for their efficient and expedient functional activation. The divergent role of
Unc45 is discussed, where it appears that Hsp90α operates with Unc45B whereas Hsp90β
utilises Unc45A. Given that these initial findings were first reported nearly 25 years ago,
the important roles of UCS proteins are brought together, raising new questions to direct
research activities.

In addition to assisting protein homeostasis, Hsp90 has been shown to be involved
in the promotion and maintenance of proper protein complex assembly either alone or in
association with other chaperones, such as the R2TP complex. The review by Lynham and
Walid [12] looks at R2TP and its role in complex assembly. However, the molecular basis of
function of Hsp90-R2TP in complex assembly has yet to be determined, and this review
brings together the current understanding of the function of Hsp90-R2TP in the assembly,
stabilization and activity of several client protein complexes.

The review by Mankovich and Freeman [13] shows that Hsp90 interacts with a broad
array of client proteins, including a variety of factors involved in protein trafficking. De-
spite the numerous reports demonstrating a Hsp90 connection to protein transport, our
understanding on how Hsp90 contributes to this complex process remains limited. Given
the immense contributions that both Hsp90 and protein trafficking have to human health, a
better comprehension on how these factors intersect is merited. The review brings together
the latest research findings forming a platform to expediate research in this field of study.

The review by Maiti and Picard [14], an ‘Editor’s Choice’ article, discusses the client
and functional specificities of Hsp90α and Hsp90β isoforms and whether they have spe-
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cific roles in cancer, neurodegeneration and aging. Beyond gaining a better fundamental
understanding of why there are two distinct isoforms, recent progress in developing
isoform-specific inhibitors raises the prospects of translating new knowledge into novel
therapies, and evidence is presented where a pathological process is primarily supported
by one particular isoform. In such cases, targeting the relevant isoform might be ‘safer’
since ‘housekeeping’ functions could still be provided by the other isoform. This view is
supported by genetic evidence where yeast or mammalian cells are viable with a single
isoform.

The review by van Oosten-Hawle [15] looks at the role of Hsp90 at an organismal
level, where Hsp90 regulates the proteostasis cell-nonautonomously across tissues through
its involvement in cross-tissue stress signaling responses. Recent advances in the field of
organismal proteostasis and its regulation by Hsp90 at a tissue-specific and organismal level
have major implications on how animals respond to environmental challenges and age-
associated disease. Future aspects that need to be researched further will be to understand
how the different tissue-specific roles of Hsp90 are integrated into an organism to regulate
survival and behavioural cues with whole-organism benefits.

The ‘Editor’s Choice’ article by Haufeng [16] discusses whether proteins always
fold to a free-energy minimum or whether they can be maintained by energy-consuming
processes in functional conformations with elevated free energies. The common view is
that chaperones accelerate the kinetics of the folding process so that substrates reach their
free-energy minimum. However, Xu challenges this view by presenting a theoretical model
of non-equilibrium protein folding. It answers some long-standing questions in chaperone-
assisted folding, including the necessity of ATP hydrolysis and how timing in the chaperone
cycle affects the folding efficiency, and raises questions around protein structure predictions
based on (free) energy minimization. Xu suggests new proteomic experiments to identify
proteins that depend on ATP-dependent chaperones for the maintenance of their native
structures and how to test such predictions.

The study by Omkar et al. [17] explored the importance of molecular chaperones for
the activation of the Exonuclease APE2. Although APE2 has recently been demonstrated to
be an important player in the DNA damage response and in a variety of human pathologies
including cancer, there are currently no therapeutics that target APE2. The authors demon-
strate that APE2 interacts with Hsp70 and Hsp90 in both budding yeast and mammalian
cells. Furthermore, the inhibition of molecular chaperones using small molecule inhibitors
promoted the rapid degradation of APE2. Taken together, this work suggests a novel way
to manipulate APE2 function in cancer.

A second contribution by Bjorklund et al. [18] looks at the activation of the class
2 BRAF mutant L597R. The authors discuss how BRAF addiction for Hsp90 is broken
upon dimerization of the kinase. A surprising finding was that although the L597R BRAF
mutant was dimeric, it possessed no kinase activity. This has profound implications as this
suggests that this class 2 mutant must therefore be dependent on RAS for its activation.
Consequently, it appears that Hsp90′s role, at least with BRAF, is not the direct activation, of
the kinase, but to maintain an inactive kinase that may then be delivered to the membrane-
bound RAS system for its activation. In the case for the L597R mutant, signaling could occur
from a CRAF-L597R heterodimer. Clinically, this is important because it could determine
the way such cancers are treated—by focusing on CRAF inhibition, rather than on the
inactive L597R BRAF protein.

In conclusion, the ‘Special Issue’ brings together a series of review and research papers
that concentrate on past and recent advances on Hsp90. It highlights its diverse role form
the cytoplasm to the extracellular environment and even at the organismal level, and
concentrates on the structure, mechanism and its pivotal position in disease. The articles
bring together a diverse array of research findings into specific articles that will help drive
research effectively towards making further progress in this fascinating research field that
is Hsp90.
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Abstract: Hsp90 (Heat Shock Protein 90) is an ATP (Adenosine triphosphate) molecular chaperone
responsible for the activation and maturation of client proteins. The mechanism by which Hsp90
achieves such activation, involving structurally diverse client proteins, has remained enigmatic.
However, recent advances using structural techniques, together with advances in biochemical studies,
have not only defined the chaperone cycle but have shed light on its mechanism of action. Hsp90
hydrolysis of ATP by each protomer may not be simultaneous and may be dependent on the specific
client protein and co-chaperone complex involved. Surprisingly, Hsp90 appears to remodel client
proteins, acting as a means by which the structure of the client protein is modified to allow its
subsequent refolding to an active state, in the case of kinases, or by making the client protein
competent for hormone binding, as in the case of the GR (glucocorticoid receptor). This review looks
at selected examples of client proteins, such as CDK4 (cyclin-dependent kinase 4) and GR, which
are activated according to the so-called ‘remodelling hypothesis’ for their activation. A detailed
description of these activation mechanisms is paramount to understanding how Hsp90-associated
diseases develop.

Keywords: chaperone; co-chaperone; heat shock proteins; Hsp90; Aha1; immunophilins; p23; Cdc37;
kinase; steroid hormone receptor; structure; mechanism; ATPase

1. Introduction

Heat shock protein 90 (Hsp90) is an ATP-dependant chaperone that is subject to
regulation by a variety of co-chaperones [1,2]. Hsp90 consists of three domains, a C-terminal
domain (CTD) that is inherently dimerised, a middle domain (MD) and an ATP-binding
N-terminal domain (NTD) (Figure 1A). ATP binding and hydrolysis drive conformational
changes that lead to the NTDs undergoing cycles of dimerisation and disassembly (recently
reviewed [3–6]). During this cycle, the formation of a catalytically active unit leads to the
hydrolysis of ATP. The chaperone cycle is thought to be the basis by which Hsp90 client
proteins are regulated or matured into an active state, and it is thought that Hsp90 assists
in the late stages of the folding of its client proteins [7,8]. The rate-limiting step of the cycle
is the co-ordinated structural changes required to bring about the hydrolysis of ATP [9,10].
Client proteins include kinases, such as ErbB2, Cdk4 and Braf, as well as nuclear receptors,
transcription factors and structural proteins, such as actin and tubulin. A full list of such
protein clients can be found at https://www.picard.ch/downloads/Hsp90interactors.pdf
(accessed on 16 April 2022).

The NTD is responsible for the binding of ATP and, together with the catalytic-loop
arginine within the MD of Hsp90, they form a catalytically active unit able to hydrolyse
ATP [5,11]. The NTD is the target of ATPase regulation by interaction with a series of
co-chaperones, including p23 (Sba1 in yeast), Cdc37 and Aha1. The catalytic-loop arginine
is essential for ATP hydrolysis and contacts the γ-phosphate of the N-terminally bound
ATP [11]. Because of the essential nature of the catalytic-loop arginine, co-chaperones
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such as Cdc37, p23 and Aha1 may influence Hsp90′s ATPase activity through interactions
with the MD of Hsp90 [5,11–13]. In addition to these co-chaperones, many bind Hsp90
using a TPR domain that engages the conserved MEEVD motif of Hsp90 at its extreme
C-terminus. Such co-chaperones include immunophilins such as FKBP51 (FK506-binding
protein 51) and FKBP52, HOP (Sti1 in yeast), the phosphatase PP5, the E3 ligase CHIP, AIP
and Tah1, amongst others. These co-chaperones may be either specific for a client protein
or a class of client or may impart enzymatic activities that regulate Hsp90 for the activation
or degradation of a client protein [3,4,14].
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Figure 1. PyMol cartoon showing the structure and conformational switches of Hsp90 and its catalytic
cycle. (A) Monomeric Hsp90 in the active, N-terminally dimerised closed conformation. Hsp90 consists
of three domains: cyan, NTD; green, MD; and red, CTD. Four structural features are shown: blue,
the structure involved in the N-terminal β-strand cross-subunit swapping; magenta, the lid-segment
involved in lid closure; cyan and green, the NTD and MD domains involved in intra-subunit association;
and magenta, the catalytic loop containing Arg 380 (shown as sticks). Attachment points for the
fluorophore or Trp are shown as residues in sphere representation: blue, represents the N-terminal
β-strand cross-subunit swapping switch pair (normally as a pair between both protomers); red, the
NTD and MD intra-subunit association switch; and gold, the lid-closure switch. The close up shows the
interaction of Arg 380 with the γ-phosphate of ATP and Glu 33. Dotted blue lines represent salt bridges.
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(B) The catalytic cycle of Hsp90. The apo state of Hsp90 occupies a heterologous ensemble of open-
conformers. The lid (green) and N-terminal β-strand (red) are highly mobile structural elements
showing a sub-millisecond reconfiguration time. The binding of ATP to the NTD of Hsp90 leads to a
rapid release of the lid segment to an intermediate conformational state, between the so-called open-
and closed-lid states. The association of Aha1 can remodel the lid but also preassociates the N- and
M-domains for accelerated closure. Cooperative action of conformational switches leads to full closure
of the molecular clamp. This involves closure of the lid over the ATP-binding pocket, a cross-subunit
swap of the β-strands, and association of the N- and M-domains, which collectively are slow and
interdependent. The β-strand swapping is weakly coupled with the other motions. The cycle completes
following the hydrolysis of ATP, which leads to a compact, ADP-bound conformation. The hydrolysis
of ATP appears to be non-cooperative between the two protomers of Hsp90. Following ATP hydrolysis,
Hsp90 then relaxes to an open state, with concomitant release of ADP and inorganic phosphate.

The structure and catalytic cycle of the Hsp90 chaperone has been extensively re-
viewed [2,3,14–16], and we direct readers to these. The current manuscript concentrates on
advances in understanding the Hsp90 mechanism through recent structural and biochemi-
cal studies.

2. Concerted and Unconcerted Actions of the ATPase Cycle of Hsp90

The regulation of the ATPase cycle of Hsp90 was recently reviewed [3,4,14]. Formation
of catalytically active Hsp90 involves the binding of ATP, which triggers a number of
conformational changes. These include closure of the so-called N-terminal lid of each
protomer, which traps the bound nucleotide and allows N-terminal dimerisation, an N-
terminal β-strand exchange between the two protomers of the Hsp90 dimer, the association
of the MD and NTD of each protomer and the release of the catalytic loop from the MD.
The association of the N- and middle-domains (N/M-domains) is critically dependent on
Arg 380 (yeast Hsp90) [9]. Mutation of Arg 380 to alanine abolishes lid closure, the β-strand
swap, and N/M-domain association altogether [9]. Arg 380 interacts with the γ-phosphate
of the bound ATP molecule [11] but additionally forms a salt bridge with the catalytic Glu
33 (yeast Hsp90) (Figure 1A). Arg 380, therefore acts as an important interaction site linking
together ATP and the catalytic Glu 33 residue. Since Glu 33 is located on helix 2, which
is directly involved in the interface between the N/M-domains, it would appear that Arg
380 acts as a sensor detecting the presence of bound ATP and the presence of Glu 33 in
the ATP-bound conformation, which subsequently allows N/M association and provides
stability to the N/M-domain interface.

Recently, structural changes at local sites within Hsp90 were probed using a reporter
system based on fluorescence quenching by photo-induced electron transfer (PET) with
nanosecond single-molecule fluorescence fluctuation analysis [9,17]. Unlike fluorescence
resonance energy transfer (FRET), which occurs at 2–10 nm scales, PET quenching relies on
van der Waals contacts at distances of≤1 nm, which occur between the organic fluorophore
and a tryptophan indole side-chain. The PET reporter system relies on the introduction of a
Trp and Cys amino acid residue by site-directed mutagenesis, where the Cys residue acts
as a point of fluorophore attachment, and Trp for fluorescence quenching. Three conforma-
tional switches were designed: lid-closure using two PET reporter systems (S51C-A110W
and A110C-S51W), N/M-domain intra-subunit association (E192C-N298W) and N-terminal
β-strand cross-subunit swapping (using a fluorophore on the N-terminus of one subunit
(A2C) and Trp on the other (E162W)). The study showed that the ATPase activity of Hsp90
was correlated with the kinetics of the specific structural rearrangements that acted cooper-
atively on a sub-millisecond time scale. However, lid closure over the nucleotide-binding
pocket was identified as a two-step mechanism (Figure 1B). The finding suggests that the
lid of apo-Hsp90 is dynamic and populates an ensemble of conformers, which is then
reconfigured rapidly, following ATP binding, to an intermediate state that most likely
exposes the N-terminal dimerisation interface. Subsequently, the lid fully closes over the
nucleotide-binding pocket, which occurs slowly and in a concerted manner with the N-
and M-domain inter- and intra-subunit associations. The subunit swap of the N-terminal

7



Biomolecules 2022, 12, 600

β-strands upon association of the N-domains, is facilitated by their highly mobile nature,
as seen in apo-Hsp90. Consequently, the swapping of the terminal β-strands, the closure
of the lid, and N- and M-domain associations are cooperatively coordinated to form the
catalytically active Hsp90 conformation that can hydrolyse ATP. Ultimately, the hydrolysis
of ATP opens the molecular clamp and reconstitutes the chaperone for its next catalytic
cycle (Figure 1B).

The authors also showed that Aha1 substantially accelerated conformational changes.
A ~40-fold acceleration in the mean rate constant of N/M-domain association was seen,
which was in agreement with the enhanced ATPase activity. In contrast, a ~20-fold increase in
the mean rate constant of lid closure and β-strand swapping was observed. Preorganization
of the NTD and MD induced by Aha1 could perhaps explain the stronger acceleration of
N/M-domain association compared to the other motions [18,19]. The effect of Aha1 was
also investigated on the three conformational switches. As previously seen, Aha1 stimulates
the ATPase activity of the Hsp90 F349A mutant (F349 is important for N/M association)
to wild-type levels [18,19] and could accelerate all three of the local motions. The authors
show that binding of Aha1 to apo-Hsp90 showed fluorescence quenching both for the
wild-type and mutant F349A protein, suggesting that binding of Aha1 can influence the
conformation of the lid. The most recent studies suggest that Aha1 may help “bypass”
a slowly formed closed-lid intermediate of Hsp90 [18]. Although other work suggests
that Aha1 initiates a partially closed lid conformation and acts late on the ATP-bound
N-terminally-dimerised conformation [20]. However, PET-FCS provided evidence that Aha1
could mobilise the lid early in the apo-state of Hsp90 and this is also supported by NMR
chemical shift perturbations that show weak and transient interactions of C-Aha1 with
the NTD of Hsp90 [21]. The T101I lid mutation can also be re-activated by Aha1 [19], and
consequently, it appears that lid mobilisation is an early mode of Aha1 action. Furthermore,
it was shown that the mutations T101I and R380A (yeast), which disrupt Hsp90 ATPase
activity, also abolish lid closure, β-strand swapping and N/M-domain association altogether,
although the lid segment was still able to remodel rapidly. In contrast, the activating A107N
mutation accelerated lid closure and N/M-domain association by ~5-fold, in agreement with
previous studies [6,11]. Interestingly, the A107N effect on the β-strand swap was moderate.

The PET technique was further developed and combined with two-colour fluorescence
microscopy. This allowed the simultaneous detection of two structural coordinates, one
colour per coordinate, within a single protein molecule [9]. These experiments showed that
the lid of the NTD and the N-terminal β-strand are highly mobile, with µs reconfiguration
time constants [22]. These studies concluded that ATP binding rapidly remodels the lid,
likely exposing the N-terminal dimerisation interface and priming inter-subunit dimerisa-
tion early in the cycle [22]. In conclusion, the recent data suggests a concerted mechanism
involving a number of conformational switches that from the catalytically active state of
Hsp90 (Figure 1B). However, mutations show that some decoupling of these switches is
possible and this is evident with the effect of A107N on the rate of β-strand swapping,
which was moderate in comparison to lid and N/M-domain association. Furthermore, Aha1
can accelerate N/M-domain association over that of lid-closure and the β-strand swapping
of wild-type Hsp90. Consequently, Hsp90, through a cooperative mechanism, is highly
efficient at establishing an active state but nonetheless can be modulated by co-chaperones
and perhaps by client proteins themselves to meet the specific demands of client protein
activation. Although the dimerisation of Hsp90 is cooperative, the hydrolysis of ATP by
each monomer appears to be unaffected by the state of the adjacent protomer. Studies using
a variety of Hsp90s show that despite having two ATP-binding sites, their ATPase activities
follow simple, non-cooperative kinetics [23–26]. Consistent with such observations, the
activity of the wild-type ATPase domain is unaffected by the adjacent protomer carrying
a mutation that is either unable to bind or hydrolyse ATP [27,28]. An adaptation to the
above model is seen with the TRAP1 (tumor necrosis factor receptor-associated protein 1)
paralogue of Hsp90 [29]. In this model, ATP binding leads to an asymmetric dimer in which
one protomer is buckled compared to the other, which remains in a similar conformation
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to the yeast Hsp90–Sba1-bound structure [11]. In this model the hydrolysis of ATP is
sequential and deterministic, where the buckled protomer is better able to hydrolyse ATP.
Subsequently, a flip in the MD and CTD asymmetry positions the opposite protomer in the
buckled conformation, thus promoting hydrolysis of the second ATP and allowing TRAP1
to proceed through the cycle to its open state.

3. The Hsp90–Cdc37–CDK4 Complex

Cdc37 is an Hsp90 co-chaperone that delivers client kinases to Hsp90 and in doing so
inhibits the ATPase activity of Hsp90 to allow client protein loading [30]. Structural work
has shown how Cdc37 binds to the lid-segment of the NTDs of Hsp90 and prevents them
from closing, which in turn prevents N-terminal dimerisation (PDB 1US7) [12] (Figure 2A).
In addition, a key interaction between Arg 167 of Cdc37 and the catalytic residue Glu
33 (yeast) of Hsp90 inactivates the catalytic machinery of the chaperone [31]. The EM
structure of Hsp90, in complex with Cdc37 and CDK4 at ~19 Å, was interpreted as showing
the MD of Cdc37 sitting between the NTDs of Hsp90 and delivering CDK4, which engages
with the NTD and MDs of Hsp90 [31] (Figure 2B). This structure may represent an early
loading stage of the kinase complex. However, a higher resolution structure at 3.9 Å was
presented using cryo-EM, which clearly represents a mature Hsp90–kinase complex (PDB
5FWM) [13]. In this structure, Hsp90 is in a closed conformation in which its NTDs are
clearly dimerised (Figure 2C). Taking this higher resolution structure into account it is
possible to interpret the lower resolution structure of this complex as being the same in
terms of location of the individual domains. Nonetheless, it is clear that Cdc37 does engage
with the lid-segment of the NTD of Hsp90 and that Cdc37 is able to inhibit Hsp90 ATPase
activity. Thus, the spatial relationship of the proteins in an early-state complex and how
the complex remodels to a later mature conformation remains to be confirmed.

In the higher-resolution structure or mature state, Cdc37 makes a number of inter-
actions, including a very important interaction between a loop consisting of 20HPNI23

in Cdc37 and the C-terminal lobe of CDK4 (Figure 2D). Although the resolution of the
cryo-EM map of this complex is variable, from 3.5 to 6 Å, some potential interactions can
be inferred, but nonetheless caution should be exercised in these predictions. The extreme
NTD of Cdc37 (residues 1 to 18) sits between the interface of the NTD and MD of one of the
Hsp90 protomers, and probably helps to stabilise the N/M-domain association of Hsp90
(Figure 2E). Potentially the side-chain hydroxyl group of Tyr 4 from Cdc37 may be able
to form a hydrogen bond with the side-chain amine group of Gln 128 of the N-terminal
domain of the adjacent Hsp90 protomer. The side-chain carboxyl group of Gln 128 also
appears close enough to form a hydrogen bond with one of the amine side-chain groups
of Arg 392 (Arg 380 in yeast Hsp90) from the catalytic loop, where the same amine group
is also engaged with the γ-phosphate of the bound ATP. Additional contacts between the
catalytic loop of Hsp90 and Cdc37 residues Tyr 4, Trp 7 and Asp 8 may help stabilise the
catalytic loop in its active conformation. The side-chains of Asp 8 and His 9 may also
interact with those of Lys 36 and Asp 188 of the NTD of Hsp90. The next segment of the
NTD of Cdc37, residues 10 to 18, interacts with the long helix of the MD of Hsp90 (residues
Gln 385 to Ala 408) and potentially a series of salt bridges involving side-chains occur from
the following interactions: Asp 14 and Glu 16 of Cdc37 with Arg 405 of Hsp90, Asp 17 of
Cdc37 and Lys 402 of Hsp90 and Glu 18 of Cdc37 with Lys 399 of Hsp90 (Figure 2E). As
seen with Aha1, the interaction of Cdc37 with the MD long helix of Hsp90 likely aids the
conformational change of the catalytic loop to its open active state [5,32]. In addition, the
side-chain of Glu 11 of Cdc37 may form a salt bridge with the side-chain of Arg 39 and
phospho-Ser 13 (pSer 13) may form a bridging interaction by forming salt bridges with
both His 33 and Arg 36 side-chains from the N-terminal end of the coiled-coil region of
Cdc37 and with Lys 406 of the MD long helix of Hsp90. These interactions are critical for
helping to position the conserved HPNI motif of Cdc37 for interaction with the C-lobe of
Cdk4 (Figure 2D,E). The HPNI interaction mimics the interaction of the αC–β4 loop from
the N-terminal lobe of CDK4 (HPNV in Cdk4 or HVNI in BRAF) (Figure 2D) and complex
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formation with Cdc37 is likely aided by the propensity of kinases to unfold [33]. Exiting
from the coiled-coil segment of Cdc37, a beta strand then interacts with the 1AC β-sheet of
Hsp90 (2CG9 nomenclature) and places the MD and CTD of Cdc37 on the opposite side
of the Hsp90 dimer (see PDB 5FWL), which may be centred above Trp 312 (yeast Hsp90,
Trp 300 and Hsc90, Trp 296) and Phe 341 (yeast Hsp90, Phe 329 and Yeast Hsc90, Phe 325).
Interestingly, Trp 300 was previously identified as a client binding site [32] (Figure 2C).

Biomolecules 2022, 12, x  6 of 23 
 

the conformational change of the catalytic loop to its open active state [5,32]. In addition, 
the side-chain of Glu 11 of Cdc37 may form a salt bridge with the side-chain of Arg 39 and 
phospho-Ser 13 (pSer 13) may form a bridging interaction by forming salt bridges with 
both His 33 and Arg 36 side-chains from the N-terminal end of the coiled-coil region of 
Cdc37 and with Lys 406 of the MD long helix of Hsp90. These interactions are critical for 
helping to position the conserved HPNI motif of Cdc37 for interaction with the C-lobe of 
Cdk4 (Figure 2D,E). The HPNI interaction mimics the interaction of the αC–β4 loop from 
the N-terminal lobe of CDK4 (HPNV in Cdk4 or HVNI in BRAF) (Figure 2D) and complex 
formation with Cdc37 is likely aided by the propensity of kinases to unfold [33]. Exiting 
from the coiled-coil segment of Cdc37, a beta strand then interacts with the 1AC β-sheet 
of Hsp90 (2CG9 nomenclature) and places the MD and CTD of Cdc37 on the opposite side 
of the Hsp90 dimer (see PDB 5FWL), which may be centred above Trp 312 (yeast Hsp90, 
Trp 300 and Hsc90, Trp 296) and Phe 341 (yeast Hsp90, Phe 329 and Yeast Hsc90, Phe 325). 
Interestingly, Trp 300 was previously identified as a client binding site [32] (Figure 2C). 

 
Figure 2. PyMol cartoons showing the interactions of Hsp90, Cdc37 and kinases. (A) The interaction 
of the MD and CTD of Cdc37 (cyan) with the NTD of Hsp90 (green). The Hsp90 lid is shown in 
magenta. Arg 167 of Cdc37 forms a salt bridge with Glu 33 of Hsp90. Residues are shown in stick 

N-Hsp90

M-Cdc37

C-Cdc37

Arg 167
Glu 33

pS13

D

His20

Pro21
Asn22Cdc37

Cdk4

Ile23

B

C-Hsp90
C-Hsp90

M-Cdc37
Cdk6

N-Hsp90

N-Hsp90

C-Hsp90C-Hsp90

M-Cdc37
N-Cdc37

N-Hsp90
N-Hsp90

C-Cdk4

C

A

N-Cdc37

M-Hsp90

N-Hsp90
ATP

E

R392

Y4

R39

R36

E18
E11

W7

D118

K406

D8

H9
Q396

D17

R405

K399

K402

D14

E16

Q128

N30

N389

I10

Cdk4

N-Hsp90

Trp 312

N-Cdk4

MD long 
Helix

Figure 2. PyMol cartoons showing the interactions of Hsp90, Cdc37 and kinases. (A) The interaction
of the MD and CTD of Cdc37 (cyan) with the NTD of Hsp90 (green). The Hsp90 lid is shown in
magenta. Arg 167 of Cdc37 forms a salt bridge with Glu 33 of Hsp90. Residues are shown in stick
format. (B) The negative stain EM structure of the Hsp90–Cdc37–Cdk4 complex, where Cdk6 was
superimposed into the electron density of Cdk4 [31]. (C) The cryo-EM structure of the Hsp90–Cdc37–
Cdk4 complex [13]. Note that the MD of Cdc37 is centered above Trp 312. (D) Interaction of the
HPNI motif (sticks) of Cdc37 (magenta) with the C-terminal domain of Cdk4 (yellow). (E) Interaction
of the NTD of Cdc37 (gold to yellow) with Hsp90 (green and cyan). Interactions are seen to occur
with the catalytic loop (magenta) and the long helix of the MD and NTD of Hsp90. Phospho-Ser 13
(pS13) helps to stabilise the N-terminal loop of Cdc37 and forms important interactions with the base
of the N-terminal end of the helix–turn–helix of the NTD of Cdc37. Some potential interactions are
shown using dashed lines (blue). Blue, the CTD of Cdk4.

The cryo-EM structure also reveals that the β4 and β5 strands of the N-terminal lobe
of CDK4 are pulled apart and the CDK4 polypeptide threads through the centre of the
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Hsp90 dimer and positions the remaining N-terminal lobe on the adjacent Hsp90 protomer
(Figure 2C). Interestingly, the structure from PDB 5FWL appears to show that the position
of the remainder of the CDK4 N-terminal lobe is close to the long helix of the other MD of
Hsp90. If this is the case, it appears that the NTD of Cdc37 may be able to influence the
activation of one protomer of the Hsp90 dimer, while the client kinase may be aiding the
other protomer and thus setting up hydrolysis of ATP by both Hsp90 protomers. Hydrolysis
of ATP and dephosphorylation of pSer 13 by PP5 [34] may then destabilise the complex
and release the kinase.

4. The Hsp90–Aha1 Complex

Aha1 remains the only potent activator of Hsp90 ATPase activity documented to date
and is thought to be able to reduce the kinetic barrier presented by the rate-limiting confor-
mational changes that Hsp90 has to undergo to produce a catalytically active unit [5,35].
Aha1 consists of an NTD separated from the CTD by a flexible ~60 amino acid linker. The
structure of the NTD of Aha1 in complex with the MD of Hsp90 showed that Aha1 could
modulate the catalytic loop of the MD of Hsp90 from an inactive to an active conformation,
where Arg 380 (yeast Hsp90) could interact with the γ-phosphate of bound ATP [5]. The
human NTD and the full-length structure of Aha1 were previously determined by NMR
(PDB 7DMD and 7DME, respectively) [36].

Recent cryo-EM structures show that the activation of Hsp90 by Aha1 involves a
multistep mechanism [8]. Binding of Aha1 to apo-Hsp90 leads to a partially closed Hsp90
dimer (EMD (Electron Microscopy Data Bank)-22238 and PDB 6XLB; 3.8 Å) (Figure 3A) that
is bound by two molecules of Aha1. In this complex the NTD of Aha1 is engaged with a
MD of Hsp90, as seen in the fragment crystal structure [35]. In contrast, each CTD of Aha1
is bound to the MDs of both Hsp90 protomers, and each contacts an amphipathic helix
(residues Pro 324 to Asn 340) that was previously identified as a client–protein binding
site [37]. The semi-closed conformation therefore represents a state in which the MDs are
now closely associated and approach, but do not exactly match, the conformation seen
in the yeast closed Hsp90–Sba1 structure [11]. To achieve this, a further 5◦ rotation of the
Hsp90 MDs would be required. The binding of the CTDs of Aha1 appear to be incompatible
with Hsp90 N/M-domain association, and the NTDs in the structure remained undefined.
Binding of Aha1 to apo-Hsp90 therefore leads to the dissociation of the resting state for the
N/M associated domains of Hsp90.

To achieve a fully closed state requires binding of nucleotide to Hsp90. With increasing
concentrations of Aha1, in the presence of the non-hydrolysable nucleotide AMPPNP, a
variety of Hsp90–Aha1 complexes were seen, with the equilibrium shifting from Hsp90
bound with one Aha1 molecule (with only the CTD being visible; HAc; EMD 22240 and
PDB 6XLD; 3.66 Å) through to a Hsp90 complex with two Aha1 molecules bound, but
with only the CTD visible (HAcc; EMD-22241 and PDB 6XLE; 2.74 Å) and finally to an
Hsp90 complex in which two Aha1 molecules are bound, with two CTD and one NTD
visible (HAncc; EMD-22242 and PDB 6XLF; 3.15 Å). In the HAncc structure, Hsp90 is
now N-terminally dimerised and Aha1 binding has been restructured and forms a tighter
bound complex. The NTD of Aha1 is found to be tilted by 30◦ relative to the state with
apo-Hsp90, and consequently, the original interface with the MD of Hsp90, as seen in the
fragment structure, is broken (Figure 3B) and new interactions are formed. Specifically,
Aha1 residues 1 to 10 containing the conserved motif NxNNWHW are found bound across
the dimer interface and appear to stabilise N-terminal dimerisation (Figure 3C). The two
conserved Trp residues of the NxNNWHW motif also form stabilising interactions, where
Trp 9 is engaged with the lid segment of one of the Hsp90 protomers and Trp 11 is engaged
with the MD of the same Hsp90 protomer. Deletion of the N-terminal segment (residues
1 to 11) of Aha1 has previously been shown to reduce its ability to activate Hsp90 [38]. The
interaction of the N-terminal segment of Aha1 is further supported by a small helix coil that
binds over the N-terminal segment of Aha1 but also forms stabilising interactions with the
lid segment of Hsp90, and Tyr 165 appears to be important in this interaction (Figure 3C).
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Figure 3. PyMol cartoons showing the Hsp90–Aha1 interactions. (A) apo-Hsp90 (yellow and cyan)
in complex with two molecules of Aha1 (gold, N-Aha, and salmon, C-Aha1). Blue, amphipathic
helix (B) AMPPNP-Hsp90 (yellow and cyan) in complex with two molecules of Aha1 (magenta and
salmon), although only one N-terminal domain of Aha1 was observed in the complex. The rotation
of the NTD of Aha1 from its apo-Hsp90 (green) to the AMPPNP-Hsp90 location (magenta) is shown.
(C) Interaction of segments of Aha1 (magenta, residues 1–10 and gold, residues 154–170) with the
NTDs of Hsp90 (yellow and cyan). Grey, surface lid segment of Hsp90. (D) Rotation of the CTD
of Aha1 from its apo-Hsp90 (green and cyan) to the AMPPNP-Hsp90 location (salmon and yellow)
results in changes of interaction from Phe 328 to Trp 296 of Aha1. (E) Chaperone cycles in response to
Aha1 binding.

In addition to the changes that occur between the NTD of Aha1 and Hsp90, the inter-
action of the CTD of Aha1 also alters its interaction with Hsp90. The Aha1 residues Phe
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264, Asn 267, Asn 268, Leu 287, Arg 327, Asn 331 and Tyr 335 no longer interact with the
amphipathic loop (residues Pro 324 to Asn 340) but shift their interaction to a loop formed by
residues Ser 297 to Leu 304 (Figure 3D). The shift in conformation from the apo-Hsp90 to
the AMPPNP bound structure involves a 15◦ counter clockwise rotation as well as a deep
pocket within the Aha CTD opening up to accommodate Trp 296 of Hsp90 (yeast Hsp90
Trp 300 and Human Hsp90b Trp 312), having switched from interacting with Phe 328 (yeast
Hsp90 Phe 332 and human Hsp90β Phe 344). Trp 296 (yeast Hsp90 Trp300) is the same
residue identified as a client–protein binding site [32], and also involved in interactions with
CDK4 in the Hsp90–Cdc37–Cdk4 cryo-EM structure, discussed above. It would therefore
appear that there is a series of aromatic amino acid residues (Yeast Hsp90 Trp 300, Phe 329
and 332; Yeast Hsc90 Trp 296, Phe 325 and 328 and human Hsp90β Trp 312, Phe 341 and
344;) that are involved in both client protein and co-chaperone binding (Figure 3A). Mutat-
ing yeast Trp 296 to either Ala or Gly has been shown to significantly reduce the ATPase
activity of human Hsp90β, but the equivalent mutation in yeast Hsp90 (Trp 300A) did not
affect its ATPase activity [8,32]. It therefore appears that interaction with these aromatic
residues by co-chaperones and clients may act as a signal to regulate Hsp90 ATP hydrolysis
by communicating the co-chaperone and client protein–bound state in the complex.

Another cryo-EM structure of Hsp90–Aha1 in complex with the slowly hydrolysable
ATPγS (EMD-22243 and PDB 6XLG) contains a dimer of Hsp90 and two Aha1 molecules,
where one NTD and two CTD are visible (HAnccg). This is equivalent to the AMPPNP
structure discussed above, except that the Hsp90 protomer whose MD is bound by the
NTD of Aha1 has hydrolysed the ATPγS to ADP and the other protomer still retains intact
ATPγS. Collectively, these structures allowed the authors to propose a conformational cycle
involving four steps towards hydrolysis of ATP by Hsp90 [8] (Figure 3E). Initially, Aha1 can
be recruited to apo-Hsp90 by binding of its NTD to the MDs of Hsp90. This would produce
a complex equivalent to the fragment structure determined by crystallography [35]. Next,
the semi-closed Hsp90 state is formed by the binding of the CTDs of Aha1 to the MDs of
Hsp90, which also displace the NTDs of Hsp90. However, the NTDs of Hsp90 are now
primed for ATP binding and dimerisation as well as for Hsp90 N/M-domain association.
ATP then binds and this signals a restructuring of the Hsp90–Aha1 complex to allow Hsp90
NTD dimerisation. Finally, Aha1 reorganises and helps stabilise the N-terminally dimerised
state of Hsp90 and this in turn signals for ATP hydrolysis, which in the presence of a single
molecule of Aha1 appears to occur sequentially for each protomer of Hsp90. The multistep
activation of Hsp90 by Aha1 is consistent with the findings from an NMR study that found
a two-step binding mechanism for Aha1 and that structural changes were induced near the
ATP binding site of Hsp90, which conspire to activate Hsp90 [8]. Although, another model
suggests that a single Aha1 molecule bound to Hsp90 can cause asymmetric activation
of Hsp90 and thus fully activate it [21]. However, the Hsp90 ‘sequential ATP hydrolysis’
model does not take into account the presence of client protein. Thus, the co-ordinated
interaction of a client on one protomer of the Hsp90 dimer and a co-chaperone on the other
might allow the simultaneous hydrolysis of ATP by both protomers of Hsp90. Clearly,
further work to determine the exact timing of ATP hydrolysis by each protomer of an
Hsp90—co-chaperone—client protein complex is therefore required.

5. The Hsp90–p23–FKBP51 and Hsp90–Sba1 Complex

Crystal structures of human FKBP51 (PDB 5OMP) and yeast Sba1 (PDB CG9) (p23
in humans) have been reported [11,39,40]. FKBP51 is an immunophilin and possesses
peptidyl propyl isomerase (PPIase) activity, which catalyses the cis-trans isomerisation
of proline and includes members such as FKBP52 and the cyclophilin Cyp40 [41]. FKBP
51 contains three distinct domains, a catalytically active N-terminal PPIase domain (FK1),
an inactive PPIase MD (FK2) and a C-terminal tetratricopeptide (TPR) domain. FKBP51,
FKBP52 and p23 have been reported as members of steroid hormone complexes [42,43],
where they facilitate client protein activation and localisation [44–46]. FKBP52 was shown
to potentiate the GR receptor activation when hormone levels where limiting, whereas
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FKBP51 appears to block potentiation [45]. p23 is a CS domain–containing co-chaperone
that appears to enter the Hsp90 activation cycle in its late stage and, as with FKBP51,
favours the closed-nucleotide bound conformation of Hsp90 [11,39]. Sba1 in yeast appears
to down regulate the ATPase activity of Hsp90 and stabilises the closed Hsp90 complex [11].

The role of p23 in Hsp90 complexes was previously determined in the context of steroid
hormone activation, which has been elegantly reviewed previously [43,47,48]. The work
described by these authors is relevant not only to this section but also to the subsequent
sections that look at the loading and maturation complex for the glucocorticoid receptor
(GR). Much of the work detailed by Pratt, WB, Toft, D, O and their co-authors showed that a
Hsp90/Hsp70-based chaperone complex was responsible for regulating the steroid binding,
trafficking and turnover of GR. An ATP-dependant activation cycle involving HOP, p23,
Hsp40, FKBP51/52 and the Hsp90/Hsp70 complex is able to assemble ligand-binding
domain (LBD) of the GR with Hsp90, in which the hydrophobic ligand-binding cleft is
opened to allow access for steroid hormone binding. Much of this work has now been
confirmed by the advances discussed below.

The crystal structure of Sba1 was determined in complex with Hsp90 (PDB CG9) [11]
and is essentially similar to the cryo-EM structure of human p23 in complex with Hsp90
(PDB 7KRJ) [39,40]. Essentially, Sba1 is bound between the NTDs of N-terminally dimerised
Hsp90 (Figure 4A) and contacts the closed lid-segment, the NTDs of both protomers and
the MD of one Hsp90 protomer. Some critical interactions can be seen, which include a
hydrogen bond between the side-chain of Asn 97 of p23 and the carbonyl main-chain of
Leu 122 in the lid-segment of Hsp90, a salt bridge from the side-chains of Lys 95 of p23 and
Glu 336 in the MD of Hsp90 and a hydrogen bond between the side-chains of Asn 104 of
p23 and Asn 35 of Hsp90. Further interactions occur between the side-chain of Arg 71 of
p23 and those from Ser 31 and Glu 22 of Hsp90 (Figure 4A). Collectively, the lid-segment,
N-terminal dimerisation and N/M-domain association of Hsp90 are all stabilised. This
is not too dissimilar to the action of Aha1, although for Sba1/p23 the ATPase activity is
downregulated [35,49]. However, what is clear from these structures is that the binding
of Aha1 and p23 to the same side of Hsp90 is incompatible (Figure 4A). A further set of
interactions that is worthy of a mention is the interaction between the conserved yeast Sba1
residues Phe 121 (human Phe 103) and Trp 124 (human Trp 106), which sit in a hydrophobic
pocket formed by Leu 315, Asp 373, Leu 376, Gln 385, Lys 387 and Val 391 of yeast Hsp90.
These interactions may help stabilise the open conformation of the catalytic loop so that
Arg 380 (yeast Hsp90) is able to interact with the γ-phosphate of bound ATP (Figure 4B). In
fact, some analogies can be drawn between the Sba1 and Aha1 interactions with the MD
long helix (residues Lys 399 to Ala 420) of yeast Hsp90 (Figure 4C). When comparing the
interactions of the conserved Phe 121 (human Phe 103) and Trp 124 (human Trp 106) of
Sba1 to those of Aha1, an analogous set of interactions occurs, where Aha1 residues bind
into the same hydrophobic pocket(s) as those of Sba1. The interaction with Aha1 involves
Ile 64, Leu 66 and Trp 11 (from the conserved NxNNWHW motif). Comparing the various
structures of the human and yeast Hsp90–Aha1 complex, there is a gradual engagement of
these residues as the closed conformation of Hsp90 is formed (Figure 4C). The least engaged
situation is with the apo-Hsp90, in which two Aha1 molecules are bound (EMD-22238 and
PDB 6XLB) and then closer engagement is seen in the yeast Aha1 fragment structure (PDB
1USU) and finally in the human AMPPNP bound structure (EMD-22242 and PDB 6XLF),
where Aha1 has been tilted to fully engage with the NTD of Hsp90 (Figures 3B,C and 4C).
The engagement of Sba1 and Aha1 with the MD long helix likely helps to stabilise the
catalytic loop of the MD and N/M-domain association.
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Figure 4. PyMol cartoons showing the Hsp90-p23 interactions. (A) Interaction of p23 (yellow) with
the NTDs of both Hsp90 protomers (green and cyan) and the MDs of one Hsp90 protomer (magenta).
(B) Interaction of the C-terminal unstructured segment of Sba1 (green) and p23 (yellow) with the long
helix of the MD of Hsp90 (cyan). Numbers in brackets are for the human protein. (C) Comparison
of the position of Phe 121 and W124 of Sba1 (wheat), which engage with the middle domain of
Hsp90 (not shown) and the gradual engagement of specific Aha1 residues (yellow [apo-Hsp90-Aha1]
to orange [Yeast Hsp90-Aha1] to cyan [Hsp90–AMPPNP–Aha1; fully tilted structure]) at similar
positions with those from Sba1. Residues between Sba1 and Aha1 more or less overlap as the fully
closed complex of the Hsp90–Aha1 complex is formed. Overlap of positions occur for Trp 11 and Leu
66 of Aha1, which mimic the position of Phe 121 and Trp124 of Sba1, respectively. (D) Interaction of
the C-terminal helix 7 of FKBP51 (salmon) with the C-terminal hydrophobic pocket at the C-terminal
dimer interface of Hsp90 (green and cyan). Interacting residues are shown in stick format and polar
interactions as dotted blue lines.
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There are many structures reporting the interaction of the conserved MEEVD motif
of Hsp90 with TPR domain–containing proteins [50–53]. Recently, the cryo-EM structure
of intact FKBP51 in complex with Hsp90 and p23 was reported (PDB 7L7I) [39]. The
structure shows the expected TPR domain interaction with the MEEVD motif of Hsp90 but
also an unexpected interaction with the C-terminal helix 7 extension of the TPR domain.
The helix is kinked compared to the crystal structure of FKBP51 [54] and docks in a
small hydrophobic cleft at the dimer interface at the C-terminal end of the CTD of Hsp90
(Figure 4D). Consequently, the stoichiometric binding of FKBP51, where helix 7 is also
bound to dimeric Hsp90 is 1:1 [FKBP51: Hsp90 dimer]. FKBP51 helix residues Ile 408, Tyr
409, Met 412, Phe 413, Phe 416 and Ala 417 become unfolded and interact with Hsp90
residues that line the hydrophobic cleft (Leu 694, Lys 657, Ser 658, Asp 661, Arg 690, Met
691, Ile 692 and G695). Interestingly, Tyr 409, Met 412 and Phe 413 appear to be conserved
among other immunophilin proteins. Additionally, the side-chain of Arg 690 from each
Hsp90 protomer forms a salt bridge to the side-chains of Asp 405 and 420. Interactions
are also seen between Hsp90 and residues on the H5–H6 loop of FKBP51, including the
carboxyl main-chain of Asn 365 of FKBP51, which makes contact with the side-chain of
Asn 655 in Hsp90 and possibly the side-chain of Asp 366 of FKBP51 with that of Lys 657
of Hsp90. Finally, some minor contacts are visible between the FK1 domain of FKBP51
and Hsp90 along the MD and adjacent to the substrate-binding loops. The affinity for the
binding of FKBP51 was shown to be higher for the closed N-terminally dimerised state of
Hsp90, and docking of the helix 7 extension with Hsp90 appears to be specific for the closed
conformation of Hsp90 [39]. The catalytically active FK1 domain appears to be placed with
its active site cleft facing the MD client–binding residues and modelling studies suggest
that Pro 173 from CDK4 may be accessible to the active site of the FK1 domain [55]. Pro
173 is part of the highly conserved APE motif found at the base of the activation loop of
kinases. Non-canonical APE motifs, such as AAE in ARAF, lead to a lower allosteric and
catalytic activity as a result of a lower propensity to undergo homodimerisation, showing
the importance of this motif in attaining an active state conformation [56]. The activation
loop, including the APE motif, is very flexible [56,57] and the action of PPIase activity by
immunophilins such as FKBP51 on the conserved proline residue may promote assembly
of the activation segment into an active state. However, the mechanistic details that may
link this to kinase dimerisation and activation, whether through allosteric activation and
cis-autophosphorylation or by trans-phosphorylation [57–61], are yet to be established.
However, it was also suggested that with particular clients, such as the glucocorticoid
receptor (GR), that the FK1 domain may provide a scaffolding function and thus activation
of GR is independent of the PPIase activity of the FK1 domain [39].

6. Hsp90–Hop–Hsp70–GR Loading Complex

Another client chaperone complex that was determined by cryo-EM is the loading
complex for the glucocorticoid (GR) client with Hsp90, Hop and Hsp70 at 3.6 Å (PDB
7KW7) [62], which is thought to represent an early loading complex. The structure revealed
some unexpected findings. Namely, two Hsp70 molecules were found in the complex,
the first chaperoning the GR client and the second interacting with Hop, which itself was
found to interact with all components within the complex. Within this structure, Hsp90
appears to adopt a semi-closed conformation, where the NTDs are oriented correctly but
remain posed for dimerisation. The lid-segments of the NTDs remain open and are devoid
of nucleotide, and the N-terminal β-strand, which can undergo strand exchange with
the adjacent protomer, remains in place on its own NTD. The two Hsp70 molecules are
bound by ADP and adopt an ADP-like conformation that is similar to that of the co-crystal
structure (PDB 3AY9) [63]. Both Hsp70 molecules interact with Hsp90 in almost identical
ways and there are two major interfaces between each Hsp70 molecule and its associated
Hsp90 protomer. In the first heterodimeric interface a β-strand from the outer face of
the MD β-sheet of Hsp90 inserts itself into the cleft between the subdomains IA and IIA
of Hsp70 (Figure 5A). This cleft is only available in the ADP state of Hsp70. Side-chain
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interactions, within the first interface are seen between Lys 414, 418 and 419 of Hsp90 with
the side-chains of Asp 213, 214 and 218 of Hsp70, respectively. In addition, the main-chain
carbonyl of Asp 214 of Hsp70 makes a hydrogen bond with the side-chain Gln 334 of
Hsp90, the main-chain amide of Gln 334 is hydrogen bonded to the carboxyl main-chain of
Gly 215 of Hsp70 and the side-chain of Glu 332 of Hsp90 makes a set of interactions with
the side-chains of Asn 174 and Thr 177 from Hsp70. Similarly, Arg 171 of Hsp70 makes
side-chain interactions with Glu 336 and Asp 393 of Hsp90. In addition to these polar
interactions there are several hydrophobic residues, Leu 334 and Val 411 from Hsp90 and
Ile 216 and Phe 217 from Hsp70, which help to stabilise the interface. In the second interface
between Hsp70 and Hsp90, Arg 60 and Tyr 61 of Hsp90 make side-chain interactions with
Asp 160 from Hsp70 (Figure 5A). However, the presence of Hsp70 is incompatible with
the closed N-terminally dimerised state of Hsp90, and transition to the closed state likely
requires nucleotide exchange by an Hsp70 nucleotide exchange factor such as Bag1 in order
to advance the complex.

Within the Hsp90–Hsp70–Hop–GR complex, only three domains of Hop were visible,
TPR2A, TPR2B and the DP2 domain. These domains appear to be fully sufficient for full GR
activation [64,65]. The TPR2A and TPR2B domains are bound by the conserved C-terminal
-EEVD extensions of Hsp90 and Hsp70, respectively, and subdomain IIA of Hsp70 is found
to be critical in positioning the relative positions of Hsp90 and HOP (Figure 5B). All three
visible domains of HOP make contact with Hsp90 such that the Hsp90 protomers are fixed
in their semi-closed conformation. Perhaps the most interesting interactions between HOP
and Hsp90 are the interactions of the DP2 domain with two residues (Trp 606 and Met 614
in Hsp90a or Met 550 and Phe 554 in HTPG) previously identified in a set of conserved
client-protein binding-site residues in HTPG (Glu 466, Trp 467, Asn 470, Met 546, Met 550,
Leu 553 and Phe 554 and in human Hsp90α these are Glu 527, Tyr 528, Gln 531, Trp 606,
Met 610, Ile 613 and Met 614, respectively) (Figure 5C) [66]. Collectively, a hydrophobic set
of interactions involves Met 610, 614, 625 and 628, Ala 618 and Trp 606 from Hsp90 and
Pro 502, Ala 503, Leu 506 and Ile 507 from DP2. In addition, a hydrogen bond is formed
between the side-chains of Thr 624 of Hsp90 and Asp 501 from DP2 (Figure 5C).

Reminiscent in the way CDK4 is unfolded and passes through Hsp90 in the Hsp90–
Cdc37–Cdk4 complex, the N-terminal segment of the GR domain threads through the
lumen of Hsp90 (Figure 5D). While GR is poorly structured, some important interactions
with Hsp90 can be inferred and include Trp 320 and Phe 349. In particular, Trp 320 (yeast
Hsp82 Trp 300) was described as not only interacting with the GR (Figure 5D) but also with
the DP2 domain of HOP and Aha1 as well as with the kinase client CDK4. Other potential
interactions include the side-chain of Asp 626 of the GR with that of Thr 603 of Hsp90, the
main-chain carbonyl of Lys 703 of the GR and the side-chain nitrogen of Lys 410 of Hsp90
and main-chain nitrogen of Lys 410 of the GR with the side-chain oxygen of Gln 405 of
Hsp90 (Figure 5D). Residues from Ile 539 to Ser 550 of the GR pass through Hsp90 and
connect to the GR ligand-binding domain (LBD) helix 1 that is cradled by a hydrophobic
cleft in the DP2 domain of HOP (Figure 5E). The hydrophobic residues from the GR helix
1 include Leu 532, 533, 535 and 536, Val 538 and Ile 539 (conserved motif L532XXLL536)
and residues forming the hydrophobic pocket of the DP2 domain include Met 499, Arg
505, Leu 508, Gln 512 and Leu 534 (Figure 5E). Finally, the upstream amino acid residues
representing pre-helix-1 (residues Ala 523 to Thr 531) lead to Ser 519 through to Leu 525,
which are bound within the substrate binding site of Hsp70 (Figure 5E). Overall, this
complex holds the GR in an inactivated state, as is consistent with observations suggesting
that Hsp70 inactivates hormone binding by the GR and that Hsp90 eventually restores its
activity [67]. The loss of specific co-chaperones, such as Hsp70 and HOP, from the complex
is therefore required for the maturation of the GR to the active state.
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Figure 5. PyMol cartoons showing interactions within the Hsp90–Hsp70–HOP–GR loading complex.
(A) Interface 1 and 2 of the Hsp90–Hsp70 interaction. A β-strand (β) from the outer face of the
MD β-sheet of Hsp90 (green) inserts itself into the cleft between the subdomains IA and IIA of
Hsp70 (cyan IIA and yellow, IA) in interface 1. This cleft is only available in the ADP state of Hsp70.
Interface 2 is shown on the right-hand side of the panel. (B) The interaction of HOP and Hsp70 within
the Hsp90–Hsp70–Hop-GR complex. Only three domains of Hop were visible, TPR2A, TPR2B and
the DP2 domain, which appear to be fully sufficient for full GR activation. The binding of HOP is
essential to maintaining the semi-closed conformation of Hsp90 and also for assembling the two
bound Hsp70 molecules. Salmon, HOP; cyan and green, Hsp90 dimer; red, lid-segment of Hsp90;
blue, N-terminal segments of Hsp90; and slate, Hsp70. (C) Interaction of the DP2 domain of HOP
with the conserved client-protein binding-site residues of Hsp90. Green, Hsp90 dimer and salmon,
HOP. (D) GR domain interactions with the Hsp90 complex. Yellow, GR; cyan and green, Hsp90 dimer;
and slate, Hsp70. (E) Interaction of helix 1 and the pre-helix-1 segment of GR with DP2 and Hsp70,
respectively. Yellow, GR; cyan, Hsp90; green, Hsp70 substrate-binding domain; and salmon, HOP
DP2 domain.
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7. Hsp90–p23–GR Maturation Complex

The cryo-EM structure of the Hsp90–p23–GR maturation complex was recently de-
scribed and was determined at 2.56 Å (PDB 7KRJ) [40]. The Hsp90–p23 components are
essentially similar in structure to that previously described for the nucleotide-bound yeast
Hsp90–Sba1 structure, except that a single p23 molecule is bound on the same side as
the bound GR. the GR is now remodelled from its loading complex and held in an active
state conformation. With the loss of Hsp70 and HOP, helix 1 (Leu 532 to Ile 539) and the
pre-helix-1 residues (Ala 523 to Thr 531) have retracted back towards the GR LBD (ligan
binding domain). The pre-helix-1 is now held within the hydrophobic lumen of Hsp90
(Figure 6A). Leu 525 of the GR faces a hydrophobic pocket lined by Ile 525, Tyr 528, Leu
447 and His 450 and by Leu 619 from the other Hsp90 protomer. Leu 528 of the GR makes a
similar set of interactions as Leu 525, but with the symmetry related residues (Ile 525, Tyr
528, Leu 447, His 450 and Leu 619) of the Hsp90 dimer. Some additional polar interactions
occur between the carbonyl main-chain of Ala 523 of the GR and the side-chain amide
group of His 450 of Hsp90, while the carbonyl main-chain of Thr 529 of the GR makes
the symmetry related contact with the side-chain of His 450 in the other Hsp90 protomer
(Figure 6A). The residues involved in the pre-helix interactions with Hsp90 were previously
identified (HTPG, Glu 466, Trp 467 and Asn 470; Hsp90α, Glu 527, Tyr 528 and Gln 531 and
Yeast Hsp90, Glu 507, Tyr 508 and Thr 511) or are close to amino acid residues forming
a client-protein binding site, together with residues from an amphipathic helix (HTPG,
residues Met 546 to Ala 555; Hsp90α, residues Trp 606 to Lys 615 and Yeast Hsp90, Trp 585
to Lys 594) [37]. The GR LBD also interacts with residues Trp 320 and Phe 349 from the
adjacent Hsp90 protomer (Figure 6B). The side-chain of Trp 320 potentially forms a polar
interaction with the main-chain carbonyl of Asn 586 and is also shielded by His 588 of the
GR. In contrast, Phe 349 points towards a hydrophobic pocket lined by Gly 583, Asn 586,
Leu 685, Ile, 689 and Thr 692. Finally, a potential polar interaction between the side-chain
oxygen of Asn 586 of the GR and the side-chain of Arg 346 is seen (Figure 6B).

The remodelling of the GR in the Hsp90–GR–p23 complex sees helix 1 packing against
the amphipathic helix of Hsp90 (Hsp90α, residues Trp 606 to Lys 615) and helixes 8 and 9
of the GR LBD (Figure 6C). Trp 606 of Hsp90 forms the hub of the hydrophobic interaction
with the GR, packing up against Val 538 of helix 1 of the GR and the amphipathic helix
residues of Hsp90, Met 610 and 614 (Figure 6C). Met 628 of Hsp90 is also packed between
Leu 535 and Val 538 of helix 1 of the GR LBD. Finally, the side-chain carboxyl group Glu 537
from helix 1 forms a bipartite polar interaction with the side-chains of Gln 531 and Lys 534.
Collectively, these interactions allow the GR LBD to adopt an active conformation, where
helix 12 is in the agonist-bound state [68], and density is visible for an agonist, presumed to
be dexamethasone present from the purification of the GR.

As seen with the yeast Hsp90–Sba1 structure [11], the C-terminal tail of p23 interacts
with the long helix of the MD of Hsp90 and the catalytic-loop Arg 400 (yeast Hsp90 Arg
380) is in contact with the bound nucleotide (Figure 6D). Specifically, Phe 103 of p23 points
towards a hydrophobic pocket lined by Leu 335, Asp 393, Pro 395 and Ile 408 of Hsp90.
In contrast, Trp 106 of p23 sits between Leu 335, Lys 407, Ile 408 and Val 411 of Hsp90. In
addition, the side-chain of Trp 106 of p23 forms a polar interaction with the side-chain of
Gln 334 of Hsp90 (Figure 6D). Finally, the side-chains of Asp 108 and Asp 111 of p23 form
salt bridges to the side-chain of Lys 414 of Hsp90. A relay of charged or polar interactions
continues between the side-chains of Asp 112, 114 and 116 of p23 with Ser 708, Asn 171
and Lys 695 of the GR, respectively (Figure 6E). The extreme C-terminus of p23 then ends
with a helix that interacts with the GR (Figure 6F). The side-chain of Asp 133 of p23 forms a
polar interaction with the side-chain of Gln 713 of the GR. A series of hydrophobic residues
from p23 (Met 117, Phe 123, Met 126, 127 and 130) are in hydrophobic interaction with
Ser 709, Trp 712, Gln 713, Phe 715 and Tyr 716 of the GR (Figure 6F). Phe 123 and Met
127 of p23 also appear to stabilise the C-terminal tail of the GR by interacting with Phe
774 and His 775 (Figure 6G) and potentially helping to stabilise helix 12 of the GR in its
agonist binding state. This study ultimately identified a conserved motif in the C-terminal
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tail of p23, FxxMMNxM, which was also identified in the coactivator 3 (NCoA3), which
functions as a co-activator of steroid hormone receptors. In vitro ligand-binding studies
showed that deletion of p23 residues beyond Asp 133 did not affect chaperone-mediated
ligand binding. However, deletion of residues Ser 113 and beyond resulted in a reduction
of such activity [40]. This suggested that other core components of the p23 interaction
with Hsp90 are also important for GR activation. In contrast, in vivo studies showed that
both the mutants reduced levels of activated GR, which may suggest that p23 has a more
dominant downstream function after ligand binding.
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Figure 6. PyMol cartoon of the interactions of the Hsp90-p23-GR complex. (A) The pre-helix-1 held
within the hydrophobic lumen of Hsp90. Yellow, GR; and cyan and green, Hsp90 dimer. (B) GR
LBD (yellow) interacts with residues Trp 320 and Phe 349 from the adjacent Hsp90 protomer (green).
(C) Helix 1 of GR packing against the amphipathic helix of Hsp90. Yellow, GR; cyan, Hsp90; and
substrate binding sites of Hsp90 are shown in gold and slate (amphipathic helix). (D) The C-terminal
tail of p23 (magenta) interacts with the long helix of the MD of Hsp90 (cyan and green) and the
catalytic Arg 400 is in contact with the bound nucleotide (stick representation). (E) A relay of polar
interactions between the C-terminal tail of p23 (magenta) and Hsp90 (cyan and green) and GR
(yellow). (F,G) The extreme C-terminus helix of p23 (magenta) interacts with GR (yellow).
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8. The GR Activation Cycle

Collectively, the structures of the loading and maturation complex of the GR, as well
as numerous biochemical studies, suggest a series of steps that lead to the activation of
the GR [40,62,67,69]. The first step in the activation cycle of the GR is the stabilisation
and inactivation of the GR by Hsp70 and capture of the GR is dependent on Hsp40 and
ATP hydrolysis by Hsp70 [70–72] (Figure 7). In this state, the ligand bound to the GR
would be released. Meanwhile, the binding of HOP to Hsp90 preassembles Hsp90 in order
to receive the Hsp70–GR client complex [62,69,73]. The main interaction of HOP is with
the MD–CTD junction of Hsp90 and prevents its rotation to a conformation that would
allow Hsp90 N-terminal dimerisation [69]. Specifically, the TPR1 domain of HOP sterically
blocks the N-terminal dimerisation of Hsp90 by binding between the Hsp90 monomers,
while simultaneously interacting with the adjacent MD and CTD of Hsp90. Step 2 of the
activation cycle was captured by the cryo-EM structure of the Hsp90–Hsp70–HOP–GR
complex [62]. The structure reveals how the Hsp70–GR client complex initially associates
with the preassembled Hsp90–HOP complex. In this complex the pre-helix-1 segment of
the GR is captured by Hsp70 and helix 1 stabilised by the DP2 domain of HOP (Figure 5E).
Interaction with Hsp90 allows the GR post-helix-1 segment to thread through a semi-closed
Hsp90. The NTDs of two Hsp70 molecules that were found bound to Hsp90 interact with
the NTD of Hsp90, thus providing a link between the ATPase activity of Hsp70 and Hsp90,
where the Hsp90 lid-segments are close to the Hsp70 interaction interface with Hsp90. In
this state, the GR is held in an inactive conformation (Figure 7). In step 3, ATP binding to
Hsp90 and its hydrolysis leads to the release of Hsp70 and HOP from the complex [67].
Evidence suggests that this is a direct result of the hydrolysis of ATP by Hsp90, rather
than direct action by a nucleotide exchange factor such as Bag-1 acting on Hsp70. Instead,
Bag-1 may play a role in stalled Hsp90–client complexes [67]. It was suggested that during
the transition from the Hsp70-present to the Hsp70-absent complex with Hsp90, hormone
could bind to the GR LBD. The product of step 3 is captured by the Hsp90–p23–GR cryo-EM
structure [40], which is able to bind cortisol. This structure shows how remodelling of
the GR allows pre-helix-1, previously held by Hsp70, to move into the lumen of the fully
closed Hsp90 molecule and simultaneously may allow helix 1 to associate with the GR
LBD and seal the hormone binding pocket. This suggests that the hormone needs to have
already bound to the GR. Within this complex, p23, the binding of which is favoured by the
fully closed conformation of Hsp90, appears to facilitate the activation of the GR. Firstly, it
stabilises the closed conformation of Hsp90, and secondly, it plays a role in stabilising the
dynamic helix 12 of the GR in its agonist-binding conformation [40]. In step 4, activated
GR must be released from the complex, but it remains unclear what the trigger for this is.
However, results show that the activation of the GR is enhanced by the presence of p23
in a fully reconstituted chaperone system that contains Hsp90, Hsp70, Hsp40, HOP and
the GR LBD. This suggests that the action of p23 appears to occur prior to the GR–helix 1
capping of hormone access to the LBD of the GR. This may indicate that release of the GR
from the Hsp90 complex occurs as a direct result of hormone binding [67]. Clearly, some
finer details of the cycle need to be established.
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9. Hsp90–Tau Complex and Hsp90–FKBP51–Tau Complex

Tau stabilises microtubules that serve as tracks during axonal transport within neu-
rons [74]. Hsp90 can help stabilise and bring about proteasomal degradation of Tau [75].
Unlike CDK4 and the GR LBD, Tau is classified as a partially unfolded protein. Hsc70 can
associate with Tau, specifically recognising two motifs (275VQIIN279 and 306VQIVY310), and
bring about some core domain folding, but significant regions of Tau remain unfolded [76].
Hsp90 has been shown to recognise Tau directly, without co-chaperone delivery [77], which
may reflect the fact that Tau is significantly unfolded. The KD for Hsp90–Tau association
was determined to be approximately 4.8 µM and ATPγS did not alter binding affinity [77].

Using an NMR approach, together with small angle scattering, a structural model was ob-
tained for the interaction between Hsp90 and Tau [77]. Hsp90 was found to recognise a broad
region of Tau, including its aggregation-prone repeats and the Hsc70 binding motifs. Specifi-
cally, regions 226VAVVRT231, 244QTAPV248, 275VQIINK280, 306VQVYK311, 340KSEKL344 and
377TRFEN381 are bound and, interestingly, these motifs have been implicated in Alzheimer’s
disease [78]. Collectively, these regions represent hydrophobic centres with a propensity
for a positive net charge, although it was also noted that negative charges were not wholly
excluded. It was concluded that it is these specific properties of Tau, rather than its unfolded
nature, that are the contributing factor for Hsp90 binding [77], although access to such mo-
tifs is obviously paramount. The distribution of the hydrophobic Tau residues appears to
resemble those of the exposed residues in the intermediates of folding Tau.

By employing specific isotope labelling of isoleucine methyl side-chains and methyl
transverse relaxation–optimised spectroscopy (methyl-TROSY) a subset of Hsp90 residues
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(Ile, 20, 74, 90, 369 and 440) were implicated in the binding of Tau, indicating a broad
Hsp90 binding surface that included both the NTD and MD of Hsp90. Together with Tau,
ATPγS was seen to modulate the dynamics of Hsp90 and that the presence of Tau breaks
Hsp90 symmetry, as seen with other client protein complexes (CDK4 and the GR). The
most intense binding areas of Hsp90 included residues in both the NTDs and MDs of
Hsp90, including Leu 24 and 27, Phe 32, Ile 105 and Ala 106 in the NTD and Leu 388, Ile
390, Phe 344, Lys 406 and 410 and Thr 446 in the MD of Hsp90 (Uniprot entry P08238 and
numbering from Met 1). These hydrophobic residues compliment interactions between
charged residues of Hsp90, including Glu 81 and 393 and Asp 367 and 518 and positive
charged segments within Tau. The extensive binding region of Hsp90 appears to allow a
high number of low affinity contacts with Tau.

Another methyl-TROSY study looked at the Hsp90–FKBP51–Tau complex [79]. As-
sociation of FKBP51 with the Hsp90–Tau complex can promote amorphous aggregation
of Tau [80–82]. Hsp90 residues affected by FKBP51 titration appear to include the loop
around the catalytic arginine in the MD of Hsp90 but also the residues that appear to line
the internal surface of the Hsp90 dimer. This is in contrast to the FKBP51 interactions seen
in the closed Hsp90–p23–FKBP51 complex [39]. All domains of FKBP51 were implicated
in binding the open conformation of Hsp90. Essentially, Hsp90 and FKBP51 are arranged
in a head-to-head topology, where the NTD, MD and CTD of Hsp90 interact with the FK1
domain, the FK1 and FK1-TPR domains and the FK2-TPR domains of FKBP51, respectively.
Significantly, the NTD of Hsp90 is rotated away from the catalytic residue of the MD of
Hsp90 and the catalytic PPIase pocket of the FK1 domain is solvent accessible. The study
also showed that FKBP51 binding helps to stabilise the Hsp90-Tau complex and that Tau’s
proline-rich region clusters close to the catalytically active FK1 PPIase domain. These
proline-rich segments are also sites of Tau phosphorylation, and it was proposed that alter-
ation of the normal proline isomerisation of Tau could lead to enhanced oligomerisation
and an increased susceptibility to Alzheimer’s disease [80].

10. Concluding Remarks

X-ray crystallography and biochemical studies have identified an Hsp90 ATPase-driven
catalytic cycle that is essential for the activation and maturation of client proteins. The role of
a variety of co-chaperones was systematically determined and a variety of co-chaperone and
client–protein binding sites on Hsp90 were identified, which advanced our understanding
of the regulation of the cycle. However, the mechanistic details by which client proteins
were activated remain enigmatic due to the structural complexity of Hsp90 client protein
complexes. Thus, a unified mechanism of action was not easy to establish.

Recent advances in cryo-EM have now enabled us to understand how Hsp90 recog-
nises client proteins and how it brings about their activation or maturation mechanistically.
It appears that clients such as the GR and CDK4 are structurally dynamic and prone to
aggregation. These unstable conformations can be captured by Hsp70 or co-chaperones
such as Cdc37, stabilising their conformations and allowing their delivery to Hsp90. Other
co-chaperones may preassemble Hsp90 so that it is competent for client protein binding
and this appears to be a role that HOP plays in the activation of the GR. Other clients, such
as Tau, that are inherently unfolded appear to bypass a co-chaperone loading stage, as their
binding conformation is accessible to Hsp90. However, this does not necessarily exclude
the possibility that Hsp90 might be preassembled for their interaction by a yet undefined
co-chaperone. Ultimately, the Hsp90 cycle remodels the client protein towards a state that
leads eventually to its activation, either by binding a small molecule hormone, as in the
case of the GR, or by refolding, as in the case of kinases.

A series of aromatic residues on Hsp90 appear to play important roles in client protein
and co-chaperone recognition that may also be important for communicating the bound
state of the Hsp90 complex to features of Hsp90 that carry out ATP hydrolysis. Thus, these
aromatic residues may link the presence of client or co-chaperones in the Hsp90 complex to
the ATPase activity of Hsp90. Finally, the advances in describing the mechanistic details
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by which client proteins are activated by Hsp90 will increase our understanding of the
underlying mechanisms of disease caused by the dysregulation of the Hsp90 client–protein
system. It is clear that we are now entering into a new era for Hsp90 research that will see
novel ways of targeting Hsp90-associated disease.
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Abstract: The heat shock protein 90 (Hsp90) is a molecular chaperone and a key regulator of pro-
teostasis under both physiological and stress conditions. In mammals, there are two cytosolic Hsp90
isoforms: Hsp90α and Hsp90β. These two isoforms are 85% identical and encoded by two different
genes. Hsp90β is constitutively expressed and essential for early mouse development, while Hsp90α
is stress-inducible and not necessary for survivability. These two isoforms are known to have largely
overlapping functions and to interact with a large fraction of the proteome. To what extent there are
isoform-specific functions at the protein level has only relatively recently begun to emerge. There are
studies indicating that one isoform is more involved in the functionality of a specific tissue or cell
type. Moreover, in many diseases, functionally altered cells appear to be more dependent on one
particular isoform. This leaves space for designing therapeutic strategies in an isoform-specific way,
which may overcome the unfavorable outcome of pan-Hsp90 inhibition encountered in previous
clinical trials. For this to succeed, isoform-specific functions must be understood in more detail. In
this review, we summarize the available information on isoform-specific functions of mammalian
Hsp90 and connect it to possible clinical applications.

Keywords: molecular chaperone; paralog; Hsp90 isoforms; Hsp90α; Hsp90β; Hsp90-isoform specific
inhibitors; clinical relevance

1. Introduction

Heat shock proteins (Hsps) are molecular chaperones which are known for their
numerous roles in protein homeostasis (proteostasis), including protein folding and re-
folding, maturation, disassembly of aggregates, and degradation [1–3]. The term “heat
shock” proteins was coined as a legacy of Ritossa’s pioneering discovery that heat shock
produced chromosomal puffs in the salivary glands of Drosophila larvae [4,5]. Later, it
was established that the heat-shock response (HSR) is a universal response to an extensive
array of stresses [6,7]. HSPs are not only essential during stress, but they are equally
crucial in normal conditions to maintain proteostasis [8,9]. The human genome orga-
nization (HUGO) gene nomenclature committee recognizes five human HSP families
(http://www.genenames.org/data/genegroup/#!/group/582; accessed on 5 August 2022)
based on their observed molecular weights: Hsp70, Hsp90, Hsp40, the small HSPs, and
chaperonins [10,11]. All Hsp90s consist of three major domains: an N-terminal ATPase
domain (NTD), which binds ATP, a middle domain (MD), to which perhaps most clients
bind, and a C-terminal dimerization domain (CTD) [12]. In this review, we will focus on
mammalian Hsp90 and its cytosolic isoforms.

2. Hsp90 Homologs and Paralogs

Homologous genes or proteins (homologs) are genes or proteins of different species with a
common ancestor, whereas paralogs are genes with sequence homology that originate from the
intragenomic duplication of an ancestral gene. For the Hsp90 family of proteins, there are ho-
mologs in all organisms except in Archaea and some bacterial species [13,14]. Hsp90 is conserved
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from bacteria to humans with a sequence homology of about 53% between Escherichia coli
(E. coli) and humans, which is a strong indication that this protein has remained vital
throughout evolution [15]. During evolution, gene duplications allowed the divergence
into different paralogous Hsp90 genes, which encode protein isoforms [14,16–18]. These
additional isoforms, including organelle-specific ones, with different functional properties
evolved as organisms gained more complexity [13,14,16–19]. Bacteria generally have only
one isoform, known as the high-temperature protein G (HtpG) [19], but some bacterial
species, such as Streptomyces coelicolor, contain another paralog, which shares only 30% iden-
tity [14]. In some bacteria, HtpG is essential during heat stress [20]. In E. coli, although
HtpG is not essential, it is relatively abundant under non-stress conditions and further
induced during heat stress [21], and indeed, E. coli htpG mutants have a growth defect at
higher temperatures [22]. During evolution of eukaryotes, Hsp90 gained more importance
and became an essential protein for viability [14,18]. Its importance is further emphasized
by its abundance. Hsp90 comprises 1–2% of the total cellular protein in unstressed cells
and up to 4–6% in the presence of stress [23,24]. The Hsp90 chaperone machinery is a key
regulator of proteostasis, both in normal and stress conditions in eukaryotic cells [15,24,25].
In the unicellular eukaryote Saccharomyces cerevisiae (S. cerevisiae), genome-wide studies
suggested that up to 10% of all proteins are directly or indirectly dependent on Hsp90 for
function [26,27]. S. cerevisiae possesses two cytosolic Hsp90 isoforms encoded by separate
genes, which arose from a genome duplication: the cognate Hsc82 and the stress-inducible
Hsp82 [28]. Under non-stress conditions, Hsc82 is expressed at tenfold higher levels than
Hsp82 [28]. During heat shock, a strong induction of Hsp82 and a merely moderate in-
duction of Hsc82 almost equalize the levels of the two isoforms. Hsp82 and Hsc82 are 709
and 705 amino acids long, respectively, with 96% identity and only 27 amino acid differ-
ences [13,29]. In multicellular organisms, there are four different types of Hsp90 paralogs
based on their organelle-specific localization. These are the cytosolic Hsp90s [30–33], Trap1
in mitochondria [34,35], Grp94 in the endoplasmic reticulum [36], and chloroplast Hsp90C
in plants [37]. Although these paralogs share many highly conserved domains with over
50% sequence identity, they differ in their functions [14,16–18]. In this review, we will focus
on the cytosolic Hsp90 isoforms of mammals.

3. Cytosolic Hsp90

In mammals, there are two cytosolic Hsp90 isoforms: Hsp90α and Hsp90β [31].
Human Hsp90α and Hsp90β are encoded by the HSP90AA1 and HSP90AB1 genes, re-
spectively [31–33]. Hsp90α was the first Hsp90 to be purified from heat-stressed Hela
cells [32]. Later, Hsp90β was cloned based on homology to Hsp90α [33]. Millions of years
ago, Hsp90α and Hsp90β originated by gene duplication [38]. These two cytosolic Hsp90
isoforms are highly homologous, with about 84% sequence identity (for 732 and 724 amino
acids, respectively) [33]. There are five highly conserved signature sequences. Three are
in the N-terminal domain and two are in the middle domain, comprising amino acids
38–59, 106–114, and 130–145, and 360–370 and 387–401, respectively [39]. What makes
these two isoforms different in structure is that Hsp90α contains the 9-amino acid extension
TQTQDQPME within the very N-terminal residues 4 to 12, which is replaced in Hsp90β
by the 4-amino acid segment VHHG [31]. Hsp90β also has the unique signature sequence
LKID (residues 71–74), which is not present in any other HSP [14]. Both isoforms function
as homodimers [40,41]. Interestingly, the relatively poor dimer formation of human Hsp90β
can be mapped to two amino acid differences compared to Hsp90α [42]. While there is
evidence for vertebrates that some isoform heterodimers exist as well [43,44], mass spec-
trometric analysis revealed no α-β heterodimers [45] and sepharose-immobilized Hsp90β
pulls out only β [46]. Whereas in S. cerevisiae, Hsp90 isoforms readily form heterodimers
both in vitro and in vivo [29], this is disfavored in humans [47]. Hence, it remains to be
investigated to what extent cytosolic isoform heterodimers exist in multicellular organisms,
what regulates the equilibrium between homodimers and heterodimers, and whether they
have distinct functions [12,39] (Figure 1).
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3.1. Tissue-Specific Expression

The expression levels of the two isoforms varies in a tissue-specific way. In mice,
Hsp90β is highly abundant in heart, liver, spleen, lung, intestine, muscle, brain, testis,
and kidney. In comparison, the levels of Hsp90α are lower in those tissues. However, in
testis, retina, and brain, Hsp90α levels are comparatively higher than Hsp90β, whereas in
heart and muscle, Hsp90α is almost absent [48,49]. Indeed, we demonstrated an interesting
isoform switch in mouse myoblasts: as they differentiate into myotubes, Hsp90α disappears
and only Hsp90β remains [50] (see also chapter 3.2). According to the human protein atlas
(https://www.proteinatlas.org; accessed on 5 August 2022), human brain has the highest
expression of Hsp90α mRNA, and yet, this is not reflected at the protein level, as it is only
moderate. For Hsp90β, there appears to be no such disparities (https://www.proteinatlas.
org/search/HSP90AB1; accessed on 5 August 2022). As in mice, human Hsp90β protein
is moderately to highly expressed in all the major tissues. Hsp90α protein is more highly
expressed in the respiratory system, and in female and male reproductive organs. These
differences in tissue distribution patterns suggest that different tissues have distinct isoform-
specific functional requirements. It is intriguing to speculate that different tissues might
have different intrinsic levels of biophysical stress, due to differences in temperature,
osmotic pressure, and oxygen availability, which both affect the differential expression of
the two isoforms and impose distinct functional requirements.
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3.2. Isoform-Specific Co-Chaperones

During evolution from prokaryotes to eukaryotes, overall proteome complexity dra-
matically increased without any accompanying gain of core molecular chaperones. To
assist the core molecular chaperones and to diversify their functions, a large panel of co-
chaperones appeared [16]. Only relatively few co-chaperones are required for core Hsp90
functions (Table 1). These co-chaperones help in the transfer of clients from Hsp70, the
N-terminal closure of the client-bound Hsp90 dimer, stimulating/inhibiting the ATPase
activity, and the maturation of clients [51,52]. Other co-chaperones have more specialized
functions suggesting a correlation between client diversity and the range of available
co-chaperones. For now, there is still only limited evidence for isoform specificity of co-
chaperones. In a recent review, Dean and Johnson discussed the relative expression of
co-chaperones across a wide range of tissues [53]. The results of this survey suggest that
some Hsp90 co-chaperones are uniquely required to assist client proteins in certain tissues.
For example, the levels of the mRNAs encoding FKBP51, S100A1, ITGB1BP2, Unc45B,
Aarsd1, and Harc are elevated in skeletal muscle, and most of them are also elevated
in the heart. This correlative observation suggests that these co-chaperones may have
muscle-specific functions [53], possibly with a corresponding Hsp90 isoform preference.
ITGB1BP2 binds integrin and regulates the interaction between the cytoskeleton and the
extracellular matrix, which have cardioprotective effects [54]. Unc45B assists the folding
of myosin [55] and S100A1 is a regulator of muscle contractility [56]. FKBP51 functions
in myoblast differentiation and in regulating muscle mass [57,58]. We showed that as
myoblasts differentiate into myotubes, the co-chaperone p23 is replaced by the muscle-
specific co-chaperone Aarsd1, which shares the Hsp90-interacting CS domain with p23,
but not all of its activities. We found that the long isoform Aarsd1L interacts exclusively
with Hsp90β, the only remaining and functionally important Hsp90 isoform in murine
myotubes [50]. An inverse situation may pertain to spermatogenesis where Hsp90α levels
are high. This isoform is essential [59], and a subset of co-chaperones have been linked
to spermatogenesis. This includes PIH1D1, PIH1D2, PIH1D3, RPAP3, SPAG1, DYX1C1,
LRRC6, and NUDCD1 [60,61]. Moreover, loss of FKBP36 results in chromosome mispairing
during meiosis and mutations are suspected to cause azoospermia [62,63]. These examples
illustrate that expression of Hsp90 isoforms, co-chaperones, and clients, and their respective
interactions may have evolved to provide a unique match in certain tissues and cell types.

Table 1. Some co-chaperones of Hsp90α and Hsp90β 1.

Co-Chaperones Function/Comments

Aha1 Accelerator of Hsp90 ATPase
Hop Adaptor between Hsp70 and Hsp90; inhibitor of Hsp90 ATPase
p23 Binds closed Hsp90 conformation, inhibits ATPase
Cdc37 Kinase-specific co-chaperone

FKBP51/52 Peptidylprolyl-cis/trans-isomerase; maturation and activation of
steroid receptors

Cyp40 Peptidylprolyl-cis/trans-isomerase
PP5 Phosphatase interacting with Hsp90
CHIP E3 ubiquitine ligase
Pih1 Component of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex
Tah1 Component of the Rvb1-Rvb2-Tah1-Pih1 (R2TP) complex
TTC4 Genetic interaction with Cpr7; regulator of protein translation

FKBP8 Peptidylprolyl-cis/trans-isomerase; may preferentially bind
Hsp90β

UNC45A Preferentially binds Hsp90β
Aarsdl1 Competes with p23; only binds Hsp90β

1 Only some of the most frequently investigated co-chaperones are listed and some of those with reported Hsp90
isoform-selectivity. For full list of co-chaperones and references, see https://www.picard.ch/downloads/Hsp9
0facts.pdf.
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3.3. Isoform-Specific Post-Translational Modifications

Post-translational modifications can have a large impact on the function and regulation
of the two isoforms [64]. Both isoforms are modified by phosphorylation, acetylation,
S-nitrosylation, oxidation, methylation, sumoylation, and ubiquitination. Many of the
modified residues are conserved between Hsp90α and Hsp90β. However, there are a
few differences between the two, which allow for specific functions or regulation in an
isoform-specific way. We refer the reader to a very recent review on this topic [65].

3.4. Evolutionary Divergence in Gene Expression

HSP90AB1 evolved as the constitutively expressed isoform, while HSP90AA1 evolved
to be inducible in response to different types of stresses. The differential gene expres-
sion patterns of mammalian HSP90AA1 and HSP90AB1 were first characterized with
transformed mouse cells [66]. Ullrich and colleagues showed that HSP90AB1 is constitu-
tively expressed under normal conditions and has a 2.5-fold higher expression level than
HSP90AA1. However, upon heat shock, HSP90AA1 expression increased 7-fold, while
HSP90AB1 increased only 4.5-fold [66]. This suggested that Hsp90β can also be induced
when cells are under stress. In a recent study, we observed that Hsp90β expression can be
induced by genetic stress as well as by long-term moderate heat stress at the translational
level through an IRES in the Hsp90β mRNA [49]. Other studies also showed that Hsp90β
can be induced under heat and nutrient stress [67,68]. Heat shock factor 1 (HSF1), which is
recruited to DNA through heat shock elements (HSEs) and is the transcriptional master
regulator of the response to heat shock and several other stresses, regulates the expression
of Hsp90α [69,70]. Upstream of HSP90AA1, there are several heat shock elements (HSEs)
which enable the stress-mediated expression of Hsp90α [71], and in particular, there is a
distal HSE located at −1031 bp from the transcription start site (TSS), which is required
for heat-shock induction [26]. Immediately upstream of the TATA box, the proximal HSE
located at −96/−60 bp functions as a permissive enhancer. Another HSE is present within
the first intron region at +228 bp from the TSS. In contrast, an upstream HSE of located at
−648 bp of the TSS of HSP90AB1 appears not to respond to heat shock [67]. However, HSEs
located at +688/733 bp within the first intron are tightly bound by HSF1 and are important
for maintaining the high constitutive and heat-shock induced expression levels [67]. In an
apparent contradiction, it was observed for mouse oocytes that the basal level of HSP90AB1
transcripts does not depend on HSF1 since hsf1 knockout oocytes do not show any reduc-
tion in Hsp90β mRNA [72]. The constitutively active core promoter (−36 to +37 bp) of
HSP90AB1 has a CAAT box, a specificity protein 1 (SP1) binding site, and a TATA box
(−27 bp) [71]. The promoter of HSP90AA1 does not contain a CAAT box, but one has been
identified far upstream at −1144 bp. The binding of Krüppel-Like-Factor 4 (KLF4) to the
promoters of HSP90AB1 and HSP90AA1 leads to higher expression of both isoforms [73].
In addition to the activation by HSF1, Hsp90β is upregulated by the signal transducer
and activator of transcription (STAT) family transcription factors [74]. Interferon-γ (IFN-γ)
activation of STAT1 also induces Hsp90β expression [74]. For the induction of HSP90AB1
by heat shock, STAT1 phosphorylation by Jak2 and PKC is necessary [75]. However, the
activation of these kinases in turn requires the association with Hsp90, establishing a posi-
tive auto-regulatory loop. HSP90AB1 expression is also regulated at the translational level
by mTORC1 [76]. This seems to be dependent on a 5′-terminal oligopyrimidine motif in
the 5′UTR of the Hsp90β mRNA, but the mechanism is not known. As a general negative
feedback mechanism, the Hsp90 complex represses HSF1 activation, thereby inhibiting an
over-activation and timely attenuation of the HSF1 response [77,78]. Clearly, there is still
much to learn about the tissue- and cell type-specific regulation of the two Hsp90 isoforms,
both at the transcriptional and translational levels.

3.5. Functional Specificities of the Two Isoforms

In humans, Hsp90α and Hsp90β together are predicted to interact with more than
2000 proteins [79]. Not quite that many have been experimentally validated, and in the
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vast majority, isoform specificity has not been thoroughly investigated. Regarding the
Hsp90 interactome, we refer the reader to continuously updated resources, which we have
been making available as a searchable online database at https://www.picard.ch/Hsp9
0Int, accessed on 5 August 2022 [79] and a downloadable file at https://www.picard.ch/
downloads/Hsp90interactors.pdf, accessed on 5 August 2022. It is natural to assume that
highly homologous versions of Hsp90s found in the same cellular compartment would
have identical functions. However, these cytosolic Hsp90 isoforms have evolved to have
some overlapping, synergistic, and distinct isoform-specific functions. In some contexts,
they even have antagonistic functions (see below). Taipale and colleagues systematically
characterized the chaperone/co-chaperone/client interaction network in human cells [80].
They provided evidence for both overlapping and distinct client specificities. When they
analyzed isoform-specific interactors by gene ontology terms, this again translated to
both common and isoform-specific terms. This generally supports the conclusion that
isoform-specific interactomes impart isoform-specific functions. It is worth mentioning
here that a characterization of the interactomes of the two isoforms of S. cerevisiae by
immunoprecipitation/mass spectrometry led to globally similar conclusions, except that it
was noted that the vast majority of clients are shared by both isoforms [29].

In the next section of the discussion of isoform-specific functions and clinical relevance
(Figure 2), we will consider those findings where the involvement of one specific isoform
was experimentally validated by using isoform-specific antibodies and genetic or phar-
macological inhibition. With many studies, it must be kept in mind, though, that it is not
easily possible to exclude the possibility that the observed phenotype is due to reduced
total Hsp90 levels or activity. Indeed, we know from our own studies that phenotypes can
be due to the latter rather than the loss or inhibition of a specific isoform [49].

Embryonic development

Muscle cell differentiation 
and regeneration
Hepatocyte formation

Glucose metabolism 

Neuromuscular junction
maintenance

Innate immune response Retinal photoreceptor
protection

Spermatogenesis

DNA damage response

Cardiomyocyte repolarization 

Hsp90a Hsp90b

Cholesterol metabolism 

Overlapping
functions

Figure 2. Venn diagram of common and isoform-specific functions of Hsp90. Isoform-specific
functions, as discussed in the text, are highlighted in the corresponding colors.

3.6. Hsp90β-Specific Functions

During the course of evolution, the HSP90AB1 gene has evolved to be expressed more
or less constitutively, presumably to support essential cellular housekeeping activities. The
embryonic lethality of the mouse knockout may be a reflection of that [81]. Hsp90β was
shown to play a role in trophoblast differentiation and that Hsp90β-deficient homozygous
mouse embryos with normal expression of Hsp90α failed to differentiate to form placental
labyrinths. This resulted in lethality beyond day 9 of embryonic development. While
it could be speculated that this indicated a housekeeping role for Hsp90β, it was also
suggested that the developmental arrest could be due to a defective critical and potentially
Hsp90β-dependent client such as the bone morphogenetic protein receptor. Interestingly,
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Hsp90β was demonstrated to regulate the pluripotency of embryonic stem cells via regu-
lating the transcription of Nanog through an interaction with STAT3 [82]. Thus, whether
mammalian development truly depends specifically on Hsp90β for the aforementioned
reasons or whether it depends on a threshold level of total Hsp90 remains to be determined.

Hsp90β appears to have an exclusive role in muscle cell differentiation and regener-
ation in the mouse [50,83]. We showed that during skeletal muscle differentiation in the
mouse, there is a unique Hsp90 isoform switch [50]. When mouse myoblasts differentiate
into myotubes, Hsp90α disappears, and only Hsp90β remains. Hsp90β interacts with the
muscle-specific Hsp90 co-chaperone Aarsd1L to support the differentiation of myotubes.
As these differentiate, Aarsd1L replaces the ubiquitous cochaperone p23. Later, He and
colleagues discovered the importance of Hsp90β in muscle regeneration after tissue in-
jury [83]. They found that in a mouse muscle injury model, the Hsp90β isoform, but not
Hsp90α, was strongly elevated during the first few days post injury. Hsp90β expression
levels normalized when active myogenesis eventually ceased. Following muscle injury,
p53-dependent persistent senescence impairs muscle repair. During regeneration, Hsp90β
interacts with the p53-inhibitory protein MDM2 to suppress p53-dependent senescence
of the injured muscle. Degeneration of skeletal muscle is one of the features of aging in
humans [84]. The reduction of quiescent muscle stem cells through senescence leads to the
decline in muscle regeneration in aged mice [85]. Hence, enhancing Hsp90β activity might
be protective for muscle fibers during aging.

Hsp90β is involved in controlling the formation of endodermal progenitor cells and
development of the liver [86]. For hepatocyte formation, the transcription factor hepatocyte
nuclear factor 4 α (HNF4α) is essential [87]. Hsp90β interacts with HNF4α to regulate its
half-life and is thus directly linked with the formation of hepatocytes from progenitor cells.
The liver is the primary organ involved in the metabolism of nutrients. Not surprisingly,
the specific function of Hsp90β in liver formation further connects it to different metabolic
disorders. Hsp90β is involved in glucose and cholesterol metabolism [68,88]. In human
skeletal muscle myoblasts and in a mouse model of diet-induced obesity, Hsp90β was found
to regulate glucose metabolism and insulin signaling. Studies showed that the knockdown
of Hsp90β improves glucose tolerance, alters the expression of key metabolic genes, and
enhances the activity of the pyruvate dehydrogenase complex. Furthermore, Hsp90β is
essential for lipid homeostasis by regulating fatty acid and cholesterol metabolism [88].
Depleting Hsp90β promotes the degradation of mature sterol regulatory element-binding
proteins through the Akt-GSK3β-FBW7 pathway, and hence decreases the content of neutral
lipids and cholesterol in the body [88,89].

Another important isoform-specific function of Hsp90β is regulating the responsive-
ness to vitamin D [90]. In the intestine, enterocytes require Hsp90β for optimal vitamin
D responsiveness by regulating vitamin D receptor (VDR) signaling. It was observed that
knocking down Hsp90β led to reduced vitamin D-mediated transcriptional activity. It is
noteworthy that VDR is a member of the nuclear receptor family of transcription factors,
which comprises some of the most prototypical Hsp90 clients, such as the steroid receptors.

Hsp90β is necessary for maintaining the neuromuscular junction (NMJ) [91]. Rapsyn,
an acetylcholine receptor-interacting protein, is essential for synapse formation [92]. Hsp90β
is necessary for rapsyn stabilization and regulating its proteasome-dependent degradation. Luo
and colleagues showed that inhibition of Hsp90β activity or expression or disruption of its
interaction with rapsyn impairs the development and maintenance of the NMJ.

3.7. Targeting Hsp90β in Different Diseases

As alluded to above, Hsp90β influences pathways regulating insulin resistance [68]. It
was observed that when Hsp90β was inhibited, blood glucose levels were reduced. Thus,
targeting Hsp90β might help to regulate the blood sugar of patients with type 2 diabetes.
In patients with nonalcoholic fatty liver disease (NAFLD), the Hsp90β levels in serum was
found to be very high [93]. Balanescu and colleagues conducted a study on overweight
and obese children and found serum Hsp90β, but not Hsp90α, to be significantly higher.
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This suggests that the ratio of Hsp90α and Hsp90β in blood serum could be a prognostic
biomarker for NAFLD. Jing and colleagues found that the novel Hsp90β-selective inhibitor
corylin significantly reduced lipid content in both liver cell lines and human primary
hepatocytes [88]. In animal models, they observed that corylin ameliorated NAFLD, type 2
diabetes, and atherosclerosis.

Reduced levels of both Hsp90α and Hsp90β are associated with neuronal cell death in
patients suffering from Alzheimer’s disease (AD) [94]. However, Zhang and colleagues
showed that Aβ-induced stress decreased the levels of Hsp90β, but not Hsp90α. Reduced
levels of Hsp90β were strongly correlated with reduced abundance of its client and nuclear
receptor PPARγ, and down-regulated Aβ clearance-related genes in primary microglia [95].
This exciting observation led them to think about increasing Hsp90β levels in the AD
mouse model. Using the natural compound jujuboside A (JuA), they observed that it
significantly restored the content and function of PPARγ by enhancing the expression of
Hsp90β. JuA-treated AD mice displayed ameliorated cognitive deficiency. In a recent
study, Wan and colleagues showed reduced levels of both Hsp90α and Hsp90β levels in
the hippocampal CA3 region of the APP/PS1 mouse model of Alzheimer’s disease [96].
However, the overexpression of Hsp90β, but not Hsp90α, ameliorated neuronal and
synaptic loss, suggesting Hsp90β has a specific neuroprotective role. High-dose preventive
treatment with erythropoietin (EPO) attenuated Aβ-induced astrocytosis and increased
neovascularization in the hippocampus of the mouse AD model. It reversed dendritic
spine loss via upregulation of Hsp90β. Therefore, inducing Hsp90β expression might be
explored for the treatment of AD patients.

Hsp90β enhances the innate immune response [97]. Hsp90β interacts with the protein
stimulator of interferon genes (STING) and stabilizes STING protein levels in response to
microbial infections, allowing the activation of the downstream target TBK1, which is itself
an Hsp90 interactor, for inducing IFN responses. This suggests inducing Hsp90β could also
be efficient against DNA viruses and microbial infections. Sato and colleagues showed that
reduced Hsp90β levels are associated with infections with Herpes simplex virus-1 (HSV-1)
and Listeria monocytogenes, suggesting that boosting Hsp90β levels and/or activity may
protect against pathogenic infections. If so, EPO might also be beneficial against bacterial
and viral infections.

Although it is predominantly Hsp90α that is overexpressed in different types of cancer, in
some cancers it is Hsp90β, which appears to be responsible for cancer cell survival [98–102]. As
discussed above, there are tissues that rely primarily on Hsp90β. It appears that cancers
of those tissues often maintain this dependence. For example, hepatocytes primarily
require Hsp90β, as do hepatocellular carcinoma cells, notably for vascular endothelial
growth factor receptor (VEGFR)-mediated angiogenesis [99,100]. In other cancers, Hsp90α
regulates VEGFR-mediated angiogenesis. Meng and colleagues evaluated angiogenesis in
hepatocellular carcinoma upon knockdown of Hsp90α or Hsp90β, inhibiting the remaining
isoform with an Hsp90 inhibitor. They observed that VEGFR-mediated angiogenesis was
inhibited by an Hsp90β inhibitor. Heck and colleagues showed that selective Hsp90β
inhibition in human myeloid leukemia cells results in apoptosis [103]. Hsp90β-apoptosome
interactions also contribute to chemoresistance in leukemias [104]. Hsp90β inhibition could
kill leukemia cells by promoting the degradation of the Hsp90 client HIF1α [103]. Heck
and colleagues treated cells with the Hsp90α-selective inhibitor KUNA110, the Hsp90β-
selective inhibitor KUNB105, or the pan-Hsp90 inhibitor 17AAG. Inhibition of Hsp90α
did not trigger cell death. However, Hsp90β inhibition led to cell death by TNFα- and
TRAIL-induced HIF1α degradation. HIF1α is an interactor of both Hsp90 isoforms (see
https://www.picard.ch/Hsp90Int, accessed on 5 August 2022), and yet the inhibition of
Hsp90β, but not Hsp90α, led to the degradation of HIF1α in leukemia cells. This surprising
result illustrated the potential of Hsp90 isoform-specific inhibition for the treatment of
certain types of cancer.

In Ewing’s sarcoma, it was found that Hsp90β inhibition leads to decreased expression
of the multidrug resistance-associated protein 1 associated with mitochondria [105]. In
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laryngeal carcinoma (LC), Hsp90β directly interacts with Bcl-2 and is involved in the anti-
apoptotic progression of LC [101]. In osteosarcoma, extracellular Hsp90β secreted by MG63
cells was found to be associated with cancer cell survival [106]. This could be connected
with the observation that muscle cells in the mouse are solely dependent on Hsp90β for
differentiation and regeneration. This evidence collectively suggests that sarcoma is mainly
dependent on Hsp90β [107]. Not only that, even in the skeletal muscle disorder myotonia
congenita, Hsp90β plays an essential role in the quality control of the chloride channel CLC-1 by
dynamically coordinating protein folding and degradation. Peng and colleagues showed that
by using Hsp90β inhibitors, CLC-1 degradation in myotonia patients can be prevented [108].

Hsp90β plays a role in drug resistance in lung cancer. The P-glycoprotein (P-gp)
encoded by the MDR1 gene is responsible for exporting drugs from cells. Kim and col-
leagues showed that casein kinase 2 (CK2)-mediated phosphorylation of Hsp90β and the
subsequent stabilization of its client PXR, a nuclear receptor, is a key mechanism in the
regulation of MDR1 expression [109]. Inhibition of both CK2 and Hsp90β enhances the
down-regulation of PXR and P-gp expression. High level expression of Hsp90β is also
associated with poor survival in resectable non-small-cell lung cancer patients [98].

Possibly related to the dependence of liver cells on Hsp90β discussed above, Hepatitis
B virus (HBV), which causes chronic infection in the liver, evades the immune defense
by interaction with Hsp90β [110]. Hsp90β inhibition could also be a useful therapeutic
approach in Helicobacter pylori-induced gastric injury [111]. Cha and colleagues showed that
Hsp90β physically interacts with Rac1, which resulted in the activation of NADPH oxidase.
NADPH oxidase activation leads to the production of ROS and increased inflammation in
infected cells. Suppression of H. pylori-induced translocation of Hsp90β to the membrane
may ameliorate gastric injury. Nickel ions-mediated inflammation also occurs through
Hsp90β in human B-cells. Nickel ions bind to the linker domain of Hsp90β and reduce its
interaction with HIF1α. The released HIF1α then becomes more localized in the nucleus
and enhances IL-8 expression [112].

3.8. Hsp90α-Specific Functions

The stress-inducible isoform Hsp90α helps cells adapt to stress [113]. Most of the
functions of Hsp90α are thus connected to stress response pathways and proteins. Unlike
Hsp90β, Hsp90α is not necessary for viability in the mouse [49,59]. In normal conditions,
as discussed above, some organs have a high abundance of Hsp90α, whereas others have
negligible expression levels (https://www.proteinatlas.org/search/HSP90AA1; accessed
on 5 August 2022). For example, the brain has the highest levels of Hsp90α mRNA ex-
pression, which is several folds higher than any other organs. However, the highest levels
of mRNA are not translated into proteins as brain expresses only moderate amounts of
Hsp90α protein. A recent study says the human brain has a higher temperature than the
usual body temperature ranging from 36.1 to 40.9 ◦C in a circadian way [114]. In addition,
the brain temperature varies by age, sex, menstrual cycle, and brain region. It is conceivable
that such temperature increases in the brain might trigger a heat-shock response, temporar-
ily generating more Hsp90α protein from the already elevated levels of Hsp90α mRNA.
Since brain cells face a substantial temperature fluctuation, proteins may be more prone to
misfolding, and brain cells may therefore need higher amounts of Hsp90α under certain
circumstances. If we consider reproductive organs, testis and fallopian tube have high
levels of Hsp90α expression. At the cellular level, basal prostate cells have the highest
amount of Hsp90α mRNA among all cell types. Spermatocytes also have high Hsp90α.
This suggests reproductive organs require Hsp90α. Earlier, our lab established that Hsp90α
is required for male fertility in mice [59]. Mice without Hsp90α can survive normally but
are sterile because of a complete failure to produce sperm. Interestingly, Hsp90α knockout
mice develop normal reproductive organs, but spermatogenesis specifically arrests at the
pachytene stage of meiosis I. Supporting these findings, Kajiwara and collogues later com-
plemented these findings by demonstrating that spermatogenesis also arrests when the
Hsp90α gene is conditionally deleted at the adult stage [115]. Intriguingly, Hsp90α controls
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the biogenesis of fetal PIWI-interacting RNAs, which act against endogenous transposons
during the development of male germ cells in mammals [116]. The Hsp90α knockout
causes a reduction of HIF1α levels in the testis, which may also contribute to blocking
sperm production and causing infertility [117]. The downregulation of Hsp90β had little
effect on the hypoxia-induced accumulation of HIF1α. Thus, HIF1α is required for proper
spermiogenesis, and it is the Hsp90α isoform that is needed to keep HIF1α functional,
even though both Hsp90α and Hsp90β can interact with HIF1α [118,119]. It remains to be
seen whether this unique Hsp90α role has anything to do with the specific physiology and
temperature-sensitivity of the testis.

Oogenesis may also be largely dependent on the Hsp90α isoform. Metchat and
colleagues showed that extremely low levels of Hsp90α correlate with the developmental
defects of hsf1-/- oocytes [72]. While hsf1-/- females produce oocytes, they do not carry
viable embryos. However, later we showed that no difference in embryo production was
observed in female mice lacking Hsp90α compared to the wild-type [49,59]. Hence, it is
possible that hsf1-/- oocytes failed to develop because of some Hsp90α-independent issue.

In the human retina, rod cells have high levels of Hsp90α mRNA expression (https:
//www.proteinatlas.org; accessed on 5 August 2022), which may be related to elevated
local temperatures upon exposure to light. The local rise in temperature of human retina
exposed to direct sunlight is about 2 ◦C [120]. It may even tolerate a local rise of at least
10 ◦C [121], and yet, intense light causes thermal damage [122]. Wu and colleagues found
that Hsp90α deficiency in mice could lead to retinitis pigmentosa [48], a common inherited
retinal disease involving progressive photoreceptor degeneration and eventually blind-
ness. They observed that both Hsp90α and Hsp90β were expressed in the developing
retina of neonatal mice. Once the retina was fully developed, Hsp90α became the major
Hsp90 isoform. In retinal photoreceptors, Hsp90α deficiency caused Golgi apparatus
disintegration and impaired intersegmental vesicle trafficking. A proteomic analysis iden-
tified the microtubule-associated protein 1B (MAP1B) as an Hsp90α-associated protein
in photoreceptors. Hsp90α deficiency increased the degradation of MAP1B by inducing
its ubiquitination, causing α-tubulin deacetylation and microtubule destabilization, all
potentially contributing to photoreceptor degeneration.

Muscle usually does not have much Hsp90α expression. However, among different
type of muscle cells, cardiomyocytes have comparatively high Hsp90α mRNA expression
(https://www.proteinatlas.org; accessed on 5 August 2022). Peterson and colleagues
showed that the potassium channel hERG, which is critical for cardiac repolarization,
solely interacts with Hsp90α and not with Hsp90β [123]. They found a direct relationship
between Hsp90α and trafficking of hERG. Hence, the negative impact on hERG and the
resulting cardiotoxicity must be considered in the context of treatments with pan-Hsp90 or
with Hsp90α-specific inhibitors.

The DNA damage response is assisted by Hsp90α. The DNA-dependent protein
kinase (DNA-PK) is a component of the DNA repair machinery, and it is a client of both
Hsp90α and Hsp90β [124,125]. However, it was shown that Hsp90α is involved in DNA-
PK-mediated DNA repair and apoptosis, but not Hsp90β [126,127]. Hsp90α itself is
phosphorylated by DNA-PK at threonines 5 and 7 within its unique N-terminal sequence.
Quanz and colleagues found that DNA damage induces the phosphorylation of Hsp90α at
the aforementioned sites and its accumulation at sites of DNA double-strand breaks (DSB),
where it associates with repair foci and promotes DNA repair [126]. Solier and colleagues
showed that phosphorylated Hsp90α is located in the “apoptotic ring” upon induction of
apoptosis. Although both phenomena are mediated by DNA-PK, Hsp90α phosphorylation
is markedly greater and faster in response to apoptosis than to DNA damage [127]. An
additional connection to the DNA damage response comes from the identification of the
DNA damage response proteins NBN, and the ataxia-telangiectasia mutated kinase as
Hsp90α clients [128]. It is conceivable that Hsp90α-specific inhibition would lead to their
destabilization, contributing to defective DNA damage signaling, impaired DNA DSB
repair, and increased sensitivity to DNA damage.
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Hsp90α controls addictive behavior through the µ opioid receptor (MOR) [129]. Previ-
ously, Hsp90 had been found to be required for opioid-induced anti-nociception in the brain
by promoting MAPK activation [130]. 17-AAG, a non-selective Hsp90 inhibitor, reduced
opioid anti-nociception. In an independent study by Zhang and colleagues, treatment
with 17-AAG was observed to reduce morphine analgesia, tolerance, and dependence in
mice [131]. Interestingly, Lei and colleagues later found that specific inhibition of Hsp90α
with the Hsp90α-selective inhibitor KUNA115 strongly blocked morphine anti-nociception
in mice. In contrast, specific inhibition of Hsp90β with the inhibitor KUNB106 did not have
any effect on morphine anti-nociception. Their observation suggests that Hsp90β is not
involved in regulating opioid anti-nociception in the mouse brain. Surprisingly, Zhang
and colleagues demonstrated by co-immunoprecipitation that Hsp90β and not Hsp90α
associated with MOR in HEK293T and SH-SY5Y cells [131]. 17-AAG blocked the Hsp90β-
MOR interaction and compromised MOR signal transduction in mice. For now, these
findings remain contradictory, but if the Hsp90α-specific character of this function could
be confirmed, it would suggest the possibility of using Hsp90α inhibitors in psychiatric
patients with substance addiction.

Besides functioning as an intracellular molecular chaperone, Hsp90α is also secreted
from cells [132–135]. All cells appear to secrete Hsp90α (eHsp90α) in response to environ-
mental stress signals, including heat, hypoxia, inflammatory cytokines, ROS, oxidation
agents, and several other stresses [134]. However, normal keratinocytes secrete eHsp90α
only in response to tissue injury [136]. When skin is injured, keratinocytes massively release
eHsp90α into the wound bed to promote wound repair [135,137]. Cheng and colleagues
proposed that eHsp90α drives inward migration of the dermal cells into the wound, which
is essential for wound remodeling and formation of new blood vessels [138]. Interestingly,
this wound healing activity of eHsp90α does not require dimerization [136] nor ATPase
activity, which is, of course, essential for chaperoning [138]. Instead, in this case, only
a relatively small portion of eHsp90α is sufficient to elicit the response, essentially as a
mitogen, through the LDL-receptor-related protein 1 (LRP1) [139].

3.9. The Clinical Relevance of Targeting Hsp90α

Specifically targeting the Hsp90α isoform could be an attractive therapeutic strategy
for treating certain cancers [132,140]. Cancer cells are continuously under replicative, hy-
poxic, nutrient, and several other stresses [141,142]. Cellular stress leads to the upregulation
of the inducible isoform Hsp90α. Hence, in most cancers, Hsp90α is highly upregulated.
The knockdown of Hsp90α results in the degradation of several oncogenic client pro-
teins, which suggests that the administration of an Hsp90α-selective inhibitor against
Hsp90α-dependent cancers could be beneficial [143]. During cancer progression, many
transcription factors encoded by proto-oncogenes are either stabilized by Hsp90α or induce
the expression of Hsp90α. For example, the proto-oncogene MYC induces HSP90AA1 gene
expression [144]. The growth hormone prolactin induces HSP90AA1 expression in breast
cancer cells through STAT5 [145]. The nuclear factor-κB (NF-κB) stimulates anti-apoptotic
pathways in cancer [146,147]. Ammirante and colleagues showed that two NF-κB putative
consensus sequences are present in the HSP90AA1 5′ flanking region, and not in that of
HSP90AB1 [148]. This may explain why NF-kB-driven tumorigenic transformation leads
to induced HSP90AA1 expression. In head and neck cancer cells, the transcription factor
SOX11 binds to HSP90α [149]. In breast cancer stem cells, Hsp90α and GRP78 interact
with PRDM14 [150,151]. As discussed above, HSP90AB1 is also induced in certain cancers.
However, the stress-inducible gene HSP90AA1 can be expressed several-fold higher than
HSP90AB1. Thus, the balance of Hsp90α to Hsp90β is specifically shifted towards Hsp90α
in cancer cells. It had been found that Hsp90α accounts for 2–3% of total cellular proteins
in normal cells, but up to 7% in certain tumor cell lines [152]. Cancer cells may constitu-
tively secrete Hsp90 [153–155], which is essential for enhancing their invasiveness [156].
Although Hsp90β can also be secreted by certain cells, it is eHsp90α and not eHsp90β
that is required for invasion in a panel of cancer cell lines. eHsp90α activates matrix
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metalloproteinase-2, which may be one of the underlying mechanisms explaining enhanced
invasiveness and metastasis of cancer cells [132,139,151,157]. The translocation of Hsp90α
to the plasma membrane is stimulated by PLCγ1-PKCγ signaling [158], and by mutant p53
via Rab coupling protein-mediated Hsp90α secretion [159]. When Hsp90α is inhibited, the
invasiveness of cancer decreases [160–163]. The plasma eHsp90α levels in patients with
various cancers correlate with cancer stage [164–166]. For example, plasma Hsp90α levels
were increased in patients with thymic epithelial tumor, hepatocellular carcinoma, and
colorectal cancer [164–167]. This suggests that serum Hsp90α levels can be a prognostic
marker in patients before and during treatment.

Hsp90α plays a significant role in idiopathic pulmonary fibrosis (IPF) [168]. Bellaye
and colleagues showed how Hsp90α and Hsp90β synergistically promote myofibroblast
persistence in lung fibrosis [169]. Hsp90α, but not Hsp90β, is secreted from IPF lung
fibroblasts driven by tissue stiffness and mechanical stretch. Surprisingly, although Hsp90β
is not secreted, it binds to LRP1 intracellularly, thus stabilizing the eHsp90 receptor and
promoting LRP1 signaling, which feeds forward by inducing the secretion of Hsp90α. Inhi-
bition of eHsp90α, which is increased in serum of patients with IPF, could be beneficial in
treating IPF. The non-cell-permeable HSP90 inhibitor HS30 significantly inhibited eHSP90α
and LRP1 colocalization, which was significantly increased in patients with moderate and
severe IPF. In patients suffering from chronic obstructive pulmonary disease, Hsp90α levels
were also found to be elevated in the serum [170], again suggesting that eHsp90α could
be used as a biomarker of disease progression. The dysfunction of the airway epithelial
barrier is closely related to the pathogenesis of asthma, and eHsp90α participates in the
inflammation in asthma [171]. House dust mites (HDM) induce a dysfunction of the air-
way epithelial barrier. Mice with HDM-induced asthma have high levels of eHsp90α in
bronchoalveolar lavage fluid and serum, and eHsp90α can cause the broncial epithelial
hyperpermeability. 1G6-D7, a highly selective and inhibitory antibody against Hsp90α,
was found to protect against HDM-induced airway epithelial barrier dysfunction. This
suggests that eHsp90α-targeted therapy might be a potential asthma treatment.

Wang and colleagues found that HSV-1 survive inside cells using Hsp90α of the host.
Hsp90α stabilizes the virion protein 16 (VP16) and promotes VP16-mediated transactivation
of HSV-α genes [172]. When Hsp90α was knocked down or inhibited pharmacologically, it
resulted in reduced levels of VP16 and of proteins encoded by the HSV-α genes. Consider-
ing that Hsp90β may have opposite effects on HSV-1 infections, since they are associated
with a drop in Hsp90β levels (see above), careful investigations with highly Hsp90 isoform-
selective inhibitors are clearly warranted in order to develop Hsp90-based therapies.

Loss-of-function mutations in the gene encoding the voltage-gated potassium channel
KCNQ4 cause DFNA2, a subtype of autosomal dominant non-syndromic deafness char-
acterized by progressive sensorineural hearing loss. The knockdowns of the two Hsp90
isoforms had opposite effects on the total KCNQ4 levels [173,174]. Specifically, the knock-
down of Hsp90β led to a dramatic decrease, while the knockdown of Hsp90α resulted in a
marked increase. Consistent with these results, overexpression of Hsp90β increased the
KCNQ4 levels, whereas up-regulation of Hsp90α expression decreased the total KCNQ4
levels. This suggests that a combination of Hsp90α inhibitor and Hsp90β activator could
potentially treat DFNA2.

Hsp90α also has a connection with diabetes. High glucose was shown to induce
the translocation of Hsp90α to the outside of aortic endothelial cells [175]. In high glu-
cose conditions, phosphorylation of Hsp90α was increased in a manner dependent on
cAMP/protein kinase A, which was responsible for the membrane translocation of Hsp90α
and reduced endothelial nitric oxide synthase (eNOS) activity [176]. eNOS is responsible
for the production of most of the vascular NO, deficiency in which can promote athero-
genesis [177]. Further support for a role of Hsp90α in atherosclerosis and diabetes came
from the finding that the levels of eHsp90α were upregulated in patients with aggravated
diabetic vascular disease [178]. eHsp90 recruits monocytes through LRP1 activation, which
indicates a connection between Hsp90α and inflammatory damage in diabetic vascular

40



Biomolecules 2022, 12, 1166

complications. These observations suggest that Hsp90α inhibition may be useful in treating
patients with type 2 diabetes.

In contrast, the connection of Hsp90 with eNOS was found to be protective against
the damages caused by ischemia-reperfusion by reducing the blood flow and glomerular
filtration rate [179]. When there is renal ischemia, more Hsp90 is beneficial [179]. Intra-renal
transfection of expression plasmids for either Hsp90 isoform was shown to be protective.
The protective effect was associated with restoring eNOS–Hsp90 coupling, reestablishing
normal PKCα levels, and reducing Rho kinase expression. The transfection events were able
to return eNOS phosphorylation to its basal state, restoring NO production and preventing
reduced renal blood flow. Hsp90α is also a potential serological biomarker of acute rejection
after renal transplantation [180]. Serum Hsp90α levels were significantly higher in kidney
recipients upon rejection. In mice receiving a skin transplantation, serum Hsp90α was
also found to be elevated when the first graft was rejected, and the levels further increased
during more severe rejection of the second graft.

Elevated serum Hsp90α had been found in nonalcoholic steatohepatitis. Serum
Hsp90α was increased in patients with metabolic-associated fatty liver disease (MAFLD).
A positive correlation was found between age, glycosylated hemoglobin, serum Hsp90α,
and grade of steatohepatitis [181]. Xie and colleagues showed that in a MAFLD mouse
model, treatment with geranylgeranylacetone leads to decreased Hsp90α levels followed
by improvement of steatohepatitis. To the extent that MAFLD may be the same as NAFLD,
for which Hsp90β had been pinpointed (see above), here too, a careful classification of
MAFLD/NAFLD patients with respect to clinical parameters and Hsp90 levels will be
necessary before any Hsp90-based therapy can be considered.

4. Future Perspectives and Conclusions

Overall, Hsp90α-dependent processes contribute to stress adaptation or other spe-
cialized functions, while Hsp90β is essential for maintaining standard cellular functions
such as cell viability. We recently demonstrated that at cellular and tissue levels, albeit
with some exceptions, it is the total Hsp90 levels that matter to sustain essential basic
functions, without overt isoform-specific requirements [49]. Pan-Hsp90 inhibitors affect a
broad range of key cellular processes, which may have contributed to the failure of several
Hsp90 inhibitors in clinical trials [182,183]. However, from the evidence presented in this
review, it appears that there are indeed physiological and pathological conditions where
one particular isoform is more involved than the other. Hence, targeting only the one
critical isoform with isoform-specific inhibitors is the way to go for safer and more efficient
treatments (Tables 2–4). Towards reaching that ultimate goal, several major challenges
remain. More insights into organ- and cell type-specific functions of the Hsp90 isoforms are
needed to stratify patients appropriately for isoform-targeted treatments. Although several
groups have begun to report the discovery of isoform-selective inhibitors (Tables 5 and 6),
there is still a lot of room for improvement. The ideal Hsp90 isoform-specific inhibitor
would have the following features: (i) High isoform-selectivity or even -specificity; (ii) high
Hsp90 specificity with limited effects on other biomolecules; (iii) drug-like characteristics,
i.e., have favorable pharmacokinetics and pharmacodynamics; (iv) oral availability; (v) for
some applications, the ability to cross the blood–brain and blood–testis barriers.
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Table 2. Role of specific Hsp90 isoforms in diseases 1.

Expression Levels Disease

Higher levels of Hsp90α

• Idiopathic pulmonary fibrosis
• Asthma
• Autosomal dominant non-syndromic deafness
• Diabetes type 2
• Nonalcoholic steatohepatitis

Lower levels of Hsp90α • Male infertility
Higher levels of Hsp90β • Nonalcoholic fatty liver disease

Lower levels of Hsp90β • Aβ-induced Alzheimer’s disease
• DNA viruses and microbial infections

1 See text for details and references.

Table 3. Cancers with upregulation of specific Hsp90 isoforms 1.

Cancers with Higher Levels of Hsp90β Cancers with Higher Levels of Hsp90α

Sarcoma Breast cancer
Hepatocellular carcinoma Head and neck cancers
Myeloid leukemia Epithelial cancer
Lung cancer Colorectal cancer

1 See text for details and references.

Table 4. Diseases and hypothetical isoform-specific treatments 1.

Diseases Hypothetical Therapy

Nonalcoholic fatty liver Hsp90β inhibition
Aβ-induced Alzheimer’s disease Hsp90β induction 2

Hepatocellular carcinoma Hsp90β inhibition
Myeloid leukemia cells Hsp90β inhibition
Ewing’s sarcoma Hsp90β inhibition
Lung cancer Hsp90β inhibition
Myotonia Hsp90β inhibition
Hepatitis B virus infection Hsp90β inhibition
Helicobacter pylori- induced gastric injury Hsp90β inhibition
Opioid addiction Hsp90α inhibition
Different cancers Hsp90α inhibition
Idiopathic pulmonary fibrosis eHsp90α inhibition
Herpes simplex virus-1 infection Hsp90α inhibition
Autosomal dominant non-syndromic deafness Hsp90α inhibitionHsp90β induction
Renal ischemia Hsp90β/Hsp90α induction

1 See text for details and references. 2 “Induction” is meant to indicate either increased expression or increased activity.

Table 5. Isoform-specific inhibitors of Hsp90.

Compound Hsp90 Isoform Binding Site References

KUNB31 Hsp90β N-terminal domain [184]
Vibsanin B and its
derivatives Hsp90β > Hsp90α C-terminal domain [185]

Corylin Hsp90β Amino acids 276–602 crucial
for corylin binding [88]

1G6-D7 (antibody) eHsp90α
Fragment of 115 amino acids
encompassing parts of charged
and middle domains

[186]

HS30 eHsp90α N-terminal [187,188]
KU675 Hsp90α C-terminal [189]
NVP-BEP800 Hsp90β > Hsp90α N-terminal [190]

42



Biomolecules 2022, 12, 1166

Table 6. Inducers of Hsp90β expression.

Compound References

Jujuboside A [95]
Erythropoetin [96]
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Abstract: “Extracellular” Heat Shock Protein-90 (Hsp90) was initially reported in the 1970s but was
not formally recognized until 2008 at the 4th International Conference on The Hsp90 Chaperone
Machine (Monastery Seeon, Germany). Studies presented under the topic of “extracellular Hsp90
(eHsp90)” at the conference provided direct evidence for eHsp90’s involvement in cancer invasion and
skin wound healing. Over the past 15 years, studies have focused on the secretion, action, biological
function, therapeutic targeting, preclinical evaluations, and clinical utility of eHsp90 using wound
healing, tissue fibrosis, and tumour models both in vitro and in vivo. eHsp90 has emerged as a critical
stress-responding molecule targeting each of the pathophysiological conditions. Despite the studies,
our current understanding of several fundamental questions remains little beyond speculation. Does
eHsp90 indeed originate from purposeful live cell secretion or rather from accidental dead cell
leakage? Why did evolution create an intracellular chaperone that also functions as a secreted factor
with reported extracellular duties that might be (easily) fulfilled by conventional secreted molecules?
Is eHsp90 a safer and more optimal drug target than intracellular Hsp90 chaperone? In this review,
we summarize how much we have learned about eHsp90, provide our conceptual views of the
findings, and make recommendations on the future studies of eHsp90 for clinical relevance.

Keywords: extracellular Hsp90; stress; mechanism of action; wound healing and cancer

1. Introduction

For decades, the Heat Shock Protein-90 (Hsp90) family proteins have been recognized
as ATP binding-dependent molecular chaperones inside almost all types of cells throughout
evolution. This understanding has served as an indisputable foundation for both laboratory
research and cancer clinical trials targeting the intracellular function of the Hsp90 family
proteins [1–6]. Meanwhile, a cell-surface form of Hsp90-related molecule was reported as
early as the late 1970s with several publications that appeared to challenge the definition
of Hsp90 as an exclusively intracellular chaperone. The question was first raised in the
1990s by Csermely and colleagues, who stated that “the major cellular function of Hsp90
is probably not its chaperone behaviour, but its dynamic participation in the organization
and maintenance of the cytoarchitecture” [7], although the exact nature of the dynamic
participation was not further elaborated. Throughout the following decade, however, few
in the Hsp90 field credited the possible existence of a non-chaperone form of Hsp90 and
regarded the reported extracellular or secreted Hsp90 as artifacts, such as leakage by a
small number of dying cells in culture. A breakthrough emerged in the 2000s when several
laboratories independently demonstrated a critical role for secreted Hsp90 in various
pathophysiological processes such as cancer cell invasion and wound healing. Increasing
lines of evidence are raising the possibility that cell surface-bound, exosome-anchored, or
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simply free-secreted Hsp90 may serve as safer and more effective therapeutic targets than
their intracellular counterparts in cancer and other inflammatory human disorders. This is
especially relevant considering that targeting the intracellular ATP-dependent chaperone
function of Hsp90 has encountered setbacks in clinical trials. Several generations of small
molecule inhibitors have entered numerous cancer clinical trials since 1999, but to date
none have received FDA approval [5,6]. In this review article, we provide a comprehensive
walk-through of the discovery, characterization, mechanism of action, and evaluation by
animal models and human patients of what is now collectively referred to as “extracellular
Hsp90” (eHsp90). More importantly, we offer our answers for the fundamental question of
why eHsp90 is chosen by evolution for duties that cannot be served by other conventional
extracellular factors.

2. History of eHsp90 Discovery

In the late 1970s, several laboratories independently reported a glucose-regulated 90-
kDa protein both on the surface and in the conditioned medium of tumour virus-infected
mouse and human fibroblast cells [8–12]. In 1983, Hughes et al. provided direct evidence
that Hsp90 protein is located on the external surface of macrophage and mouse embryo
3T3 cells [13]. Srivastava et al. then reported a membrane-associated 96-kDa protein in
chemically induced sarcoma cells [14] and Ullrich et al. showed that a Hsp90-related
protein was detected on the external surface of both Meth A tumour and NIH3T3 cells
using antibody binding to the cells at 4 ◦C that prevented membrane internalization [15]. A
follow-up study by Thangue and Latchman showed cell surface accumulation of Hsp90
in HSV-infected cells [16]. While the findings of these studies were intriguing, they may
have not resonated at the time. The observations of extracellular Hsp90 in these studies
were thought to be due to intracellular Hsp90 being released non-specifically from dead or
dying cells, and there was little preclinical or clinical relevance available. In 1992, Erkeller
Yuksel et al. reported that the external surface expression of Hsp90 was a feature of about
20% of the patients with systemic lupus erythematosus (SLE) and it correlated with the
severeness of the disease [17]. After the finding, Thomiadou and Patsavoudi reported
a 94-kDa “neuron-specific cell surface antigen” recognized by the monoclonal antibody
4C5 [18]. The 94-kDa protein was later identified as an Hsp90-related protein by the
same group using mass spectrometry [19]. The take-home message of these studies was
the association of the surface or secreted Hsp90 with inflammatory diseases and tissue
development. The findings of these earlier studies were, however, largely overlooked
by the Hsp90 community due to lack of evidence for active secretion and the undefined
function of surface-bound or secreted forms of Hsp90.

In the early 2000s, two laboratories, which had never studied Hsp90 before, were
independently searching for secreted proteins that support two distinct and mechanistically
related pathophysiological processes, tumour cell invasion and skin wound healing. In
2004, Jay’s group at Tufts University first reported the identification of a secreted protein
from the conditioned medium of a fibrosarcoma cell line, HT-1080, and showed that the
secreted protein promoted tumour cell invasion in vitro by activating the matrix metallo-
proteinase 2 (MMP2) [20]. In 2007, Li’s laboratory at the University of Southern California
reported the purification of a secreted protein from the conditioned medium of hypoxia-
stressed primary human dermal fibroblasts and keratinocytes through chromatography
and showed that this secreted protein strongly stimulated skin cell migration in vitro
and promoted wound healing in mice [21,22]. The common protein involved in tumour
cell invasion in vitro and wound healing in vivo was identified as the secreted form of
Hsp90α. Additional publications on secreted Hsp90α have since emerged and are begin-
ning to receive attention. To provide a common terminology that covers the meanings
of “cell surface-bound”, “cell-released”, “cell-secreted” Hsp90α, Isaacs and colleagues
recommended “eHsp90” for extracellular Hsp90 which has since become widely accepted
by the Hsp90 community [23]. Over the past 20 years, there have been two dozen excellent
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review articles on eHsp90, especially eHsp90α [24–41], which we use as the stepping-stones
for construction of this article.

3. eHsp90α vs. eHsp90β: Who Calls the Shots and Why?

In comparison to over 70 reports on eHsp90α as of May 2022, several studies in the
past have also reported the presence of either eHsp90β alone or the eHsp90α and eHsp90β
proteins together in the conditioned medium of various cell types [42,43]. This leads to
the question of whether eHsp90β also has extracellular functions. If one only considers
the functionality of a protein in its purified form as the ultimate evidence, the answer
is negative. Cheng et al. showed that human recombinant Hsp90α (hrHsp90α), but not
hrHsp90β, stimulated human keratinocyte migration [22]. Jayaprakash et al. showed that
hrHsp90α, but not hrHsp90β, promoted wound healing in pigs [44]. Zou and colleagues
demonstrated that the intravenous injection of hrHsp90α, but not hrHsp90β, protein
strongly promoted tumour formation and lung metastasis in mice [45].

The human Hsp90α and Hsp90β proteins differ by a total of 100 amino acid residues
along their respective 732- (Hsp90α) and 724- (Hsp90β) amino acid sequences, including
58 conservative and 42 non-conservative amino acid substitutions, in addition to 12 amino
acid deletions in Hsp90β. The highest variations between Hsp90α and Hsp90β occur within
the linker region (LR) and a part of the middle domain (M), with only 61% amino acid
identity, the location where Li’s group identified the functional “F-5” fragment of eHsp90α
that promotes wound healing [46,47]. Mouse genetic studies also showed distinct and
non-compensating roles for Hsp90α and Hsp90β during development. Voss et al. reported
that Hsp90β gene knockout causes a defect in placental labyrinth formation, resulting in
mouse embryonic lethality on E10.5 [48]. In contrast, mice with either chaperone-defective
mutations in Hsp90α [49,50] or complete Hsp90α knockout [51] showed indistinguishable
difference in their phenotypes from their wild-type counterparts. The straightforward inter-
pretations were that (1) Hsp90β is more critical than Hsp90α during mouse development
and (2) Hsp90α is not required under homeostasis.

4. Is eHsp90 Secreted by Living Cells on Purpose or Leaked by Dead Cells
by Accident?

While it is technically difficult to prove that eHsp90, specifically eHsp90α, does
not result from the leakage of intracellular Hsp90 from a small number of dead cells
in culture, several lines of evidence strongly support that eHsp90α is actively secreted.
Studies showed that the quantity of eHsp90α was less or undetectable from secreted
molecules of normal cells under physiological conditions in vitro, i.e., in serum-containing
and pH-balanced medium under normoxia at 37 ◦C. In comparison, several fold higher
eHsp90α proteins became detectable from the conditioned medium of the same cells under
a variety of medically-defined stress signals including reactive oxygen species (ROS), heat,
hypoxia, gamma-irradiation, UV, and tissue injury [28,52,53]. In contrast, many tumour
cells constitutively secrete eHsp90α due to intrinsic oncogenes, such as overexpressing
HIF-1α [21], or mutant forms of tumour suppression genes including p53 [42,54]. Eustace
et al. showed only Hsp90α and not Hsp90β in the conditioned medium of tumour cells,
suggesting a specific secretion of Hsp90α rather than the non-specific release of both forms
from dead cells [20]. Cheng and colleagues showed that while both TGFα and EGF bind
and signal through EGFR and both promote cell survival and cell growth, only TGFα
stimulates the Hsp90α translocation to plasma membrane and secretion to the extracellular
environment by primary human keratinocytes, the most critical cell type for skin wound
healing [22]. Finally, the stress-induced secretion of Hsp90α was further substantiated by an
in vivo observation that skin injury caused up to a 10-fold increase in eHsp90α deposition
into the wound bed in a time-dependent fashion. As shown in Figure 1, skin injury in
pigs causes an accumulatively increased deposition of eHsp90α into the wound bed in a
time-dependent fashion. Since the location with increased anti-Hsp90α antibody staining
includes areas in the skin dermis that does not have the continued presence of cells, the
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massive staining cannot be explained by increased intracellular Hsp90α [55]. This finding
provides the first in vivo evidence of biological stress-induced Hsp90α secretion.
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Figure 1. Tissue damage induces massive deposition of eHsp90α into the wound bed. Pig skin is
biologically closest to the human skin. 1.5 cm × 1.5 cm full-thickness excision wounds were created
in the indicated area of pig torso. Full wedge (2 cm) biopsies cross the wound were made on the
indicated days and immediately frozen on dry ice. Sections of the biopsies were stained with an anti-
Hsp90α antibody. The red arrows point out the locations of the specific antibody staining (brown).
Quantitation of the staining in blue boxes was done using Gabriel Landini’s “color deconvolution”
and ImageJ analysis. The intensity readings were converted to Optical Density (OD) (The image was
taken from reference [55] with permission).
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So far, the studies on mechanism(s) of eHsp90α secretion have raised more questions
than answers. Two laboratories reported that the secretion can be regulated by either
phosphorylation or the C-terminal amino acid EEVD motif of the Hsp90α protein [56,57].
Luo’s laboratory further identified a critical role for Rab coupling protein (RCP) in mutp53-
induced Hsp90α secretion [54]. Several studies suggested that eHsp90α is secreted via
exosomes, based on the observation that DMA (Dimethyl amiloride), an inhibitor of the
exosome secretion pathway, blocks Hsp90α secretion both in HIF-1-overexpressing tumour
cells and TGFα-stimulated human keratinocytes cells, where Hsp90α was associated with
isolated exosome fractions. Therefore, eHsp90α is secreted via the non-classical exosome
trafficking pathway [58–61]. Guo and colleagues further identified the proline-rich Akt
substrate of 40 kDa (PRAS40) as the unique downstream effector that mediates TGFα-
stimulated Hsp90α secretion via exosomes [62]. Tang and colleagues have recently made
an interesting observation that eHsp90α is located at the external surface of tumour cell-
secreted exosomes [63]. However, recent observations suggest that approximately 90% of
both normal and tumour cell- secreted Hsp90α is not associated with secreted exosomes
isolated by ultracentrifugation (C. Cheng, X, Tang and W. Li, unpublished; A. Bernstein
and D. Jay, unpublished). Taken together, eHsp90α is a secreted protein by cells under
either internal or external stress. This general understanding is depicted in Figure 2, where
eHsp90α promotes tissue repair under physiological conditions or promotes tumorige-
nesis under pathological conditions, defined as a “double-edged sword” by Hence and
colleagues [30].
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Figure 2. Secretion of eHsp90α by normal cells under medically defined stress and by tumour cells
driven by oncogenic signals. Almost all kinds of medically defined stresses have been shown to
trigger eHsp90α secretion in a wide variety of cell types. Tumours have either constitutively activated
oncogenes or mutant tumour suppressor genes that each triggers eHsp90α secretion even in the
absence of environmental stress cues. The mechanisms by which the stress and oncogenic signals
cause Hsp90 secretion remain largely unstudied, in which exosome-mediated secretion of Hsp90α
only accounts for 10% of the total secreted Hsp90α in both normal and tumour cells. The reported
optimal working concentration for the full-length eHsp90α protein was around 3–10 µg/mL.
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5. Two Main Biological Functions of eHsp90α
5.1. Promoting Cell Survival under Ischemic Stress

Shortly after tissue injury, the broken blood vessels clot and cells in the injured tissue
encounter an ischemic (paucity of nutrient and oxygen) environment. The immediate
challenge the cells face is survival, at least temporarily, by adapting a self-supporting
mechanism. Similarly, when tumour cells invade surrounding tissues too quickly and
temporarily outstrip the nearest blood vessel for 150 mirom or more, they similarly face the
stress of ischemia [64]. Under these conditions, the tumour cells must find an autocrine
cycle to survive without the help from blood vessels. Bhatia and colleagues showed that
topical application of hrHsp90α to burn wounds in pigs prevented heat-induced skin cell
apoptosis around the hypoxic wound bed [65]. Dong and colleagues demonstrated that
eHsp90α protected tumour cells from hypoxia-triggered apoptosis, whereas neutralizing
eHsp90α function with a monoclonal antibody enhanced hypoxia-induced tumour cell
apoptosis [66]. Gao and colleagues reported that extracellular supplementation with
hrHsp90α (10 µM or ~1 mg/mL) protein promoted rat bone mesenchymal stem cell (MSC)
survival and prevented cell apoptosis under ischemic conditions by activating the Akt
and ERK kinases [67]. Cheng et al. showed that 10 µg/mL hrHsp90α protein stimulated
the maximum migration of primary human skin cells [22] and Dong et al. reported that a
similar dosage of hrHsp90α prevented the death of Hsp90α-KO MDA-MB-231 cells under
hypoxia [66]. Nonetheless, the conformation and composition of the eHsp90α under the
above circumstances is less clear in comparison to its intracellular counterpart.

5.2. Promoting Cell Motility (Not Growth) during Tissue Repair and Tumour Invasion

The initial indication that eHsp90α regulates cell migration was reported in the
1990s by Patsvoudi’s group, who showed that a monoclonal antibody against a mouse
granule cell surface antigen called 4C5 inhibited the cell migration during cerebellar
development [68,69]. The same group later confirmed by immunoprecipitation followed
by mass spec that the 4C5 antigen is related to Hsp90 protein [19]. During the same pe-
riod, Jay’s group showed that eHsp90α from the conditioned medium of tumour cells
was required for tumour cell invasion via activation of MMP2 in vitro [20]. The direct
evidence that eHsp90α protein alone acts as a bona fide pro-motility factor came from Li’s
group that demonstrated hrHsp90α, but not hrHsp90β, stimulated primary human dermal
fibroblasts and keratinocyte migration in the total absence of serum factors. Moreover, the
pro-motility effect of hrHsp90α could reach approximately 60% of the total pro-motility of
10% FBS-containing medium. Under similar conditions, however, hrHsp90α showed little
mitogenic effect on cell growth. More surprisingly, both the wild type and ATPase-defect
mutant proteins of Hsp90α bind the cell surface receptor LRP-1 (low-density lipopro-
tein receptor-related protein 1) and had compatible prom-motility effects on the same
cells [21,22].

6. Mechanisms of Action by eHsp90α

By and large, there have been two major parallel mechanisms of action proposed
for eHsp90α [28]. The central debate is whether eHsp90α still acts as an ATP-dependent
chaperone outside the cell or alternatively acts as a previously unrecognized signalling
molecule no longer dependent on ATP hydrolysis. Eustace and colleagues tested DMAG-
N-oxide, a cell membrane-impermeable geldanamycin/17-AAG-derived inhibitor that
targets the ATPase activity of Hsp90, and showed that it inhibits tumour cell invasion [20].
Similarly, Tsutsumi and colleagues showed that the DMAG-N-oxide inhibitor reduced the
invasion of several cancer cell lines in vitro and lung colonization by B16 melanoma cells
in mice [70]. Furthermore, Sims et al. showed that blocking ATPase using ATP-gamma
S actually increased the ability of hrHsp90α to activate MMP2 in vitro [71]. In particular,
a recent elegant study from Bourboulia‘s group showed that TIMP2 and AHA1 act as a
molecular switch for eHsp90α that determines the inhibition or activation of the eHsp90α
client protein MMP2 [72]. Song and colleagues showed that Hsp90α, but not Hsp90β,
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stabilized MMP2 and protected it from degradation in tumour cells in an ATP-independent
manner and was mediated by the middle domain of Hsp90α binding to the C-terminal
hemopexin domain of MMP2 [73]. Taken together, these studies suggest that the N-terminal
ATP-binding domain and the intrinsic ATPase of Hsp90α remain essential for eHsp90α
function outside of the cells. Results of other studies from different laboratories also
supported the “eHsp90α chaperone mechanism” via their extracellular client proteins,
most noticeably MMP2, MMP9, and TLR, just to mention a few. To avoid redundance in
this special issue, we refer readers to two excellent review articles, a prior one by Wong
and Jay [32] and the current one in this special issue by Bourboulia and colleagues for more
detailed analysis of this mechanism.

On the other hand, the ATPase-independent mechanism has largely focused on the
so-called “eHsp90α > LRP-1” signalling pathway [28]. Li’s laboratory utilized both deletion
and site-directed mutagenesis to narrow down the essential epitope along the 732-amino
acid human eHsp90α for supporting the pro-survival, pro-motility, and pro-invasion activ-
ity of eHsp90α in vitro and in vivo. First, Cheng and colleagues reported that the ATPase-
defective mutants, Hsp90α-E47A (~50% ATPase activity), Hsp90α-E47D (ATPase-defect),
and Hsp90α-D93N (ATPase-defect), showed an indistinguishable degree of pro-motility
activity from the Hsp90α-wt protein on primary human skin cells in vitro [22]. Second, they
narrowed down the pro-motility activity to a 115-amino acid fragment called F-5 (aa-236
to aa-350) between the LR (linker region) and the M (middle domain of human) Hsp90α,
as previously mentioned. They demonstrated that the F-5 peptide alone promoted skin
cell migration in vitro and wound healing in vivo as effectively as the full-length Hsp90α-
wt [46]. Third, they illustrated the so-called “eHsp90α > LRP-1” signalling pathway as:
(1) the subdomain II in the extracellular part of the low-density lipoprotein receptor-related
protein-1 (LRP-1) that receives the eHsp90α signal; (2) the NPVY, but not NPTY, motif
in the cytoplamic tail of LRP-1 that connects the eHsp90α signalling to the serine-473,
but not threonine-308, phosphorylation in Akt kinases and (3) activated Akt1 ang Akt2
trigger cell migration [47]. Finally, within the F-5 fragment, Zou and colleagues identified
a dual lysine motif (Lys-270/Lys-277) that are evolutionarily conserved in all members
of the Hsp90α subfamily but absent in all Hsp90β subfamily members. Mutations at the
lysine residues eliminated Hsp90α’s ability to promote cell migration in vitro and tumour
formation in vivo. Substitutions of the two different amino acids at the corresponding sites
in Hsp90β granted Hsp90β with pro-motility activity like Hsp90α [45]. These authors pre-
sented an illustration of the F-5 fragment and the dual lysine motif locations in a schematic
monomer structure of Hsp90α, as shown in Figure 3, which shows a potential target in
eHsp90α for therapeutics. These findings suggest that the N-terminal ATPase domain and
the C-terminal dimer-forming and co-factor-binding domain are dispensable for eHsp90α
function. More interestingly, Gopal showed a novel crosstalk mechanism involving the
eHsp90α-LRP1 dependent regulation of EphA2 function, in which the eHsp90α-LRP1
signalling axis regulates AKT signalling and EphA2 activation during glioblastoma cell
invasion [23]. In addition, Tian et al. showed that clusterin served as an eHsp90α modu-
lator to synergistically promote EMT (epithelial-to-mesenchymal transition) and tumour
metastasis via LRP1 [74]. Besides binding to MMP2 and LRP-1, Garcia et al. reported that
eHsp90α binds to the type I TGFβ receptor to stimulate collagen synthesis, which provides
pavement for cell attachment and migration [75]. Nonetheless, the chaperone-dependent
mechanism, such as the activation of MMP2, and the chaperone-independent mechanism,
such as F-5 binding the LRP-1 receptor, do not necessarily have to be mutually exclusive,
as schematically depicted in Figure 4, which may represent two parallel mechanisms of
action by eHsp90α. The selectivity and specificity of these two pathways under various
pathophysiological conditions remain to be further studied.
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Figure 4. Two proposed mechanisms of action by eHsp90α. eHsp90α acts via an ATPase-dependent
or ATPase-independent mechanism, which is determined by different binding partners, as shown. It
is possible that the two mechanisms take place in parallel and work synergistically to achieve the
ultimate goal under pathophysiological conditions.

7. Preclinical Studies of eHsp90α

eHsp90α has been studied in several human disease models in animals, including
cancer, wound healing, idiopathic pulmonary fibrosis (IPF) and wasting syndrome (WS).
The implication of eHsp90α in blood circulation supporting tumour metastasis in a number
of animal models is especially encouraging considering the long-term and heavy emphasis
of Hsp90 on cancer.
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7.1. Wound Healing

When tissue is injured and the broken blood vessels clotted, all of the cells surrounding
the wound bed face ischemic stress, as previously described. Bhatia and colleagues made
full-thickness skin wounds in pigs, biopsied the wounds over time, and immunostained
the tissue samples with an anti-Hsp90α antibody. They found a massive, time-dependent
increase in the antibody staining in both the epidermis and dermis [56] (see Figure 1). Song
and Luo reported that eHsp90α localized on blood vessels in the granulation tissue of
wounded skin and promoted angiogenesis during wound healing in mice [76]. A series
of studies from Li’s group demonstrated that topical application of hrHsp90α, but not
hrHsp90β, strongly promoted closure of trauma (excision), burn, and diabetic wounds
in mice and pigs. In reserves, topically administered antibodies against eHsp90α blocks
wound closure [21,44,55,65,77]. Bhatia and colleagues carried out a clever study by taking
advantage of Hsp90α transgenic mice where the Hsp90α’s intracellular chaperone function
is nullified but the truncated Hsp90α protein still contains the entire F-5 region. They found
that these mice heal skin wounds as efficiently as their wild-type counterparts, indicating
that the chaperone function of Hsp90α is dispensable. However, topical application of
mAb 1G6D7 against eHsp90α inhibited the wound healing, suggesting an essential role
for eHsp90α instead [55]. As previous mentioned, the wound healing-promoting effect of
the full-length eHsp90α is entirely replicable by the F-5 fragment [46], which is currently
undergoing clinical trials for the treatment of diabetic foot ulcers.

7.2. Tissue Fibrosis

While Hsp90α enhances wound healing, excess eHsp90α in the injured lung may
do more harm than good [78]. Pulmonary fibrosis is characterized by overactivated lung
fibroblasts and massive collagen deposition by the cells at the injured site. Using BLM-
induced pulmonary injury and the fibrosis mouse model, which represents failed wound
healing, Dong and colleagues showed that mAb 1G6-D7, a monoclonal antibody against
eHsp90α, inhibited eHsp90α function and significantly protected against BLM-induced
pulmonary fibrosis by ameliorating fibroblast overactivation and ECM production [79]. The
same group proposed a possible mechanism by which eHsp90α links the ER stress to the
PI-3K-Akt pathway [80]. Ballaye and colleagues reported the significant increase of both
eHsp90α and eHsp90β in the circulation of patients with idiopathic pulmonary fibrosis
(IPF), and the higher levels correlated with disease severity. They found that eHsp90α
signalled through LRP-1 to promote myofibroblast differentiation and persistence in a
rat ex vivo model [81]. Together, the above studies argue that the specific inhibition of
eHsp90α is a promising therapeutic strategy to reduce pro-fibrotic signalling in IPF.

7.3. Wasting Syndrome

Wasting syndrome (WS) refers to the unwanted weight loss of more than 10 percent
of a person’s body weight, with diarrhea, weakness, and fever that can last up to 30 days.
WS is often a sign of disease, such as cancer, AIDS, heart failure, or advanced chronic
obstructive pulmonary disease. “Cachexia”, characterized by muscle wasting, is a major
contributor to cancer-related mortality. A recent study by Zhang et al. reported elevated
serum Hsp70 and Hsp90 in Lewis lung carcinoma (LLC)-bearing mice. The tumour-released
and exosome-bound eHsp90 and eHsp70 were both necessary and sufficient to induce
muscle wasting in a syngeneic tumour mouse model [82]. These studies may suggest
clinical value in inhibiting eHsp90 for WS.

7.4. Tumorigenesis

Given the specific supporting role of eHsp90α in cancer, and the failure of many clini-
cal trials using pan- inhibitors targeting all intracellular Hsp90 chaperone members, several
groups have reported on the benefit of selectively inhibiting eHsp90α for reducing tumour
metastasis and improving patient survival. Stellas et al. reported that intraperitoneal
injection with monoclonal antibody (100–200 µg per mouse daily) against 4C5 antigen
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(cell surface eHsp90α) into C57BL/6 mice 24 h following tail vein injection with B16-F10
melanoma cells reduced tumour lung colonization and improved the survival of the mice
in reference to placebo-treated mice [83]. These authors reported a similar finding using
a human breast cancer xenograft model and showed that the antibody disrupted inter-
actions of eHsp90 with MMP2 and MMP9 [84]. Tsutsumi and colleagues showed that
DMAG-N-oxide (a membrane-impermeable version of 17-DMAG inhibitor) blocked lung
colonization by B16 melanoma cells in nude mice [71]. Results of the study suggest that the
N’-terminal ATP-binding of Hsp90α is still required for eHsp90α function. Using a differ-
ent anti-Hsp90α monoclonal antibody, Song and colleagues showed the dose-dependent
inhibition of tumour growth and angiogenesis of B10-F10 cells in nude mice [74]. Using
orthotopic breast cancer mouse models, Hou and colleagues showed that the injection of
hrHsp90α protein increased primary tumour lymphatic vessel density and sentinel lymph
node metastasis. In reverse, injection of another independent anti-Hsp90α neutralizing
antibody reduced 70% of lymphatic vessel density and 90% of sentinel lymph node metasta-
sis [85]. Using the well-known human triple negative breast cancer cell line, MDA-MB-231,
xenograft mouse model, two laboratories independently reported a critical role for eHsp90α
in tumour growth and lung metastasis. Stivarou and colleagues showed that injection with
an antibody against 4C5 antigen (Hsp90) inhibited both de novo tumour growth and growth
of already established mammary tumours [86]. Zou and colleagues demonstrated that
injection with hrHsp90α, but not hrHsp90β, protein rescued the tumorigenesis of Hsp90α-
knockout MDA-MB-231 cells in nude mice. More interestingly, the authors showed that the
ATPase-defective Hsp90α (Hsp90α-D93N) protein showed exactly the same effect as the
wild type Hsp90α on tumour formation and lung metastasis. In reverse, injection with the
monoclonal antibody mAb1G6-D7, not only blocked de novo tumour formation and lung
metastasis, but also significantly reduced (~35%) the continued growth of already formed
tumours [45]. Consistently, Secli el al recently reported that “Morgana”, a co-chaperone of
eHsp90α, induced cancer cell migration through TLR2, TLR4, and LRP1. A monoclonal
antibody targeting Morgana inhibited mouse breast cancer cells, EO771, from metastasizing
to the lung in C57BL/6 mice [87]. Milani and colleagues established mouse models with
human acute lymphoblastic leukemia (ALL) and showed that the background plasma
level of eHsp90α was below 1ng/mL blood in healthy mice, whereas the plasma level of
eHsp90α was elevated into the 100–150 ng/mL range within two months in a fashion that
closely correlated with the increased percentage of hCD45+ cells, a monitoring marker of
ALL, in the blood, bone marrow, liver, and spleen of the animals [88]. A recent study by
Luo’s group showed that PKM2 (pyruvate kinase M2)-like eHsp90α is secreted by lung
cancer cells and detected in blood samples of human cancer patients. The injection of
mouse recombinant PKM2 protein into blood circulation promoted tumour metastasis to
the lung via binding to integrin β1 [89]. Since PKM2 is associated with Hsp90α inside
cells [90], it is possible that the secreted PKM2 is in complex with eHsp90α, which remains
to be experimentally confirmed.

8. Clinical Studies of eHsp90α in Patients with Cancer and Inflammatory Disorders

Since 2008, close to two dozen clinical studies have compared the eHsp90α levels
in blood circulation between healthy humans and patients with various types of cancers
and other inflammatory diseases. The cancers from the patients include all of the NCI
(National Cancer Institute, USA)-listed major human cancers. Due to space limitations, we
are unable to describe each of the individual studies and their findings in detail. Rather, we
chose to summarize the common findings of these studies, i.e., elevated plasma eHsp90α
in circulation, in Table 1. While the exact amount of plasma/serum eHsp90α markedly
vary (from pg/mL to mg/mL) among different reports (though they all used ELISA-based
detection methods), a majority of the studies showed a statistically significant increase in
cancer patients compared to normal patients in a range of sub µg/mL. More intriguingly,
the higher levels of plasma eHsp90α closely correlated with the later stages of the diseases,
such as metastasized tumours. These studies raise the possibility of utilizing plasma
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eHsp90α as a new serum marker for cancer detection and therapeutic targeting, as well as
for other chronic inflammatory diseases in humans.

Table 1. Summary of clinical studies on plasma eHsp90 in blood circulation *.

Cancer Type # of Patients Plasma eHsp90α # of Healthy
Humans Plasma eHsp90α Refs.

Mix of liver, lung, breast,
colorectal, stomach,

pancreatic, esophagus
cancer, and lymphoma.

300
IQR 87.01–235.5
Median 157.80

(ng/mL)
132

IQR 22.87–44.46
Median 31.19

(ng/mL)
[91]

Colon (CRC) 635 51.4 (33.8, 80.3)
ng/mL 295 43.7 (34.3, 54.8)

ng/mL [92]

Mix of Breast & Other
cancers 85 >50 (ng/mL) 16 50.00 (ng/mL) [56]

Liver 782
IQR 96.7–246.8
Median 159.9

(ng/mL)
572

IQR 21.1–42.2
Median 30
(ng/mL)

[93]

Lung 1046 Ave. 220.46
(ng/mL) 592 Ave. 48.0 (ng/mL) [94]

Colon (CRC) 77 135 ± 101.94
(ng/mL) 76 44 ± 15.35

(ng/mL) [95]

Melanoma 98 Median. 49.76
(ng/mL) 43 Median

25.7(ng/mL) [96]

AML 82 Ave. 295 (ng/mL) 20 Ave. 12.1 (ng/mL) [97]

Pancreas 20 0.57 ± 0.23
(mg/mL) 10 0.18 ± 0.05

(mg/mL) [98]

Pancreatic ductal
adenocarcinoma 114 1 ± 0.86 (mg/mL) 10 0.18 ± 0.05

(mg/mL) [98]

Hepatocellular
carcinoma 76 274 ± 20.3

(µg/mL) 14 186 ± 18.3
(µg/mL) [99]

Hepatocellular
carcinoma 659 144 ± 4.98

(ng/mL) 230 46 ± 1.11 (ng/mL) [100]

Esophageal squamous
cell carcinoma 193 ≥82.06 (ng/mL) [101]

Esophageal squamous
cell carcinoma 93 Ave. 85 (ng/mL) 0 0 [102]

Cervical cancer 220 80.6–212.8
(ng/mL) 75 48.6–89.6 (ng/mL) [103]

Prostate cancer 18
Median 50.7
(25.5–378.1)

(ng/mL)
13

Median 27.6
(13.9–46.5)
(ng/mL)

[104]

Childhood acute
lymphoblastic leukemia 21 1.22–23.85

(ng/mL) No exact number 3.16–33.58
(ng/mL) [105]

Gastric cancer 976 Median 64.3
(ng/mL) 100 45.16 (ng/mL) [106]

Lung cancer 560 97.64 ± 103.36
(ng/mL) 78 38.44 ± 15.4

(ng/mL) [107]

Mix of Breast, Liver,
Lung, Colon,

Esophageal, Gastric and
Colorectal

370 57.97–294.63
(ng/mL) Reference range 0~82.06 (ng/mL) [108]
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Table 1. Cont.

Cancer Type # of Patients Plasma eHsp90α # of Healthy
Humans Plasma eHsp90α Refs.

Non-small-cell lung
cancer

60
Pre-chemotherapy 0.29–0.93 (ng/mL) 60 After 4-cycles of

chemotherapy 0.12–0.24 (ng/mL) [109]

Malignant melanoma 60 70.8–140.77
(ng/mL) 60 42.56–61.42

(ng/mL) [110]

Nasopharyngeal
carcinoma 196 212 ± 144.32

(ng/mL) 106 35 ± 17.47
(ng/mL) [111]

Non-cancer diseases

Crohn’s disease 53 6.4~55.1 [112]

Psoriasis 80 100 ± 193.66
(AU/mL) 80 63 ± 49.71

(AU/mL) [113]

Chronic
glomerulonephritis 32 33.31–77.25

(ng/mL) 10 22.32 [114]

Amyotrophic lateral
sclerosis 58 17.02 ± 10.55 85 12.7 ± 9.23 [115]

Overweight and obese
children with

Nonalcoholic fatty liver
disease

26 3.59–119.85
(ng/mL)

Overweight &
obese children

without
Nonalcoholic fatty

liver disease

0–105.4 (ng/mL) [116]

Chronic
glomerulonephritis with

nephrotic syndrome
21 33.31–77.25

(ng/mL) 10 Approx. 25–30
(ng/mL) [114]

Systemic sclerosis 92 9.6–17.9 (ng/mL) 92 7.7–12.4 (ng/mL) [117]

Diabetic lower extremity
arterial disease

(DLEAD)
46 Ave. 263.88

(pg/mL) [11]

Idiopathic pulmonary
fibrosis (IPF) 31 Ave. 60 (ng/mL) 9 Ave. 35 (ng/mL) [118]

* Note: The reported original data on plasma Hsp90 from patients varied dramatically from pg/mL to mg/mL,
while the reasons remain unclear. Two presentations, “range” and “average”, by the original studies were adopted
here. Nonetheless, higher plasma Hsp90 levels in patients’ blood are evident. IQR: Interquartile range (IQR).

Taking tumorigenesis as an example, the recognized five steps of tumour development
include gene mutations, hyperplasia, dysplasia, primary tumour formation, and tumour
metastasis [119–122]. The vast majority of the United States Food and Drug Administration
(FDA)-approved oncology drugs (>1000 by the end of 2020) target primary tumours, even
though cancer patients die predominantly from metastasis [123]. These drugs extend
patients’ survival for variable periods of time, but many lose efficacy shortly after several
months of treatment due to new mutations generated in the tumours. On the other hand,
tumour metastasis begins with local expansion and invasion of the tumour at the primary
organ driven by oncogenic signals with tumour microenvironmental assistance. Tumour
cells migrate away from their origin and infiltrate into new surrounding tissues in which
the tumour cells intravasate into the nearest blood circulation or the lymphatic system.
After entry into the circulation, the tumour cells become known as circulating tumour cells
(CTCs). Continued distal metastasis requires the tumour cells to survive and disseminate
via the blood circulation, so-called hematogenous metastasis. Only a small number of
CTCs successfully extravasate by crossing the endothelial barrier, leaving the circulation,
and entering a distant organ. Thus, identification of a plasma factor that provides critical
assistance for CDC to achieve the ultimate success of metastasis could lead to the sought-
after target for next generation of anti-tumour therapeutics. If elevated plasma eHsp90α
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in cancer patients proves to promote CTC survival and dissemination through blood
circulation during metastasis, interruption of the plasma eHsp90α function by antibodies
that target the F-5 region of eHsp90α, as schematically proposed in Figure 5, would be
an attractive approach to slow down tumour metastasis and buy time for patients to
eliminate the primary tumours via surgery and the currently available therapies. For the
next few years, the potential importance of the plasma eHsp90α reported in human cancer
patients must be carefully studied by engineering the pathological plasma eHsp90α levels
in Hsp90α-knockout animal models.
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Figure 5. Plasma eHsp90α as a potential target for therapeutics to block tumour metastasis. Findings
of the clinical studies shown in Table 1 have raised an exciting possibility that monoclonal antibody
therapeutics against plasma eHsp90α block tumour metastasis. Since plasma eHsp90α is low and
unessential for homeostasis, targeting plasma eHsp90α in cancer patients may prove to be safer and
more effective than targeting the intracellular Hsp90α and Hsp90β.

9. Is eHsp90α a More Effective and Safer Drug Target than Intracellular Hsp90?

As mentioned at the beginning of this article, over the past two decades, intracellular
Hsp90 chaperones (Hsp90α, Hsp90β, and possibly other related chaperones) have been
targeted by at least 18 small molecule inhibitors binding to the N-terminal ATP/ADP
binding site of the proteins in more than 60 cancer clinical trials [4–6]. To date none has
received FDA approval for clinical treatment of human cancers due to various speculative
reasons [124]. A recent study raised a serious and previously overlooked concern that
there might be a complete lack of a druggable window between tumour and normal
tissues for ATP-binding inhibitors. Tang and colleagues showed a wide range of Hsp90
expression in different host organs which further exhibited a wide range of toxicity to an
ATP-binding inhibitor and heterogenous responses against the conversional theory to the
same ATP-binding inhibitor among different tumour cells. These findings could seriously
complicate patient and biomarker selections, toxicity readout, and efficacy of the drug
candidates for clinical trials [125]. In contrast to the essential role of the intracellular Hsp90,
especially Hsp90β for cell and organ homeostasis, the requirement of eHsp90α for life has
not been reported. Instead, only when tissue homeostasis is broken, such as during wound
healing or disease occurrence such as tumour growth, does eHsp90α then come into the
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picture. To support this notion, Bhatia and colleagues showed that selectively blocking
eHsp90α by antibodies delayed wound healing [55]. Similarly, CRISPR-knockout of the
Hsp90α gene selectively eliminated the ability of the MDA-MB-231 tumour cells to invade a
Matrigel barrier and form tumours in mice. More remarkably, the defective tumorigenicity
of Hsp90α-KO tumour cells could be fully rescued by extracellular supplementation with
hrHsp90α proteins in an ATPase-independent fashion [45]. Therefore, in theory, drugs
targeting eHsp90 should achieve higher efficacy and pose minimum toxicity to patients. A
schematic representation of this simplified thought is depicted in Figure 6.
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Cytotoxicity and lack of a clear therapeutic window under tolerable dosages have been the major
hurdles for ATP-binding inhibitors of Hsp90, especially Hsp90β, in cancer clinical trials. In contrast,
selectively targeting eHsp90α with membrane impermeable drug candidates has immerged as a new
therapeutic strategy in cancer and beyond.

10. Why Is eHsp90α Co-Opted for Extracellular Duties?

Our current understanding of this fundamental question remains little beyond spec-
ulation. An entry point to understand the question is the fact that Hsp90 maintains
an unusually high expression level in almost all cell types. Although the statement of
“1–2% Hsp90 of total cellular proteins” has been used for decades, this number did not
come from direct experimental measurements, but rather from estimations. The first quan-
titation of the cellular Hsp90 protein was completed by Sahu and colleagues in 2012. Using
classical biochemical techniques, these authors demonstrated that Hsp90 accounted for
2–3% of the total cellular proteins among four normal cell lines and 3–7% of the total
cellular proteins among four cancer cell lines tested [126]. More surprisingly, a recent study
involving 12 (eight tumour and four normal) cell lines reported a much greater variation in
the total cellular Hsp90 (α and β) expression, a range of 1.7% to 9% among non-cancer cell
lines and different mouse organs and a range of 3 to 7% among the tumour cell lines [125].
If we take the general assumption that a given type of human cell expresses 1/3 of its
total 30,000 protein-coding genes, the percentage of the Hsp90 expression is at least several
hundred times higher than the rest of the 9999 cellular gene products. The question is why
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a particular gene product must be given such a spatial privilege. Evolution would not have
tolerated such an abundant storage of a protein if functioning as an intracellular chaperone
were its sole duty, as Csermely and colleagues have long argued [7]. We speculate that a
smaller portion of Hsp90α is required to work with Hsp90β for the intracellular duty of
chaperones, such as stabilization of HIF-1α [51], whereas the vast majority of eHsp90α is
stockpiled for supply to tolerate environmental insults, such as tissue injuries, that take
place all the time. The second possible answer is that eHsp90α provides unique properties
that are absent from conventional extracellular factors such as cytokines, growth factors,
or ECMs. Li’s group showed that topical recombinant eHsp90α protein promoted normal
wound healing far more effectively than the (only) FDA-approved growth factor therapy
(RaranexTM, PDGF-BB). Their study showed that eHsp90α overrides the inhibitory effect
of TGFβ family cytokines, which are abundantly present in fresh wounds. To the best
of our knowledge, eHsp90α is the first molecule with this unprecedented property [46].
Third, an effective wound-healing agent is one that must recruit all three types of skin
cells (epidermal, dermal, and endothelial) to close the wound. However, all growth factors
show selectively targeted cell type(s). This limitation has made any single growth factor
therapy less effective in the multi-cell process of wound healing. PDGF-BB only acts on
dermal fibroblasts, but not epidermal keratinocytes and dermal microvascular endothelial
cells, as the latter do not express either PDGFRα or PDGFRβ [46]. These findings may
explain why Raranex has shown limited efficacy in clinic, even with several thousand
times higher concentration of PDGF-BB (100 µg/g gel) than found in human circulation
(0–15 ng/mL). In contrast, eHsp90α acts as a common pro-motility factor for all three types
of skin cells involved in wound healing and shows a far stronger effect than PDGF-BB in
wound healing [46,65,78]. For similar reasons, eHsp90α may also have an advantage over
conventional extracellular factors in cancer invasion. For instance, Hanahan and Wein-
berg in their heavily cited review on cancer pointed out that one of the most recognized
tumour-suppressing effects comes from the anti-growth signal by TGFβ [127]. To sabotage
the inhibitory effect of TGFβ, only a small number of tumours choose to mutate either the
type II (TβRII) or type I (TβRI) TGFβ receptor or their downstream effector, Smad4, which
forms a complex with activated Smad2/3 to regulate gene expression. How the rest of
human tumours bypass the TGFβ’s inhibitory signals has never been discussed. We argue
that these tumours secrete eHsp90α to override TGFβ inhibition.

11. Conclusions and Perspective

It has been the second decade since the official recognition of eHsp90α as a new
research branch of Hsp90 in 2008. Since then, all-round progress, including mechanisms of
secretion and action, biological function, therapeutic epitope identification, preclinical eval-
uation, and clinical relevance of eHsp90α, has been reported around the globe. If we have
to provide a single outstanding take-home message to the readers, it would undoubtably
be the exciting consensus that eHsp90α is not required for homeostasis but remains an es-
sential player under pathological conditions and crisis. Therapeutically targeting eHsp90α
in blood circulation represents a particularly exciting modality due to its ease-of-access,
safety, and likely increased efficacy compared to targeting intracellular or nuclear Hsp90.
For the next decade, the central challenge is to prove the clinical relevance of eHsp90α, such
as in tissue injury, fibrosis, and tumorigenesis, and to concurrently establish the druggable
window for targeting eHsp90α in human disorders for therapeutic development.
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Abstract: Heat shock protein 90 (Hsp90) is a highly conserved molecular chaperone that assists in
the maturation of many client proteins involved in cellular signal transduction. As a regulator of
cellular signaling processes, it is vital for the maintenance of cellular proteostasis and adaptation
to environmental stresses. Emerging research shows that Hsp90 function in an organism goes
well beyond intracellular proteostasis. In metazoans, Hsp90, as an environmentally responsive
chaperone, is involved in inter-tissue stress signaling responses that coordinate and safeguard cell
nonautonomous proteostasis and organismal health. In this way, Hsp90 has the capacity to influence
evolution and aging, and effect behavioral responses to facilitate tissue-defense systems that ensure
organismal survival. In this review, I summarize the literature on the organismal roles of Hsp90
uncovered in multicellular organisms, from plants to invertebrates and mammals.

Keywords: Hsp90; organismal; cell nonautonomous; proteostasis; stress response; inter-tissue
stress signaling

1. Introduction

Cellular protein homeostasis depends on the integrity and function of its proteome, of
which molecular chaperones play an indispensable role to maintain it. Heat shock protein
90 (Hsp90) is an essential and evolutionary conserved molecular chaperone, that except for
archea, is found in all kingdoms of life [1]. Hsp90 is crucial for the viability and growth
of eukaryotic cells and organisms, and it is one of the most abundant cellular proteins
known to date, representing ~2% of total protein in a cell [2]. This abundance of Hsp90 is
required to sustain the wide range of cellular processes it is implicated in, by chaperoning
components involved in cellular signal transduction events such as protein kinases and
steroid hormone receptors [3–8].

Hsp90 requires ATP function for its activity to help facilitate folding of client proteins,
and this function is regulated and controlled by a variety of co-chaperones in a context-
specific manner [7,9], as well as post translational modifications [10–13]. Briefly, each
Hsp90 dimer binds ATP in its “open conformation”, which is followed by dimerization
of the N-terminal domains of each protomer, allowing ATP hydrolysis. This subsequently
leads to release of the folded and mature client protein, resulting in the open conformation
of the Hsp90 dimer [7,8,14]. Each step along the Hsp90 chaperone cycle is finetuned by
co-chaperones, such as, e.g., Cdc37/p50, which promote binding to kinase clients [15–17],
or Aha1 and p23 that are involved in the regulation of Hsp90 ATP hydrolysis [14,18,19].
For more detailed information on the Hsp90 structure and regulation by co-chaperones,
the reader is referred to articles and reviews specifically discussing this topic, including
this Special Issue [8,20–22].

Because of its involvement in a wide range of cellular processes, Hsp90 supports an
expansive network of more than 300 confirmed client proteins encompassing at least 5% of
total proteins in yeast cells, and this number is similarly increased in multicellular organ-
isms and mammals (https://www.picard.ch/downloads/Hsp90interactors.pdf; accessed
20 December 2022). Consequently, it is perhaps not surprising that Hsp90 is involved
in almost every cellular process from cell cycle and a multitude of signal transduction
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pathways to protein trafficking, transcriptional processes and genomic stability [23–29]. In
multicellular organisms, Hsp90’s involvement is expanded accordingly, and evidence in the
past two decades has shown that Hsp90’s role reaches far beyond maintenance of signaling
proteins: Its involvement ranges from development and evolution to intercellular stress
signaling, aging responses and innate immunity, as well as neuronal function and behavior
(Figure 1). In this review, I will highlight these organismal roles of Hsp90 which have
been uncovered in different multicellular model systems, including plants, invertebrates
and mammals.
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C. elegans, Mus musculus, D. melanogaster, Danio rerio and A. thaliana, Hsp90 acts in diverse biological
processes to ensure organismal proteostasis.

2. Hsp90 in Organismal Development and Evolution
2.1. Development

The coordination of cell proliferation and differentiation is crucial for proper develop-
ment. Hsp90’s central role in growth and development is profound, as its client proteins
regulate almost all phases of the cell cycle. These include PI-3/AKT, NFkB and MAP kinase
pathways, which drive progression through G1/S and G2/M checkpoints through tran-
scriptional routes converging on Cyclin D, and Cyclin B and E [30]. Hsp90 also regulates
various key cell cycle regulators directly, including Cdk1, Cdk2, Cdk4 and Cdk6 [31–34].
Furthermore, check point kinases Wee-1 and Myt-1 depend on Hsp90 function [35–37].
Later stages of mitosis and cytokinesis also depend on Hsp90 via mitotic regulators Sur-
vivin and Aurora B [38,39]. Because of Hsp90 influencing the cell cycle at multiple levels,
either directly or indirectly, Hsp90 function is indispensable not only for organismal de-
velopment but also for tumor cell progression, which was recognized early on through
targeted inhibition of Hsp90 function using ansamycin inhibitors such as geldanamycin
and 17-AAG [2,40–42]. Due to Hsp90 being involved in signaling pathways promoting
cancer cell progression, it has become an attractive and well-established therapeutic cancer
target, with Hsp90 inhibitors being continually developed and reviewed in clinical trials in
an ongoing basis [43].

Most eukaryotic systems have two different cytosolic Hsp90 isoforms, with the excep-
tion of C. elegans that has only one cytosolic isoform (HSP-90/DAF-21). In mammals and
yeast, the stress-inducible Hsp90α is encoded by the gene HSP90AA1 in humans (HSP82 in
yeast), and the constitutively expressed Hsp90β is encoded by HSP90AB1 in humans and
HSC82 in yeast. Although both isoforms share extensive sequence identity, their cellular
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functions are not completely identical and this is also demonstrated in their developmental
requirements in an organism. For example, the Hsp90β knockout mouse shows early
embryonic lethality [44], whereas this is not the case for mice lacking Hsp90α, which are
viable but exhibit a failure of spermatogenesis and become sterile [45]. Moreover, while
both isoforms are mutually expressed in most tissues in the mouse, the heart and muscle
were found to harbor reduced levels of Hsp90α compared to Hsp90β [45]. Interestingly,
zebrafish contains two Hsp90α genes, called Hsp90a1 and Hsp90a2. Hsp90a1 is crucial for
myofibril organization in skeletal muscle development, whereas Hsp90a2 has no effect on
muscle development [46]. Coherent with observations in vertebrates, the only cytosolic
Hsp90 isoform in the invertebrate C. elegans (HSP-90) is crucial for myosin folding and
muscle development, as RNAi-mediated knockdown leads to disrupted myosin filaments
and motility defects [47,48]. Mammals such as mice, however, appear to require higher
threshold levels of Hsp90 to promote stress adaptation and survival of the organism com-
pared to yeast. This is accomplished through an internal ribosome entry site (IRES) in the
5’UTR of the Hsp90ab1 mRNA that can reprogram Hsp90 translational levels in stressed
conditions [49].

As observed in other multicellular model organisms, depletion of Hsp90 by RNAi in
C. elegans leads to morphological and transcriptional changes, including developmental
changes to the gonad, vulval structures and oocyte development [50]. Indeed, Hsp90
regulates the meiotic prophase to metaphase transition during oocyte development by
ensuring wee-1 kinase functionality, which results in reduced fertility in the worm [51].
Interestingly, besides transcriptional changes that demonstrate induction of the heat shock
response, Hsp90 RNAi at the whole animal level also leads to induction of an innate im-
mune response, by altering expression levels of innate immune genes primarily expressed
in the intestine [50].

The role of Hsp90 in C. elegans development is further highlighted through its in-
volvement in dauer formation, TGFβ- and Notch signaling. The C. elegans TGF-β pathway
regulates a decision between reproductive development and arrest at a larval stage known
as dauer that is suited for survival under conditions of environmental stress. Hsp90 itself is
implicated in dauer formation through its interaction with two components of the TGF-β
pathway, TGF-β-RI (DAF-1 in C. elegans) and TGF-β-RII (DAF-4 in C. elegans) [52]. Hsp90
also regulates the functionality of a DAF-11/guanyl cyclase signaling pathway in sensory
ciliae and amphid neurons that controls dauer formation in response to environmental
cues, in parallel to the TGF-β pathway [53,54], as well as chemosensory behaviors [54,55].
Germline proliferation in C. elegans requires signaling from the somatic gonad to the
germline, which is mediated by GLP-1 (a Notch orthologue) [56]. If GLP-1/Notch signaling
is defective through mutations in the glp-1 gene, germline stem cells prematurely exit
mitosis and enter meiosis to form gametes, resulting in reduced germline proliferation and
sterility [57]. Hsp90 has been identified as a regulator of Notch signaling that suppresses
defective GLP-1/Notch signaling and promotes germline proliferation [58]. Strikingly,
C. elegans depleted for Hsp90 by RNA interference or using an HSP-90(I461N) mutant leads
to the formation of a proximal germline tumor, despite its reduced function and reduced
GLP-1 signaling [57,58]. Further research in solving this paradox will be required to better
illuminate the complex tissue-specific and organismal functions of the Hsp90 chaperone
system in C. elegans and other metazoans.

2.2. Hsp90 as a Capacitor of Organismal Evolution

The physiological requirement of Hsp90 for the growth and development of model
organisms was obvious early on using Saccharomyces cerevisiae [35,59], but was further
highlighted using Drosophila melanogaster [60], where point mutations of the Drosophila
Hsp90 (Hsp83) gene are lethal as homozygotes [61]. Although heterozygous mutant
combinations are viable as adults, they are associated with sterility due to defects in
microtubule dynamics during spermatogenesis [61]. Further experiments in Drosophila
designed to identify suppressors of signal transduction Sevenless and Raf pathway mutants
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recovered Hsp90 mutants. Progeny of these Hsp90 mutants resulted in developmental
abnormalities that, dependent on the genetic background, affected different morphological
structures of the fruit fly [60,62]. This discovery led to further demonstration of Hsp90’s
importance in Drosophila spermatogenesis and germline development [61]. It was one of
the cornerstones that defined Hsp90’s prominent role in evolution, which was established
as the “Hsp90 capacitor hypothesis” by the Lindquist lab [63].

The capacitor hypothesis demonstrated that diverse pathways become sensitive to the
effects of genetic variation when Hsp90 function is compromised due to environmental
stress, pharmacological inhibition or genetic mutation. It showed that Hsp90 functions in a
wide variety of morphogenetic processes that are apparent in all model organisms tested,
from yeast to vertebrates [63–65]. For example, the diverse phenotypes associated with
Hsp90 impairment in Drosophila are deformed eye and thickened wing phenotypes [63],
whereas in Arabidopsis thaliana, this leads to altered leaf and cotyledon shapes [64]. Sim-
ilar consequences were observed in zebrafish upon reduced Hsp90 expression [66]. In
C. elegans, the expression level of Hsp90 in particular varies during C. elegans embryonic
development, causing embryos with stronger induction of Hsp90 to be less affected by
mutation, thus buffering genetic variation [67]. However, individuals of a population with
increased stress resistance due to higher Hsp90 levels show a “trade-off” with lowered
reproductive potential, whereas worms with lower stress resistance are associated with
higher reproductive fitness. The reason for this is thought to be a bet-hedging strategy,
which is beneficial in ever-changing environments, that ensures survival of the population
as a whole [67,68]. The reduced reproductive fitness due to increased Hsp90 expression
perhaps highlights the requirement for Hsp90 expression levels to be tightly regulated due
to its important role in germline development [57].

Importantly, phenotypic traits revealed upon temporary Hsp90 impairment can be se-
lected for over several generations and become fixed in following generations, establishing
Hsp90’s crucial role in evolution. An example for this in a natural setting was provided by
the cavefish Asyanax mexicanus, where cryptic variation in eye size was masked by Hsp90
in the ancestral river but revealed when fish were kept in caves that challenged the Hsp90
system due to low-salinity water [65]. This even plays a role in human disease, as is the
case in Fanconi anemia (FA), a complex autosomal recessive human cancer predisposition
syndrome that results in point mutations of 19 genes involved in the FA genome mainte-
nance pathway [69]. The function of less severe FANCA mutants was preserved by Hsp90
binding, which maintained FA pathway function but became destabilized and sensitive to
genotoxic stress upon Hsp90 impairment [69].

However, while the evolutionary capacitor hypothesis relies on the potential of cy-
tosolic protein instability that can be exposed upon Hsp90 inhibition, other contributions
were shown to underlie Hsp90-dependent transcriptional mechanisms and chromatin
structure [25–28,70,71]. While these are seemingly different mechanisms leading to the
variety of Hsp90 buffered traits, it is perhaps a combination of multiple Hsp90-dependent
genetic as well as epigenetic mechanisms working in concert.

3. Hsp90-Dependent Regulation of Organismal Proteostasis, Stress and Aging
3.1. Hsp90 in the Regulation of Cell Nonautonomous Stress Signaling

Hsp90, together with its co-chaperone machinery, is an integral part of the cellular
network that safeguards proteostasis. As with other chaperones, Hsp90 expression is
regulated by the stress transcription factor Heat Shock Factor 1 (HSF1) and is increased
in response to environmental challenges that initiate the cytosolic heat shock response
(HSR) [72]. This is accomplished in a negative feedback mechanism, whereby under normal
conditions, HSF1 is sequestered by a multichaperone complex including Hsp90 and Hsp70
in an inactive monomeric form [73]. Proteotoxic stress conditions that increase the amount
of misfolded proteins in the cell recruit the chaperones away from HSF1 towards the
accumulating pool of misfolded proteins and releases HSF1 monomers. This in turn allows
HSF1 monomers to form homotrimers that translocate to the nucleus, where they bind
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to heat shock elements (HSE) that induce molecular chaperones (heat shock proteins), as
well as trafficking and proteolytic genes, in order to restore cytosolic proteostasis. Once the
levels of Hsp90 and other chaperones have sufficiently increased in the cytosol to refold
damaged proteins, they are recruited back to HSF1.

However, expression of Hsp90 can also, directly or indirectly, be regulated by other
transcription factors in addition to HSF-1. For example in C. elegans, the GATA transcription
factor PQM-1 responds to local changes in Hsp90 expression levels as a mediator of tran-
scellular chaperone signaling, but also regulates Hsp90 expression itself [74]. In addition
to HSF1, Hsp90 also regulates the function of the FOXO orthologue DAF-16 isoform A by
facilitating its translocation into the nucleus upon heat stress and reduced ILS [75].

In metazoans, the stress-dependent induction of HSF-1 transcriptional activity also
depends on intercellular stress signaling responses. In C. elegans, temperature alterations are
sensed by two thermosensory AFD neurons that control temperature-dependent behaviors.
This is accomplished through the action of the guanylyl cyclase GCY-8 that is specifically
expressed in AFD neurons, and which controls HSF1-dependent induction of the HSR
in distal cells in order to restore proteostasis at the organismal level. Neuronal control
of proteostasis in response to acute temperature challenges is, however, uncoupled from
aging-related responses via a GPCR thermal receptor GTR-1 expressed in chemosensory
neurons [76]. The C. elegans nervous system relays the signal to distal organs via the
neurotransmitter serotonin, thus involving serotonergic neurocircuitry [77,78]. However,
astrocyte-like cells in the nervous system can also regulate the cell-nonautonomous HSR in
an HSF-1 dependent manner that does not rely on known neurotransmitters but instead
requires small clear vesicle release [79]. Non-neuronal tissues such as muscle and gut cells
can equally relay information of temperature changes to thermosensory AFD neurons via
estrogen signaling through the nuclear hormone receptor NHR-69 [80], an orthologue of
the human HNF4 transcription factors that are clients of Hsp90 [81].

Interestingly, heat shock leads to rapid induction of HSF1 activity in the C. elegans
germline [77,82,83] and HSF1 is required for gametogenesis in invertebrates and ver-
tebrates [72,84]. Like Hsp90, HSF1 is required for germline proliferation and fecun-
dity, relying on Insulin/IGF-1 signaling in the soma that nonautonomously activates
HSF-1 in the germline [85], although whether Hsp90 is involved in this regulation is
currently unknown.

However, Hsp90 is itself involved in relaying signals from one tissue to another, partic-
ularly when its expression levels are altered in the gut or the nervous system, an organismal
stress signaling response known as Transcellular Chaperone Signaling (Figure 2) [86,87].
Enhancement of Hsp90 capacity in the gut or the neurons leads to a compensatory tran-
scriptional inter-tissue response, regulated via the transcription factor PQM-1, that induces
Hsp90 expression in other distal cell types and primarily muscle cells [74,88]. This protects
against the age-associated debilitating consequences of misfolded proteins expressed in
muscle cells, including human amyloid beta protein or endogenously expressed metastable
myosin [74,88]. How this transcriptional response is relayed from one tissue to another,
however, depends on tissue context. Transcellular chaperone signaling from neurons to
the muscle requires glutamatergic signaling and relies on the c-type lectin clec-41 that
associates with AMPA receptor in glutamatergic neurons (Figure 2A) [74]. Increased Hsp90
expression in the gut is relayed via the secreted immune peptide asp-12 which leads to
transcriptional upregulation of Hsp90 in muscle cells (Figure 2A) [74].
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nals to activate HSF-1 in the adrenal glands in the kidney to induce Hsp70 expression [89], 
although how Hsp90 itself could potentially be involved in this response is currently not 
known and will require further research.  

One question that often arises is whether Hsp90 is secreted as part of inter-tissue 
stress signaling in an organism. Hsp90 secretion has been observed in tissue-culture in 
response to a variety of stress conditions as well as in cancer cells [90]. Clinically, skin 
injury promotes Hsp90α secretion and potentiates wound healing in tissue-culture, pigs 
and dogs [91,92]. However, secreted, extracellular Hsp90 has not been observed as a sig-
naling component itself involved in inter-tissue stress signaling in an organism. In fact, 
secretion of Hsp90 was not detected in C. elegans overexpressing Hsp90 in different cell 
types [88]. For a more detailed review on the roles of secreted, extracellular Hsp90, the 
reader is referred to reviews by Li and colleagues [93] in this Special Issue on Hsp90.  

3.2. Hsp90-Dependent Regulation of Lifespan and Aging 

Figure 2. Transcellular chaperone signaling pathways. (A) Overexpression of Hsp90 in the nervous
system mediates upregulation of Hsp90 in muscle cells via PQM-1, CLEC-41 and glutamatergic
neurotransmission. Overexpression of Hsp90 in the intestine relays the signal to upregulate Hsp90
in muscle cells via PQM-1 and ASP-12. The transcription factor regulating Hsp90 in muscle cells
in response to TCS has not been determined. The organismal consequences are increased health
span and reduced protein aggregation in the muscle tissue. (B) Knockdown of Hsp90 in the intestine
relays the signal to muscle cells via the secreted lipases TXT-4 and TXT-8. There, TXT-1 signals to the
transcription factor CEH-58 to induce Hsp70 expression, resulting in increased longevity and stress
resilience. HSF-1 functions as a suppressor of this process.

On the other hand, when Hsp90 levels are reduced by tissue-specific RNA interference
in the gut, a compensatory signaling mechanism elevates Hsp70 expression in distant
cells (Figure 2B). This is, however, not mediated by a mechanism that relies on HSF1
to activate a canonical HSR, but depends on a homeodomain transcription factor, CEH-
58. HSF1 transcriptional activity is suppressed upon gut-specific Hsp90 depletion, and
induction of Hsp70 relies on a different intercellular signaling cue involving TXT-1, a
membrane-associated guanylate cyclase that relays the signal received from the intestine
to the muscle cell nucleus where the homeodomain transcription factor CEH-58 induces
Hsp70 expression (Figure 2B) [87]. Thus, there is a difference in intercellular-signaling
components which depend on the tissue-type perceiving altered Hsp90 expression levels.
This argues for multiple and complex layers of responses that cannot be answered by one
particular molecular mechanism, at least not in a multicellular organismal setting [87]. This
demonstrates that in metazoans, local Hsp90 capacity can regulate organismal proteostasis
and stress resilience via Transcellular Chaperone Signaling.

Comparable organismal effects as a result of local induction of the HSF-1 mediated
HSR is also observed in mammals via neuroendocrine signaling. For example, rats undergo-
ing restraint stress have higher cortisol levels secreted by the pituitary gland which signals
to activate HSF-1 in the adrenal glands in the kidney to induce Hsp70 expression [89],
although how Hsp90 itself could potentially be involved in this response is currently not
known and will require further research.

One question that often arises is whether Hsp90 is secreted as part of inter-tissue
stress signaling in an organism. Hsp90 secretion has been observed in tissue-culture in
response to a variety of stress conditions as well as in cancer cells [90]. Clinically, skin injury
promotes Hsp90α secretion and potentiates wound healing in tissue-culture, pigs and
dogs [91,92]. However, secreted, extracellular Hsp90 has not been observed as a signaling
component itself involved in inter-tissue stress signaling in an organism. In fact, secretion
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of Hsp90 was not detected in C. elegans overexpressing Hsp90 in different cell types [88].
For a more detailed review on the roles of secreted, extracellular Hsp90, the reader is
referred to reviews by Li and colleagues [93] in this Special Issue on Hsp90.

3.2. Hsp90-Dependent Regulation of Lifespan and Aging

Consistent with a growth-promoting role, substantial depletion of Hsp90 by RNAi-
mediated knockdown can lead to growth defects and larval arrest, and even shorten
lifespan [50,75]. The developmental defects associated with Hsp90 RNAi are morpholog-
ical changes to the gonad and vulva, induction of the HSR and changes to the muscle
ultrastructure [50]. Importantly, however, mild impairment of Hsp90 either by RNAi or
pharmacological inhibition leads to lifespan extension and enhances health span [94]. This
was shown in a pharmacological geroprotector screen using C. elegans that identified two
Hsp90 inhibitors, Tanespimycin and Monorden, that extended lifespan and improved
health of the nematode throughout the course of aging [94]. The study found that both
inhibitors acted through HSF1 to induce the age-defying and health span-inducing effects
in the worm. This is consistent with HSF1’s role in promoting longevity [95–97]. Simi-
lar to mild Hsp90 impairment by inhibitors, moderate depletion of Hsp90 RNAi in the
gut also enhances lifespan and stress resilience in C. elegans without any developmental
issues [87]. Similar observations were made in vertebrates, where transient knockdown
of Hsp90 during embryonic development in zebrafish results in cold stress resistance in
adult animals [98]. Interestingly, the Hs90 co-chaperone p23 acts in key longevity pathways
to regulate lifespan in a temperature-dependent manner [99]. At elevated temperatures,
p23 mutation extends lifespan through DAF-16 and HSF1 signaling pathways. Short-lived
phenotypes depend on the DAF-12 steroid receptor signaling pathway [99], with DAF-12
being a type II nuclear receptor that resembles the human thyroid receptor and is a known
client of the p23-HSP90 complex [100]. Apart from being involved in the key longevity
pathways, ILS/IGF-1 signaling and HSF-1 signaling pathways, Hsp90 is also involved in
the regulation of SIRT1 in both C. elegans and mammalian cells [101]. Thus, Hsp90 is unique,
as it is a major facilitator that ensures the efficacy of all signaling processes maintaining
organismal health and promoting survival.

4. Pathogen Response and Innate Immunity

The involvement of Hsp90 in immune responses is manifold, as it is implicated in
the adaptive as well as innate immunity pathways in almost all organisms. In plants, R
proteins are client proteins of Hsp90, which is important for the defense response against
microbial pathogens [102,103]. The activation of R proteins results in local cell death to
limit pathogen proliferation. Because of this, R protein activation also needs to be tightly
controlled to avoid tissue damage, which is regulated by Hsp90 [102,103].

In the invertebrate C. elegans, which does not have an adaptive immune response,
Hsp90 plays an important role in the innate immune response via HSF1. For example,
mutant Hsp90, as well as heat shock, causes release of HSF1 from Hsp90, resulting in
HSF1 initiating expression of antimicrobial peptide genes [104,105]. Coherently, depletion
of Hsp90 by RNA interference also induces an innate immune transcriptional response
that was proposed to be similar to the immune response after C. elegans exposure to
Pseudomona aeruginosa [50]. Similarly, pathogen-infected wax moths treated with Hsp90
inhibitor 17-DMAG were protected by an increased immune response [106]. This breadth
of Hsp90 being implicated in a process that mediates innate immunity via HSF1 activation
demonstrates the importance and conservation of Hsp90 in the innate immune response.
In mammals, Hsp90 is implicated in the presentation of antigen to T-cells and activation
of macrophages [107]. Hsp90 mediates antigen presentation in target antigen-presenting
cells (APC) by facilitating endocytosis of bound polypeptides [108,109]. These generated
antigenic peptides are presented to MHC-I/II by Hsp90 [110]. Extracellular Hsp90 can
also bind to peptide antigens to facilitate uptake of the Hsp90 antigen complex by en-
docytosis [107]. After the antigen is internalized, intracellular Hsp90 facilitates further
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processing of these peptides to the proteasome for degradation [107]. Interestingly, Hsp90
also regulates the reactivation of the human immunodeficiency virus (HIV-1) via regulation
of the PKC/ERK MAPK pathways, which influences replication and gene expression of
the virus [111]. In the response to pathogens, extracellular Hsp90 can act as a damage-
associated molecular pattern (DAMP) signal that regulates the production of cytokines in
response to pathogenic infection and inflammation [112]. This involvement of p38 and ERK
MAPK pathways in response to pathogens was shown to require Hsp90 for their function
through direct interaction of Hsp90 with MAP kinases p38 and ERK in evolutionary diverse
organisms [16,113,114]. Hsp90 also plays an important role in growth, development and vir-
ulence of parasitic pathogens itself, such as the parasitic protozoa Plasmodium falciparum [115]
and Toxoplasma gondii [116,117]. This makes Hsp90 a high-value drug target to inhibit the
parasite’s growth and infection cycle in humans [117]. In summary, the role of Hsp90 in
the adaptive and innate immune response is vast, and the reader is referred to specialized
reviews on this topic for more detailed information (e.g., [110,118]).

5. Neuronal Signaling and Behavior

Considering the wide range of client proteins dependent on Hsp90 function, it is
perhaps unsurprising, but nevertheless fascinating, to find it involved in neuronal signaling
and function. Some of the first experimental evidence demonstrating a role for Hsp90 in
neuronal function stems from research in C. elegans. Hsp90 is crucial for the function of
specific chemosensory amphid neurons required to sense pheromones and other attractants.
It was proposed that Hsp90 accomplishes this through interaction and stabilization of
the transmembrane guanylyl cyclase DAF-11, which regulates cGMP levels, a prominent
second messenger in C. elegans chemosensory transduction [54,55].

In mice, Hsp90 is required for the constitutive trafficking of glutamatergic AMPA-type
receptors into synapses during their continuous cycling between synaptic and non-synaptic
sites, as well as efficient neurotransmitter release at the presynaptic terminal [119]. In
addition to its role in neuronal signaling, Hsp90 chaperones the pro-regenerative dual
leucine zipper kinase (DLK), a critical neuronal sensor that drives axon regeneration,
degeneration and neurological disease in Drosophila and mammalian neurons [120]. This
suggests a vital role for Hsp90 in axon injury signaling, as well as neuronal function that is
evolutionary conserved in both vertebrates and invertebrates.

With this importance for neuronal signaling, is it possible that Hsp90 could be involved
in the regulation of behavioral responses that facilitate survival during stress conditions?
There is at least one example in C. elegans that provides direct evidence supporting such
a role. Exposure of nematodes to high concentrations of volatile compounds, such as
benzaldehyde and diacetyl, induces toxicity and food avoidance behavior [121]. However,
preconditioning with benzaldehyde activates stress responses mediated via DAF-16, SKN-1
and HSP-90 in non-neuronal cells that confer increased stress resilience and behavioral
tolerance [121]. Another example is provided by the heat stress-induced activation of HSF1,
which regulates behavioral responses through estrogen signaling from non-neuronal cells
to thermosensory neurons [80]. hsf-1 mutants are defective in their thermotactic response
towards temperature, i.e., migration towards cultivation temperature. Expression of wild
type HSF-1 in muscle or intestinal cells rescued this behavioral defect via activation of the
NHR-69 nuclear hormone receptor involved in estrogen-like signaling [80], which is a client
of Hsp90, as mentioned earlier. Thus, Hsp90, through its role in multiple stress-responsive
signaling pathways, may influence behavioral outputs in order to promote survival during
environmental stress conditions.

6. Outlook and Conclusions

As a chaperone safeguarding the functionality of clients involved in almost every
cellular signaling process, Hsp90 is essential for cellular homeostasis. At the organismal
level, intercellular signaling processes that require the involvement of Hsp90 may be
underlying the organismal coordination of extra- and intracellular signaling networks

78



Biomolecules 2023, 13, 251

between and across different tissues and organs. Especially at the organismal level, many
open questions remain to fully comprehend the organismal biology of Hsp90, particularly
with regard to intercellular stress signaling.

For example, (1) is there is a tissue map or tissue hierarchy allowing highly coordinated
signaling responses to occur? We know that stress signaling can be regulated via both the
nervous system and non-neuronal cell types, with, e.g., muscle and gut cells transmitting
feedback information to the nervous system or even suppressing stress responses in differ-
ent cell types and organs. (2) What is the tissue-specific Hsp90 interactome in an organism
and how are potential Hsp90 interactors of these tissue-specific networks contributing
to intercellular stress signaling? (3) Is there a role of extracellular Hsp90 in intercellular
signaling processes? (4) If the tissue-specific expression levels of Hsp90 can affect stress
responses in distant tissues, is there a naturally occurring/physiological condition that
alters Hsp90 expression levels to induce transcellular chaperone signaling? (5) As Hsp90
function is tightly regulated by co-chaperones and post translational modifications [13],
we currently do not know how co-chaperones of the Hsp90 machinery and its PTMs are
involved in organismal proteostasis. For example, it can be envisioned that stress responses
and intercellular stress signaling pathways are similarly influenced and perhaps finetuned
through tissue-specific PTMs and co-chaperone networks. (6) How do the organismal roles
of Hsp90 affect diseases, including neurodegenerative diseases and cancer, in a tissue- and
disease-specific context?

Thus, the involvement of Hsp90 in almost all aspects of organismal biology, from
development to aging, stress adaptation, evolution and different diseases including cancer
and neurodegenerative diseases, places it at the nexus of a plethora of cell nonautonomous
signaling processes. The challenge for future research will be to navigate through these
inter-tissue signaling pathways in a comprehensive manner to understand their increased
complexity in the multicellular setting of an organism.
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Abstract: The kinome specific co-chaperone, CDC37 (cell division cycle 37), is responsible for deliver-
ing BRAF (B-Rapidly Accelerated Fibrosarcoma) to the Hsp90 (heat shock protein 90) complex, where
it is then translocated to the RAS (protooncogene product p21) complex at the plasma membrane for
RAS mediated dimerization and subsequent activation. We identify a bipartite interaction between
CDC37 and BRAF and delimitate the essential structural elements of CDC37 involved in BRAF
recognition. We find an extended and conserved CDC37 motif, 20HPNID—SL–W31, responsible
for recognizing the C-lobe of BRAF kinase domain, while the C-terminal domain of CDC37 is re-
sponsible for the second of the bipartite interaction with BRAF. We show that dimerization of BRAF,
independent of nucleotide binding, can act as a potent signal that prevents CDC37 recognition and
discuss the implications of mutations in BRAF and the consequences on signaling in a clinical setting,
particularly for class 2 BRAF mutations.

Keywords: Hsp90; CDC37; BRAF; kinase; activation mechanism; chaperone; co-chaperone

1. Introduction

Specific protein kinases are known to exist as an ensemble of conformations due to
their metastable state [1,2] and it is this instability that likely defines their dependency
on the Hsp90-CDC37 (heat shock protein 90 – cell division cycle 37) complex. CDC37
is a kinase specific co-chaperone that delivers protein kinases, such as BRAF (B-Rapidly
Accelerated Fibrosarcoma), to the Hsp90 complex [3]. CDC37 consists of three domains,
an N-terminal domain, linked by a beta-strand to the middle domain and finally a small
C-terminal helical domain. Several incomplete structures of CDC37 have, to date, been
determined [1,4–7]. However, molecular details on how CDC37 recognizes client kinases is
still poorly understood. The cryo-EM structure of the Hsp90-CDC37-Cdk4 (Cdk4, cyclin-
dependent kinase 4) complex (PDB 5FWK and EMD-3337), shows that the C-terminal
lobe of the Cdk4 kinase domain is engaged with the N-terminal domain of CDC37 and in
particular with the base of the C-terminal helix of CDC37 that makes up the helix coiled-coil
structure. Specifically, a small loop (HPNI) from CDC37 mimics a similar loop (HPNV in
Cdk4 and HVNI in BRAF) found in the N-terminal lobe of kinases [5], which is normally
engaged in binding to a helix in the C-terminal lobe of kinase domains. The middle domain
of CDC37, as seen in the cryo-EM structure, is also potentially involved in interactions with
the N-terminal lobe of kinase domains [5]. Finally, a helix linker leads to the C-terminal
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domain of CDC37, the function of which is less clear and not visible in the cryo-EM structure
of the Hsp90-CDC37-Cdk4 complex [5].

Protein kinases play a central role in regulating eukaryotic signaling pathways in key
processes, such as cell survival, metabolism, proliferation, cell migration and differentia-
tion and in the cell cycle [8]. As such, their regulation is of paramount importance, and
dysregulation of their activity can lead to cell transformation and cancer [9]. Kinases have
been described as molecular switches that can adopt at least two extreme conformations,
in which the catalytic machinery through conformational remodeling becomes correctly
aligned for catalysis to take place. The maximally active conformation is known as the “on”
state, while the inactive state is referred to as the “off” state [9]. In particular, the DFG loop
of kinases is conformationally flexible and adopts either an inactive (out) or an active (in)
conformation [10], which helps to remodel the rest of the kinase for activity. For example,
in the active ‘DFG-in’ position of epidermal growth factor receptor (EGFR; PDB 5CNO), the
phenylalanine residue forms part of the R–(regulatory) spine, which consists of a series of
hydrophobic residues that connect essential elements required for catalysis to the F-helix,
while the ATP, once bound, helps to complete the C-(catalytic) spine, a series of residues
that connect the F-helix to the N-terminal lobe of the kinase domain [11–13]. In the inactive
(‘out’) state of EGFR (PDB 2RF9) the same phenylalanine of the DFG motif is displaced from
the R-spine and positions itself so that the C-spine is disrupted [11]. Thus, this phenylala-
nine is positioned in such a way as to clash with the phosphate groups of the bound ATP.
Clearly, the conformational regulation of kinases from their inactive (‘out’) state to their
‘in’ or active state is of paramount importance for attaining their enzymatic activity. BRAF
mutants that drive oncogenesis consist of three classes [14]. Class 1 BRAF mutants, which
consist of Val 600 mutations, signal as RAS (protooncogene product p21)-independent
active monomers, where dimerization is disrupted, and are insensitive to ERK1/2 and SOS
feedback inhibition. Class 2 mutants function as dimers, but their activation appears to be
RAS-independent. Hence, they escape feedback inhibition through the phosphorylation of
SOS, a modification that downregulates its activity. Finally, class 3 mutations are kinase
impaired but increase signaling through the MAPK (Mitogen-Activated Protein Kinase)
pathway, due to enhanced RAS binding and subsequent CRAF activation.

The Hsp90-CDC37 complex is required for the stability of BRAF and, as such, both
active (V600E mutant) and inactive forms of the kinase act as clients [15–17]. For wild
type BRAF, binding to the Hsp90-CDC37 complex ultimately leads to its delivery at the
plasma membrane for interaction with RAS, where BRAF is subsequently activated. This
RAS-BRAF complex is more abundant than the Hsp90-CDC37 complex of BRAF [18]. The
classical mechanism for BRAF activation occurs by its association with RAS and 14-3-3
at the cellular membrane, together with Hsp90 and CDC37. Activation of BRAF leads to
translocation of the cytoplasmic Hsp90-CDC37-Braf complex to the cell membrane [18],
while inhibition of Hsp90 by geldanamycin leads to a rapid dissociation of both Hsp90-
BRAF and RAS-BRAF multimolecular complexes, increased proteasomal degradation of
BRAF and a decrease in translocation of BRAF to the plasma membrane [17,19–21]. In the
absence of RAS the most populated state appears to be the autoinhibited form of BRAF that
is further stabilized by interaction with 14-3-3, which binds directly to the phosphorylated
amino acid residues Ser (pSer) 365 and 729 of BRAF [22]. In the presence of activated RAS,
however, there is a shift from the inactive state to an active BRAF signaling complex [23].
The general consensus is that the interaction of RAS with the inactive BRAF-14-3-3 complex
displaces 14-3-3 from pSer 365 allowing either homodimerization or heterodimerization of
BRAF [24], which remains tethered through the pair of pSer 729 residues of the BRAF dimer
to a dimer of 14-3-3. In addition, by RAS promoting dimerization of BRAF this allows the
cis- autophosphorylation of Thr 599 and Ser 602 of the BRAF activation loop [24,25]. Such
phosphorylation is critical in inducing and stabilizing a conformational change that leads
to alignment of the C- and R-hydrophobic spines of the kinase domain, thus promoting
ATP uptake and, consequently, MEK (Mitogen-Activated Protein Kinase (MAPK) kinase)
phosphorylation [11,26]. In contrast to wild type BRAF, it was recently observed that the
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Hsp90-CDC37-BRAF V600E complex was not only more abundant than the 14-3-3 complex,
but was shown to be more active [16]. Thus, there appears to be an altered partitioning
between the 14-3-3-RAS and the Hsp90-CDC37 complex caused by the V600E mutation
in BRAF.

The current work explored the interaction between CDC37 and a variety of BRAF
mutants, and defined the CDC37 and BRAF domains involved. We aimed to understand
how BRAF mutations cause partitioning between the cytosolic Hsp90-CDC37 complex and
the membrane bound 14-3-3—RAS complex. We present evidence that dimerization of
BRAF, as seen with the class 2 L597R BRAF mutation [27], severs recognition by the kinome
specific CDC37-dependant co-chaperone of Hsp90. We propose that the Hsp90-CDC37
chaperone system may play a regulatory role in maintaining the class 1 BRAF V600E
mutant, while the class 2 mutant BRAF L597R assembles into a dimeric structure that is
resistant to interaction with CDC37. Consequently, a disequilibrium results to the overall
regulatory pathways that tightly govern the normal activity of BRAF and we discuss the
consequences of such dysregulation.

2. Material and Methods
2.1. Protein Expression and Purification

Constructs of human C-terminally His-tagged CDC37 cloned in pET28b and N-terminally
GST-tagged sBRAF kinase domain (residues 423–723) cloned in p3E (A. W. Oliver, Uni-
versity of Sussex), including mutant forms, were obtained from Genscript for expression
in Escherichia coli BL21 (DE3) pLysS by induction at 20 ◦C with 1 mM isopropyl-1-thio-
β-D-galactopyranoside MERCK, catalogue No. I6758, Darmstadt, Germany. CDC37 was
expressed as previously described using Talon metal affinity chromatography (Takara Bio
company, catalogue No. 635652, Saint-Germain-en-Laye, France), Superdex 75 or 200 PG
gel-filtration and Q-sepharose ion-exchange [28]. sBRAF kinase domain constructs were
purified using glutathione affinity resin (Genscript, catalogue. No. L00206, Rijswijk, Nether-
lands), followed by PreScission cleavage overnight, and Superdex 200 gel-filtration. All
concentration steps utilized Vivaspin 30 centrifugal concentrators (Sartorius, catalogue
number VS2022, Goettingen, Germany). Purified proteins were dialyzed against 20 mm
Tris/HCl (MERCK, Calbiochem, catalogue No. 648317, Darmstadt, Germany), pH 7.5,
containing 1 mm EDTA (MERCK, Sigma Aldrich, catalogue No. E5134-1KG, Darmstadt,
Germany), and 200 mM NaCl (MERCK, Sigma Aldrich„ catalogue No. S9888-5KG, Darm-
stadt, Germany), in preparation for isothermal titration chromatography (ITC).

2.2. Isothermal Titration Chromatography Kd Determinations

Heat of interaction was measured on an ITC200 microcalorimeter (Malvern) under the
same buffer conditions (20 mM Tris, pH 7.5, containing 1 mM EDTA and 200 mM NaCl).
In most cases, aliquots of sBRAF construct at 350 µM were injected into 30 µM of CDC37
at 20 ◦C. Heats of dilution were determined by diluting injectant into buffer. Data were
fitted using a curve-fitting algorithm (OriginLab Cooperation, Microcal Origin, version 7.0,
Northhampton, MA, USA).

2.3. BRAF Kinase Assays

The activity of sBRAF was determined by a MEK phosphorylation assay consisting of
35 µM sBRAF, 6mM MgCl2 (MERCK, CAlbiochem, catalogue No. 442611-M, Darmstadt,
Germany), 5 mM ATP (MERCK, Sigma Aldrich, catalogue No. A7699-5G, Darmstadt,
Germany), 1 µg inactive MEK1 (C-terminally His-tagged) in a total volume of 40 µL buffer
(20 mM Hepes pH 8 (MERCK, Sigma Aldrich, catalogue No. 54457-250G-F, Darmstadt,
Germany), 1 mM DTT (MERCK, Sigma Aldrich, catalogue No. D9779-25G, Darmstadt,
Germany, 100 mM NaCl). Reactions were incubated at 30 ◦C for 60–180 min and samples
taken for western blot analysis. Phophorylated MEK was detected using anti-phospho MEK
1/2 (residues 218/222 and 222/226, MERCK, catalogue No. 05-747, Darmstadt, Germany)
antibody and rabbit secondary HRP (Cyvita, catalogue No. NA934-1ML, Marborough,
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MA, USA) both at a 1/5000 dilution. Detection was carried out using a Pierce ECL Western
Blotting Substrate (Thermo Fisher Scientific, catalogue No. 32106, Waltham, MA, USA).

2.4. Thermal Shift Assay

Reactions were carried out in triplicate using an Applied Bioscience, StepOnePlus real
time PCR system. Experiments were conducted using 2 µM of sBRAF or mutant protein in
a total of 20 µL of 20 mM Tris pH 7.5, 1 mM EDTA, 1 mM DTT and 200 mM NaCl containing
2.5 µL of 1/250 diluted SYPRO orange (Applied Biosystems Protein Thermal Shift, Thermo
Fisher Scientific, Catalogue No. 2023-08-31, Waltham, MA, USA). The temperature was
ramped up from 14 to 90 ◦C for over 60 min with an integration time of 1 sec. Data was
analyzed with the LightCycler 480 Software version 1.5. (Roche, Basel, Switzerland).

2.5. Molecular Mass Determination

Samples of 50 µL of protein were loaded onto a Superdex 200 Increase 10/300 GL
gel-filtration column equilibrated in 50 mM HEPES pH 7.5, 300 mM NaCl, 0.5 mM TCEP
(MERCK, catalogue No. C4706, Darmstadt, Germany and 1 mM EDTA. The gel-filtration
standards used were β-amylase (200 kD), aldolase (158 kD), conalbumin (75 kD), ovalbumin
(44 kD) and carbonic anhydrase (29 kD) from a combination of two kits (GE Healthcare,
catalogue No. 28-4038-41, Chicago, Illinois, IL, USA and MERCK, Sigma Aldrich, catalogue
No. MWGF1000, Darmstadt, Germany).

3. Results
3.1. The Binding of CDC37 to sBRAF and sBRAF V600E Is Essentially Indistinguishable

Many kinases are notoriously difficult to produce in E. coli. In this study, we used a
solubilized version of BRAF kinase domain (sBRAF, residues 423-723). This has a series
of surface mutations that help to solubilize the kinase and improve yields in E. coli [29].
Previously, work showed that the co-expression of Hsp90, CDC37 and sBRAF in insect cells
resulted in a stable Hsp90-CDC37-kinase complex. Such complexes containing sBRAF or
sBRAF V600E were indistinguishable from that formed with native (unsolubilized) BRAF
kinase domain [17]. Both wild type and sBRAF kinase domains were also shown to bind
CDC37 in vitro, forming a stable complex in gel-filtration.

We found that both sBRAF and sBRAF V600E bound CDC37 with similar affinities
(sBRAF, Kd = 1.0 µM and sBraf V600E Kd = 0.41 µM, Figure 1A,B), confirming earlier stud-
ies [17] that the solubilizing mutations on the surface of the kinase, as well as the V600E
mutation, did not significantly disrupt the CDC37-BRAF interaction. Since BRAF V600E is
more prevalent in Hsp90-CDC37 complexes [16] we chose the sBRAF V600E mutant, which
gives reasonable yields following purification from E. coli, to further study CDC37 binding.
Binding of sBraf V600E was promoted by an enthalpic change resulting from the interac-
tion (−12,670 cal/mol), which was offset by an unfavorable entropy (−14 cal/mol/◦C),
indicating some degree of order resulting from the interaction (Figure 1B). This would be
consistent with CDC37 stabilizing a dynamically unstable kinase domain.

3.2. Nucleotide Binding Prevents the CDC37-BRAF Interaction

We next tested the effect of the bound nucleotide, which binds deep in a pocket formed
by the N- and C-terminal lobes of the kinase domain, on the binding of CDC37 to sBRAF
V600E. We found that both AMPPNP and ADP prevented association of CDC37 with the
kinase (Figure 1C,D), which was consistent with earlier observations [17]. These results
support the idea that the CDC37 interaction with BRAF is focused within the nucleotide
binding pocket of the kinase, as observed in the cryo-EM structure of the Hsp90-CDC37-
Cdk4 complex [5].
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Figure 1. ITC of sBRAF and sBRAF V600E mutant. (A) The CDC37 interaction with sBRAF and
(B) with sBRAF V600E. (C) The CDC37 interaction in the presence of AMPPNP with sBRAF V600E
and (D) ADP with sBRAF V600E. Red markers, represent the heat of dilution and black markers the
heat-of-dilution corrected interaction experiment.

3.3. The N-terminal and C-terminal Domains of CDC37 Are Essential for Efficient Bipartite
Binding to the Kinase Domain

The interaction between CDC37 and kinases remains enigmatic and we wanted to
better understand how kinases are recognized by CDC37. Based on structural studies [4,5]
(Figure 2A), three CDC37 constructs, representing the N-terminal-(residues 1–120), the
middle-(residues 148 to 269) and the C-terminal-domains (residues 273–353), were ex-
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pressed and ITC interaction studies conducted to determine which domains of CDC37
were required for the sBRAF V600E interaction. We found that the N-terminal (amino
acid residues 1–120) and C-terminal domain (residues 273 to 348) of CDC37 were both
compromised in their ability to bind sBRAF V600E (Kd = 278 and 104 µM, respectively;
Figure 2B,C) relative to full-length CDC37 (Kd = 0.41 µM; Figure 1B). In contrast, the middle
domain failed to interact all together (Figure 2D). This contrasts with the Cryo-EM structure
of Hsp90-CDC37-Cdk4, where the C-terminal domain of CDC37 was not visible [5].

3.4. Determining the Minimal CDC37 Structure Required for High-Affinity Binding to
sBRAF V600E

In order to delimitate the exact segments that could be deleted from CDC37, but
still maintained high affinity binding, we made a series of mutants that lacked structural
elements of the CDC37 structure. Figure 2A shows structural elements and sites for
CDC37 modification in ITC studies used throughout this study and Supplementary Figure
S1 shows a graphical summary of all the constructs made. We first removed a large
section of the coiled-coil (CC) structure (residues 44 to 108) from the N-terminal domain
of full-length CDC37 and replaced it with a shorter tryptophan zipper (TrpZip) sequence
(GSWTWENGKWTWKSG; CDC37-TrpZip) [30]. This sequence allowed the formation
of a simple β-hairpin with stable secondary structure and could, therefore, preserve the
structure of the remaining N-terminal domain. CDC37-TrpZip was soluble and bound
sBRAF V600E with normal affinity (Kd = 0.5 µM, Figure 3A). This suggested that the
coiled-coil structure of the N-terminal domain was superfluous for kinase binding by
CDC37 alone. We next shortened the remaining coiled-coil region by introduction of a
small linker (Gly-Ser-Gly) between residues 41 and 111, and within the same construct
deleted the β-strand (βS) immediately following the N-terminal domain, by introducing
a Gly-Ser-Gly linker between residues 119 and 140 to create CDC37-∆(CC-βS). Using
ITC, we tested this construct for binding to sBRAF V600E and found that it essentially
bound normally (Kd = 0.61 µM, Figure 3B). This suggested that, in addition to the CC
region, (residues 42–110), the βS element (residues 120 to 139) that links the N-terminal
and middle domains of CDC37 was indispensable for kinase binding. Next, we deleted
within the CDC37-∆(CC-βS) construct the first 7 N-terminal residues and residues 272 to
285, which represent a small piece of helix that joins the middle and C-terminal-domain
and terminated the protein at position 348 (to create CDC37-∆(7-CC-βS-[272-285])). CDC37-
∆(7-CC-βS-[272-285]) bound sBRAF V600E normally (Kd = 1.03 µM; Figure 3C), relative
to intact CDC37 (Kd = 0.41 µM; Figure 1B). Next, we created a construct (CDC37-∆(7-CC-
βS-[120-285]-[349-378]); abbreviated NmC) that essentially linked the N and C-domains of
CDC37 together, but maintained the deletions from the previous construct. CDC37-NmC,
resulted in a substantial reduction in affinity for sBRAF V600E (Kd = 145 µM; Figure 3D) to
a level previously seen for the individual N- and C-domains of CDC37 (Figure 2B,C). We,
therefore, reasoned that the spatial distance between the N- and C-domains was probably
the reason for the reduced affinity. Consequently, we reintroduced 14 amino acid residues
back into CDC37-NmC to create CDC37-Nm(+14)-C. Residues 272 to 285 represented a piece
of the helix that links the middle- and C-terminal domains of CDC37 and had previously
been shown not to be required for direct binding to sBRAF V600E. CDC37-Nm(+14)-C
was found to have substantially increased binding affinity to sBRAF V600E (Kd = 8.7 µM;
Figure 4A) relative to NmC (Kd = 145 µM; Figure 3D). Similarly, by reintroducing residues
120-125, representing a piece of the βS that links the N-terminal and middle-domains, into
CDC37-NmC to create CDC37-Nm(+6)-C, some binding affinity was restored (Kd = 18 µM;
Figure 4B). It would, thus, appear that the binding affinity of CDC37 and sBRAF V600E
was influenced by the spatial separation of the N- and C-terminal domains. We tested
this further by then reintroducing residues 245 to 285, which represent a long helix that
links the middle and C-domain of CDC37, into CDC37-NmC to create CDC37-Nm(+41)-C.
This construct showed vastly improved binding affinity for sBRAF V600E (Kd = 1.99 µM;
Figure 4C) relative to CDC37-NmC (Kd = 145 µM; Figure 3D). The results suggested that
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there is a minimal spatial distance between the CDC37 N- and C-terminal domains that is
required for efficient kinase binding.
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Figure 2. Structure of human CDC37 and ITC using CDC37 domains. (A) Individual elements of
human CDC37 are colored as follows. orange; residues 1 to 23 including the conserved Ser 13 and
HPNI residues; yellow (coiled-coil), residues 24 to 112; cyan, residues 113 to 139 including the beta
strand residues 120–129; red, middle domain residues 140–244; green, helix connecting middle- and
C-domains residues 245 to 292 and blue, C-terminal domain residues 293 to 348. The structure of
residues beyond 348 have not been determined. (B) The interaction between sBRAF V600E and the
N-terminal domain (residues 1–120), (C) with the C-domain (residues 273 to 348) and (D) with the
middle-domain (residues 148–269) of CDC37. Red markers, represent the heat of dilution and black
markers the heat-of-dilution corrected interaction experiment.
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Figure 3. ITC of sBRAF V600E with various CDC37 deletion mutants. (A) sBRAF interaction with
CDC37 TrpZip, (B) with CDC37 ∆(CC-βS), (C) with CDC37 ∆(7-CC-βS-272-285) and with (D) CDC37
NmC. Red markers, represent the heat of dilution and black markers the heat-of-dilution corrected
interaction experiment.
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Figure 4. ITC of sBRAF V600E with various CDC37 deletion mutants. (A) sBRAF interaction with
CDC37 Nm(+14)C, (B) with CDC37 Nm(+6)C and (C) with CDC37 Nm(+41)C. Red markers, represent
the heat of dilution and black markers the heat-of-dilution corrected interaction experiment.

We next investigated the limits required for binding by the C-terminal domain. The
structure of the C-terminal domain of human CDC37 has been previously determined by
both X-ray crystallography and by solution NMR [4,6] (PDB, 1US7 and 2N5X, respectively).
These structures reveal a small domain that appears to be structurally mobile and Trp 342 is
an essential residue of the core required for the folding of the domain. In contrast, valine at
position 343 appears not to be fully packed in the core of either structure and its hydrophobic
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side-chain remains exposed to solvent. CDC37, consisting of residues 1 to 343, bound
sBRAF V600E normally (Kd = 0.76 µM; intact CDC37; Kd = 0.41 µM) (Figures 1B and 5A,
respectively). Similarly, the V343A and V343R mutants were more or less normal for sBRAF
V600E binding (Kd = 0.9 and 1.3 µM, respectively; Figure 5B,C). However, CDC37 1-342
was compromised in its affinity for sBRAF V600E (Kd = 45.7 µM; Figure 5D). This suggests,
that Val 343 may aid Trp 342 packing and is essential for folding of the C-terminal domain,
but is not, in itself, essential for direct binding of kinases. Consistent with this was that
W342A binding to sBRAF V600E was compromised (Kd = 94.3 µM, Figure 5E), whereas,
and as expected, the W342R construct failed to bind altogether (Figure 5F), suggesting that
Trp 342 is essential for the folding of the C-terminal domain of CDC37.

The results so far suggested that the N-terminal domain (residues 8 to 41, which
contains the HPNI motif), residues 111 to 119 (which immediately follow the CC region)
and residues 286 to 348 (which represent the C-terminal domain) are the minimal ele-
ments required for high affinity binding to kinases, although a non-specific spacer (we
used residues 245 to 285) between the N-domain and C-domain elements is also required
(Figure 5G). Collectively, the results suggested that the interaction between CDC37 and
kinases is bipartite and that the lobes of a kinase domain are probably held in a spatially
separated conformation.

3.5. The CDC37 S13E-Phosphomimetic Mutation Does Not Affect Binding to BRAF

It has been reported that phosphorylation of Ser 13 within CDC37 is required for the
binding of a kinase and that the S13E mutation can act as a phosphomimetic [31]. However,
the cryo-EM structure of Hsp90-CDC37-Cdk4, suggests that Ser 13 is not directly involved
in the interaction with the kinase [5]. To test this hypothesis, we compared the binding
of sBRAF V600E to CDC37 S13E and CDC37 wild type. We found that the affinity for the
binding of the S13E mutant to be similar to unmutated CDC37, (Kd = 0.30 and 0.41 µM,
respectively; Figures 1B and 6A). This was consistent with the cryo-EM structure of Hsp90-
CDC37-Cdk4 complex that showed that phosphoserine is involved in a serious of contacts
involving Lys 406 of Hsp90 and His 33 and Arg 36 of CDC37, but does not contact Cdk4
directly (Figure 6B).

3.6. The CDC37 HPNI Amino Acid Motif Is Essential for High-Affinity Kinase Recognition

Analysis of the Hsp90-CDC37-Cdk4 cryo-EM structure suggests that the C-terminal
lobe of Cdk4 is recognized by a conserved amino acid motif, HPNI [5], which mimics the
HPNV motif interactions within Cdk4 and HVNI within BRAF. In kinases this motif, present
in the N-lobe of these kinases, forms part of the normal packing interactions between the
two lobes of the kinase domain. Closer inspection showed that the side-chain of Asn 22,
of the CDC37 HPNI motif, may be involved in polar contacts with the side-chains of Thr
153 and Arg 126 and a main-chain carbonyl interaction with Val 154 of Cdk4 (Figure 7A).
To test the importance of the HPNI motif we mutated Asn 22 to alanine and arginine. As
expected, both the CDC37 N22A and N22R mutants were compromised for binding to
sBRAF V600E (Kd = 27.3 and Kd = 14.2 µM, respectively; Figure 7B,C). This confirmed that
the HPNI motif of CDC37 is involved in the initial recognition of kinases.
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Figure 5. ITC of sBRAF V600E with various CDC37 deletion mutants and the minimal CDC37
elements required for kinase binding. (A) sBRAF interaction with CDC37 1–343, (B) with CDC37
V343A, (C) with CDC37 V343R, (D) with CDC37 1-342, (E) with CDC37 W342A and (F) with CDC37
W342R. Red markers, represent the heat of dilution and black markers the heat-of-dilution corrected
interaction experiment. (G) Structural elements of CDC37 which can be tethered to approximate
towards normal binding with sBRAF. Elements of CDC37 are colored as gold, residues 8–23; yellow,
residues 24-41; cyan, 111–119; green, 245–285 and blue, C-terminus residues 286–348.
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Figure 6. CDC37 pSer 13 is not involved in kinase binding. (A) ITC of CDC37-S13E with sBRAF
V600E. Red markers, represent the heat of dilution and black markers the heat-of-dilution corrected
interaction experiment. (B) PyMol cartoon showing the interaction of CDC37 pSER 13 with Hsp90
(gold) and CDC37 (salmon). Direct interactions with Cdk4 (cyan) are not present. Polar interactions
are shown by dotted blue lines.

3.7. HPNI Is Part of a More Extensive CDC37 Binding Motif

On closer inspection of the CDC37 structure we noticed that the recognition of the
kinase was potentially more extensive and involved a conserved motif consisting of
20HPNID—SL–W–Q34), of which the I—-SL–W sequence formed mostly a small hydropho-
bic patch or pocket that could form interactions with a bound kinase (Figure 8A). In our
analysis, amino acid position 23 was generally a conserved Ile or Val, position 24 was
a conserved Asp, position 27 was a conserved Ser, position 28 was either a Leu or Phe
and position 31 was a conserved Trp. We therefore decided to test whether the mutation
of these conserved residues of CDC37 would influence kinase binding. As expected, we
found that the L28R mutation completely abolished the interaction with sBRAF V600E
(Figure 8B), while the L28A mutant diminished it substantially (Kd = 16.9 µM; Figure 8C),
relative to wild type CDC37 (Kd = 0.41 µM; Figure 1B). This was consistent with the L28R
mutation causing a steric clash that prevented sBRAF V600E from binding. In contrast,
the L28A mutation did not prevent binding, but compromised the strength of the inter-
action seen. Similarly, the interaction of W31K with CDC37 was abolished. (Figure 8D),
but the W31A mutation was well tolerated (Kd = 2.1 µM; Figure 8E). Furthermore, the
mutation S27K reduced binding substantially (Kd = 29 µM; Figure 8F), whereas the S27A
mutation was well tolerated Kd = 1.6 µM; Figure 8G). In contrast to these mutants, the
Q34R and Q34A mutations had very little effect on sBRAF V600E binding (Kd = 0.3 and
0.35 µM, respectively; Figure 8H,I). However, we noted that arginine was found at position
Gln 34, in some CDC37 proteins. These results, collectively, suggested that the motif for
the recognition of the C-terminal lobe of kinase domains could be extended to include
20HPNID—SL–W31, although experimentally we did not test Asp 24, since the side chain
of this amino acid residue is critical for maintaining the structure of the HPNI loop by
forming polar interactions with the side-chain of Ser 27 and the main-chain amide of Ala
26 at the base of the proceeding helix.
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Figure 7. Interaction of CDC37-Asn 22 mutants with Cdk4. (A) Possible interaction modelled from
the Cryo-EM structure of Hsp90-CDC37-Cdk4 complex. Green, CDC37 and yellow, Cdk4. Polar
interactions are shown by dotted blue lines. (B) ITC interaction between sBRAF V600E and CDC37
N22A and (C) with CDC37 N22R. Red markers, represent the heat of dilution and black markers the
heat-of-dilution corrected interaction experiment.
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Figure 8. ITC analysis of CDC37 amino acid residues involved in kinase recognition. (A) CDC37
alignment with the uniprot accession codes shown together with abbreviation for genus and species.

98



Biomolecules 2022, 12, 905

DROME, Drosophila melanogaster (Fruit fly); SCHPO, Schizosaccharomyces pombe (Fission yeast);
CANAL, Candida albicans; CAEEL, Caenorhabditis elegans; DROVI, Drosophila virilis (Fruit fly)
and CAEBR, Caenorhabditis briggsae. (.), conservation between groups of weakly similar properties;
(:), conservation between groups of strongly similar properties and (*), positions that have a single
and fully conserved residue. ITC interactions of sBRAF V600E with (B) CDC37 L28R, (C) with CDC37
L28A, (D) with CDC37 W31K and (E) with CDC37 W31A. ITC interaction between sBRAF V600
wild type and (F) CDC37 S27K, (G) with CDC37 S27A, (H) with CDC37 Q34R and (I) with CDC37
Q34A. Red markers, represent the heat of dilution and black markers the heat-of-dilution corrected
interaction experiment.

3.8. Activation Loop Mutants Do Not Influence BRAF Binding to CDC37

BRAF is activated through phosphorylation of two key residues, T599 and S602 within
the activation loop or T loop of kinases. In addition, the V600E mutation is known to
constitutively activate BRAF, and is the most prominent mutation in cancer [32]. We have
previously seen that the sBRAF V600E mutation does not affect binding to CDC37, but
we wondered if the phosphomimetic mutations T599E and S602D would affect Cdc37
binding. The sBRAF T599E-V600E-S602D mutant was previously shown to be catalytically
active [17]. Using this active triple mutant in ITC experiments we showed that binding to
CDC37 was unaffected (Kd = 0.47 µM; Figure 9A). Furthermore, mutating Thr 599 for a
bulky tryptophan, or a positively charged arginine side-chain, did not affect binding to
CDC37 (Kd = 0.23 µM; Figure 9B). The results showed that phosphomimetic mutations of
the T loop did not influence CDC37 binding.

Figure 9. ITC interactions between CDC37 and T-loop mutants of sBRAF. (A) Interaction between
CDC37 and the triple sBRAF mutant T599E-V600E-S602D and (B) with the double mutant T599W-V600E.
Red markers, represent the heat of dilution and black markers the corrected interaction experiment.
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3.9. The BRAF Mutation L597R Compromises Binding to CDC37

The conformation of the DFG motif of kinases is known to affect kinase activity and
numerous mutations have been documented that alter these residues and are associated
with oncogenic phenotypes. We, therefore, decided to analyze such oncogenic mutations
and their effect on CDC37 binding. Unlike V600E, the F595V mutation in BRAF is inacti-
vating [33] and consequently, to prevent complicated scenarios, we decided to make all
activation segment mutants in a V600 background. We found that both the sBRAF F595A
and sBRAF F595V mutations did not compromise binding to CDC37 (Kd = 0.5 and 1.4 µM,
respectively; Figure 10A,B). Similarly, for sBRAF D594V, where D594V results in impaired
kinase activity [34–36], we found this construct bound CDC37 normally (Kd = 1.2 µM;
Figure 10C).
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 Figure 10. ITC interaction studies with the DFGL mutants of sBRAF. Interactions between CDC37 and
(A) sBRAF F595A, (B) with sBRAF F595V, (C) with sBRAF D594V, (D) with sBRAF L597A and (E) with
sBRAF L597R. Red markers, represent the heat of dilution and black markers the heat-of-dilution
corrected interaction experiment.
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We next tested the binding of sBRAF L597A and sBRAF L597R mutants in a Val 600
background. We found that the L597A mutation did not compromise binding to CDC37
(Kd = 0.23 µM; Figure 10D), whereas we were surprised to find that the L597R mutation
abolished binding completely (Figure 10E). In EGFR the equivalent mutation, L858R (L834R
in mature EGFR), has been shown to form salt bridges with Glu 758 (BRAF Ala 497) and Glu
762 (BRAF Glu 501) or Glu 761 (BRAF Asn 500), which are found on the dynamic regulatory
element, known as the C-helix [26,37]. Another polar residue on the C-helix of BRAF is also
found at Gln 496. A structural analysis of the BRAF structure (PDB 4RZV) suggests that
L597R may allow salt bridges, among other possible interactions, with the nearly invariant
Glu 501, which is located on the C-helix. Glutamate at this position within kinases forms
a salt bridge with the invariant Lysine (BRAF Lys 483), which itself becomes coupled to
bound ATP. However, a salt bridge between L597R and Glu 501 (or other possible residues)
would stabilize the C-helix of sBRAF, which is directly connected, at its C-terminal end, to
the αC-β4 loop containing the HPNI residues that CDC37 mimics in binding to kinases.
This loop is highly significant as it is the only element from the N-terminal lobe of kinase
domain that is functionally and constitutively connected to its C-terminal lobe.

It has been previously shown for the equivalent mutation in EGFR, L858R destabilizes
the inactive kinase, but simultaneously stabilizes the C-helix and that this consequently
leads to dimerization of the mutant kinase [38–41]. In order to test the stability of the L597R
mutation, we conducted a thermal shift assay. We compared the thermal stability of L597R
with sBRAF and various other sBRAF mutants (Figure 11A). As expected, we found that
inactive sBRAF was the most stabile construct with a Tm = 40 ◦C and that sBraf V600E
was significantly less stabile (Tm = 36.2 ◦C). However, the L597A mutation destabilized
the kinase further (Tm = 35 ◦C). In contrast, the L597R mutation (Tm = 37.8 ◦C) was less
stable than sBRAF, but more stable than sBRAF V600E. This was in agreement with the
destabilizing effect of this mutation on the inactive kinase, whilst simultaneously stabilizing
the C-helix, which consequently leads to dimerization of the kinase. The L597R-V600E
double mutant Tm (36.8 ◦C) was found to be in between the V600E Tm (36.2 ◦C) and the
Tm for sBRAF L597R (36.8 ◦C).

Due to the tendency for EGFR L858R to promote dimerization, we next investigated
the oligomeric nature of the equivalent BRAF L597R mutation. It was found that sBRAF had
a relative molecular mass of 35.5 kD, as eluted from a Superdex 200 Increase 10/300 GL col-
umn, which was similar to its calculated relative molecular mass of 33.4 kD (Figure 11B,C).
In contrast, L597R displayed a relative molecular mass of 60.2 kD, which was consistent
with a dimeric state for the kinase domain. BRAF V600E eluted with a relative molecular
mass of 34.7 kD similar to that of sBRAF, while the double mutant, L597R V600E, reverted
the relative molecular mass of L597R back towards the monomeric state (38.9 kD). Col-
lectively, the results suggested that L597R drives BRAF into a dimeric state that is not
recognized by CDC37, and that V600E drives the kinase back to a monomeric state.

We next asked whether we could disrupt the potential L597R-Glu 501 salt bridge,
as the most likely, but not the only interaction stabilizing the dimerization promoting
C-helix conformation. Introducing the E501A mutation into a L597R background we found
that the L597R-Glu 501 mutant expressed poorly and was unstable. However, we had
previously seen that V600E could disrupt dimerization of L597R and, therefore, further
work was conducted with this double mutant, L597R-V600E. We found that introducing
the V600E mutation into a L597R background completely restored binding with CDC37
(Kd = 0.34 µM; Figure 11D), suggesting that the V600E mutation had destabilized the L597R
dimeric promoting component of the double mutant.
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Figure 11. Interaction studies and assays with the L597R mutant of sBRAF. (A) Thermal Shift Assay
for sBRAF and mutants. In order of decreasing Tm: Orange, sBRAF wild type (Tm = 40 ◦C); cyan,
L587R (Tm = 37.8 ◦C); blue, L597R-V600E (Tm = 36.8 ◦C); light green, V600E (Tm = 36.2 ◦C) and dark
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green L597A (Tm = 35 ◦C). (B) Gel-filtration fractions from Superdex 200 Increase 10/300 GL column,
showing L597R to have a relative molecular mass equivalent to dimeric sBRAF and that V600E
disrupts the dimeric nature of the L597R mutant. M, molecular weight markers (kD). (C) Estimation
of the relative molecular mass of sBRAF mutants, showing L597R to be dimeric in mass. (D) ITC
between CDC37 and sBRAF L597R-V600E, showing that the V600E mutation restores binding with
CDC37 in the L597R background. Red markers, represent the heat of dilution and black markers the
heat-of-dilution corrected interaction experiment. (E) MEK phosphorylation assays with L597R and
V600E, showing that V600E is active and (F) with sBRAF L597R showing that is not activated by a
V600E mutation. M, molecular weight markers (kD).

3.10. sBRAF L597R and L597R-V600E Mutant Are Both Inactive

Literature suggests that L597R is an activating mutation [42,43]. However, on closer
inspection the results suggested this is inferred indirectly by determining cellular levels
of phospho-MEK and phospho-ERK [44,45]. Our in vitro MEK phosphorylation assays
showed that L597R was inactive relative to V600E (Figure 11E). Thus, it appeared that
dimerization alone of L597R was insufficient, under the conditions used, for the activation
of its kinase activity. We next assayed the BRAF L597R-V600E mutant for kinase activity.
We found that, although V600E restored CDC37 binding, V600E did not activate kinase
activity in the double mutant (Figure 11F), which suggested that further mechanisms were
required to attain an activated L597R mutant conformation or signaling complex.

4. Discussion

CDC37 is a kinome-specific co-chaperone responsible for delivering protein kinases
to Hsp90. The molecular details of how CDC37 recognizes such kinases has remained
enigmatic, but recent work suggests that kinases are structurally dynamic and, consequently,
require stabilization by CDC37 [1,2]. We have now shown that CDC37 recognizes kinases
by a bipartite interaction involving two CDC37 elements, which was recently suggested by
NMR and cryo-EM studies [5]. We defined a small N-terminal CDC37 fragment, 20HPNID—
SL–W31, and its C-terminal domain, as the interaction sites for kinases. The interacting
fragments must be connected by a minimal distance, which we achieved by introducing
residues 245–285 of the native CDC37 sequence, which normally forms an α-helix, but
appeared to be otherwise dispensable for binding. The interaction of the C-terminal domain
of CDC37 with the kinase was not observed in the high-resolution cryo-EM structure of
Hsp90-CDC37-Cdk4 [5]. This suggested that CDC37-kinase complex may be remodeled
after interaction with Hsp90. A bipartite interaction between CDC37 and BRAF was recently
reported using NMR [46], but here we more clearly defined residues involved in that
interaction. The authors of the NMR study suggested that CDC37 needs to be in a compact
form to recognize kinase protein. We found that by replacing the central regions of CDC37
with smaller linkers, which connect the N- and C-terminal domains of CDC37, we could
still observe binding between CDC37 and sBRAF. The longest linker, of 41 amino acids,
appeared to, more or less, restore full binding, (Kd = 1.99 µM; Figure 4C). However, shorter
linkers of 14 and 6 amino acids also displayed significant binding (Kd = 18 and 8.7 µM;
Figure 4A,B, respectively). This suggested some flexibility in the exact conformation of
CDC37 for its bipartite recognition of the kinase, which might reflect an ensemble of kinase
conformations, due to their dynamic instability.

Mutational analyses suggest that the N-terminal domain of CDC37 uses an extended
motif (20HPNID—SL–W31), which incorporates the conserved sequence HPNI, to recognize
the C-terminal lobe of kinases. In contrast, mutation of the activation segment residues
did not affect CDC37 binding, except for the L597R mutation. The equivalent L858R
mutation, in EGFR tyrosine kinase, drives a variety of cancers including non-small-cell lung
cancer [47–51]. As with EGFR L858R [37–40], we found L597R also drives dimerization
of BRAF.
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The Hsp90-CDC37 complex has been reported to be present at the plasma membrane
with RAS and, presumably, can deliver BRAF to the RAS complex [18]. The conformation of
the kinase, altered by mutation, is likely to influence this process. We suggest that the active
class 1 BRAF V600E mutant, although recognized by CDC37, is less able to enter the RAS
complex, as entry into this complex normally occurs as a BRAF autoinhibited complex. This
could explain why elevated levels of cytoplasmic Hsp90-CDC37-BRAF V600E accumulate
above those normally seen for wild type BRAF (Figure 12). In the case for the class 2 BRAF
L597R mutant, CDC37 is unable to complex with the already formed dimer of this mutant,
which means that elevated levels of BRAF L597R may accumulate in the cytoplasm and
enhanced signaling may be established, following activation of such a dimer (Figure 12). In
our hands, dimerization of the BRAF L597R mutant was not sufficient to bring about its
activation. We also found that the V600E mutation was unable to activate the BRAF L597R
mutant. Thus, the activation of BRAF L597R might require other mechanisms that bring
about a catalytically active state for this mutant, in whatever form it is signaling.

We propose that the BRAF V600E mutant preferentially partitions to the Hsp90-CDC37
complex and that Hsp90 most likely maintains the cytoplasmic stability of this active mutant
by preserving the V600E kinase against proteasomal degradation. It has, of course, been
well documented that the V600E mutant is sensitive to Hsp90 inhibition [52]. However,
what are the implications of our findings for BRAF L597R signaling? For the L597R
mutant, Hsp90-CDC37 may promote dimerization of the kinase by stabilizing initially
the monomeric form, soon after translation, which ultimately leads to its dimerization,
following the normal cycles of Hsp90 chaperone activity. However, it remains unclear
how such a dimer becomes active, as inclusion of V600E in the L597R background failed
to activate the double mutant. This raises a number of questions. Firstly, does activation
of the L597R mutant require full phosphorylation of the activation loop, where V600E
alone is insufficient to bring about activity? Secondly, if phosphorylation alone does not
activate L597R, then what does? Thirdly, can the L597R mutant trans-auto-phosphorylate
anyway, or is it completely inactive as a L597R mutant homodimer? Certainly, our in vitro
assays suggest that this might be the case. We speculate that monomeric L597R captured
by Hsp90-CDC37, or by 14-3-3, might be transferred to the RAS-14-3-3 complex, where
RAS drives the mutant into a stable and active conformation with CRAF. We suggest that
L597R is impaired in kinase activity and, consequently, requires an active partner, such as
CRAF (Figure 12).

Data suggests that active RAS is able to induce cRAF-BRAF heterodimerization by
exposing 14-3-3 binding sites in the C-terminus of CRAF [53]. That CRAF is required for
L597R signaling is also supported by the fact that BRAF mutants, with impaired or inter-
mediate kinase activity, were shown to induce strong activation of CRAF. However, only
impaired kinase activity mutants, as seen here with L597R, were shown to be dependent
on CRAF for ERK activation [35]. We suggest that because of the increased stability of
the L597R mutation towards dimerization, perhaps L597R-CRAF activity cannot now be
downregulated, whether by RAS or Hsp90-CDC37. Thus, as an overly stable dimer this
could lead to enhanced or sustained signaling and apparent RAS independency, in terms
of SOS inhibition and down regulation of overall RAF signaling. In fact, it was recently
reported that for some class 2 BRAF mutants, there are variable and overlapping levels of
enriched RAS alterations [54]. These authors used variation coexistence between activated
RAS and BRAF alterations to support in vivo RAS dependency and show that class 2 BRAF
alterations have a higher frequency of RAS dependency than class 1 mutants, such as
V600E. Our findings show that the double mutant, L597R-V600E and the single mutant,
L597R, of BRAF are inactive in vitro, which suggests that the L597R mutant may require
additional factors for attaining an active signaling state. We suggest this probably involves
the RAS-14-3-3 complex together with CRAF. However, whatever the scenario, our findings
call for reevaluation of RAS dependency for at least some so-called class 2 BRAF mutations
and, as such, the exact mechanism for the activation of L597R still needs to be determined.
Thus, we find that mutations in BRAF could potentially influence the dynamics of various
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BRAF complexes that normally tightly regulate the activity of BRAF. As a result, Hsp90
either preserves V600E kinase domain, by protecting it against proteasomal degradation,
or, in the case of L597R, it may promote a dimeric state, probably with CRAF, that is able to
signal through MEK in a sustained manner.
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Figure 12. Potential dynamics for the activation of BRAF and the L597R and V600E mutants by
Hsp90 and RAS. Wild type (WT) BRAF is transported to the RAS complex by Hsp90-CDC37, where
its activity is tightly regulated. V600E is active as a monomer and appears to associate preferentially
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with Hsp90 complex, which provides cellular stability. Its active conformation may thus limit its entry
to the RAS complex, as early stages of this complex contain BRAF in an autoinhibited conformation.
Newly made L597R monomers may be assembled into dimers (perhaps with CRAF) following
Hsp90-CDC37 association and activation, where they may then remain resistant to disassembly by
the chaperone system. BRAF L597R may also be transferred to the RAS complex where its enhanced
stability as a dimer (probably with CRAF) alters the down regulatory mechanism of the BRAF L597R-
CRAF kinase heterocomplex. (?—in the figure), represents signaling that needs to be further defined
for BRAF L597R kinase. (CRAF?), represents the potential for CRAF replacing one of the BRAF
monomers of the dimerized state at the plasma membrane. Solid blue arrows show potential flow of
BRAF to the Hsp90 and RAS complex, whereas broken arrows show possible restricted movement
relative to wild type BRAF. Delivery of BRAF, its mutants and CRAF could also take place with 14-3-3,
but this has been omitted from the figure for clarity. KD, BRAF kinase domain and RBD, RAS binding
domain of BRAF. Structural models are represented as green and cyan, Hsp90, magenta, CDC37 and
yellow BRAF.

The potentially different signaling complexes of BRAF V600E and BRAF L597R could
have clinical implications for how to treat tumors driven by each of these driver mutations.
Particularly relevant is the fact that CDC37 protects its clients from inhibitor binding,
acting as a competitive inhibitor and altering the structure of the kinase, thus blocking
kinase inhibitor binding. However, the Hsp90-CDC37 complex-free V600E is susceptible
to inhibitors, such as vemurafenib, but it is likely that elevated levels of Hsp90-Cdc37-
BRAF V600E, which are largely insensitive to kinase inhibitor, maintain a reservoir of
mutant V600E that re-establishes signaling in the normal course of Hsp90 activity. Thus,
the combined use of appropriate inhibitors that target the Hsp90-Cdc37-kinase complex,
together with BRAF inhibitor, may be advantageous when targeting V600E-driven tumors.
In the case of L597R, Cdc37 appears to act as a competitive inhibitor against non-dimerized
L597R mutant, and vemurafenib may effectively inhibit L597R signaling as expected [45].
Furthermore, Hsp90 inhibition is effective against murine lung adenocarcinomas driven
by the L858R, the equivalent L597R mutation of EGFR [55]. However, recent findings
have also identified a sub-group of melanomas, which are driven by BRAF mutants with
low-activity and which consequently rely on CRAF signaling [56]. Such mutant cell lines
were particularly sensitive to the CRAF specific inhibitor sorafenib. This is an important
consideration in targeting BRAF melanoma, and perhaps tumors driven by L597R, as it has
been observed that elevated CRAF levels represent a mechanism for acquired resistance
to BRAF inhibition [57]. Furthermore, targeting CRAF in a variety of melanoma cell lines
was shown to decrease their viability, which appears to be mediated by Bcl-2 inhibition,
rather than MAPK inhibition [58]. This may, therefore, provide a clear rationale for not
only targeting non-V600E BRAF-driven tumors with BRAF inhibitors, but also targeting
the CRAF-dependency of such cell lines. We, therefore, propose that targeting CRAF in
L597R-driven tumors combined with BRAF, and perhaps also Hsp90 inhibition, may have
a potential therapeutic benefit.
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Abstract: Heat shock protein-90 (Hsp90) is an ATP-dependent molecular chaperone that is tightly
regulated by a group of proteins termed co-chaperones. This chaperone system is essential for the
stabilization and activation of many key signaling proteins. Recent identification of the co-chaperones
FNIP1, FNIP2, and Tsc1 has broadened the spectrum of Hsp90 regulators. These new co-chaperones
mediate the stability of critical tumor suppressors FLCN and Tsc2 as well as the various classes of
Hsp90 kinase and non-kinase clients. Many early observations of the roles of FNIP1, FNIP2, and Tsc1
suggested functions independent of FLCN and Tsc2 but have not been fully delineated. Given the
broad cellular impact of Hsp90-dependent signaling, it is possible to explain the cellular activities
of these new co-chaperones by their influence on Hsp90 function. Here, we review the literature
on FNIP1, FNIP2, and Tsc1 as co-chaperones and discuss the potential downstream impact of this
regulation on normal cellular function and in human diseases.

Keywords: tuberous sclerosis complex (TSC); Tsc1 (hamartin); Tsc2 (tuberin); heat shock protein 90
(Hsp90); FNIP1; FNIP2; co-chaperones; cancer; renal cell carcinoma; kidney cancer

1. Introduction

Heat shock protein-90 (Hsp90) is a molecular chaperone essential for maintaining
signaling competence in eukaryotic cells. Hsp90 is comprised of an N-terminal ATP
binding domain, a middle domain for binding “client” proteins, and a site of constitutive
dimerization at the carboxy-terminus [1–3]. Hsp90 function is coupled to its ability to
bind and hydrolyze ATP and undergo a series of conformational changes known as the
“chaperone cycle” [4,5]. This cycle facilitates the maturation and activation of more than
300-client proteins, including kinases, and non-kinases such as steroid hormone receptors,
transcription factors, and tumor suppressors [6] (https://www.picard.ch/downloads/
Hsp90interactors.pdf, accessed on 12 February 2022). A number of these Hsp90 client
proteins participate in oncogenesis, and this chaperone machine is often co-opted by
cancers to maintain deregulated signaling pathways and buffer the effect of pathogenic
mutations [7–11]. The breadth of signaling pathways mediated by its clients makes Hsp90
an attractive therapeutic target and dozens of Hsp90-directed small molecules have been
developed. In fact, there are 14-ATP-competitive Hsp90 inhibitors in ongoing clinical trials
in various cancers (www.clinicaltrials.gov, accessed on 1 May 2022) [12].

The binding and dissociation of Hsp90-modulating proteins, termed co-chaperones,
tailors Hsp90 to particular clients and provides directionality to the chaperone cycle [13–16].
To date, more than 25 Hsp90 co-chaperones with varying characteristics and classifications
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have been identified. Prior to the recent characterization of the three large co-chaperones
Tsc1, FNIP1, and FNIP2 (hereon referred to as FNIP1/2), known Hsp90 regulatory proteins
existed within the range of 20–100 kDa [15]. These three large co-chaperones are each
approximately 130 kDa [17–21] and were originally identified as stabilizers of specific
tumor suppressor proteins implicated in the mTOR pathway [17–19]. The co-chaperone
function of FNIP1/2 and Tsc1 gives us an opportunity to reevaluate the previous published
work from a new perspective. Here we review the functions and roles of FNIP1/2, and
Tsc1 that have been reported, describe their functions as new co-chaperones of Hsp90, and
retrospectively evaluate how new functions can help contextualize previous observations.
We also review their roles in cancer and cellular response to Hsp90 inhibitors as well as
their emerging role in chaperoning of tumor suppressors.

2. FNIP1 and FNIP2
2.1. FNIP1/2 Structure and Function

Folliculin interacting proteins 1 and 2 (FNIP1/2) are named after their first identifica-
tion in complex with the tumor suppressor folliculin (FLCN) [17,18]. Loss of FLCN function
is implicated in Birt-Hogg-Dubé (BHD) syndrome, a hereditary condition characterized by
benign fibrofolliculomas, pulmonary cysts, spontaneous pneumothorax, and renal tumors,
which are most often of hybrid oncocytic or chromophobe histology [22]. FLCN interacts
with FNIP1/2 via its C-terminus, which stabilizes the FLCN protein. This mechanism is sup-
ported by the instability of C-terminally truncated FLCN protein products resulting from
FLCN mutations identified in BHD [17,18,22,23] and indeed, many of these mutated FLCN
proteins fail to associate with FNIPs and are targeted for proteasomal degradation [24].
Recently, portions of the FLCN:FNIP2 structure have been resolved by cryo-EM [25,26].
The structures support previous evidence that FLCN contains a GTPase activating protein
(GAP) domain and interacts with FNIP2 through its C-terminal differentially expressed
in normal and neoplastic cells (DENN) domain. Additionally, the N-terminal Longin
domains of FLCN and FNIP2 proteins also interact, emphasizing the complex nature of the
interaction between FLCN and the FNIPs [25,26]. Despite this well-supported finding, the
precise mechanism by which FLCN stability is achieved had remained elusive. Our group
demonstrated that FLCN is a client of Hsp90 and depends on the co-chaperone activity of
FNIP1 and FNIP2 for loading to Hsp90 and thus stability [20].

FNIP1 shares 74% similarity and 49% identity with FNIP2 [18], and the majority of
research on FNIPs is exclusive to FNIP1. Initially, FNIP1 was found to be phosphorylated
by AMP-activated protein kinase (AMPK) as well as facilitate AMPK-mediated phosphory-
lation of FLCN [17]. AMPK is a negative regulator of the mTOR nutrient-sensing pathway,
and FNIP1 was found to translocate from the cytoplasm to lysosomes under starvation
conditions [27], therefore a role for FNIP1 in mTOR signaling was suggested, though direct,
mechanistic evidence remains elusive (Figure 1).

2.2. FNIP1 Function in Skeletal Muscle and Adipocytes

One pathway in which the FNIP1-AMPK interaction has been interrogated is skeletal
muscle fiber type specification. Broadly, type I muscle fibers are highly aerobic, express
elevated levels of myoglobin, and have high mitochondrial function, while type II muscle
fibers are comparatively lower in both and favor anaerobic glycolysis [28]. AMPK is
known to regulate mitochondrial biogenesis via peroxisome proliferator-activated receptor-
γ coactivator-1 α and β (PGC1α/PGC1β) and is activated under low energy conditions to
suppress mTOR-dependent ATP utilization [29]. FNIP1−/− mice contain an abundance of
type I muscle fibers, similar to mice with gain-of-function mutations in AMPK [30,31]. This
suggests that at steady state FNIP1 suppresses AMPK and thus regulates mitochondrial
biogenesis. Liu et al. furthered this line of inquiry by demonstrating that miR-499, an
intron of the gene encoding the major slow-twitch type I myosin heavy chain (Myh7b),
directly targets and inhibits translation of FNIP1 but not FNIP2 [32]. Similar results have
been shown for miR-208b [33]. Interestingly, FNIP1-mediated AMPK inhibition can be
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reversed by the flavonoid dihydromyricetin, which causes a decrease in FNIP1 expression
and reactivates AMPK-mediated mitochondrial biogenesis [34]. These data provide a
mechanism that explains the FNIP1-dependent regulation of AMPK in skeletal muscle.
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Figure 1. FNIPs and Tsc1 in the mTOR pathway. The mTOR pathway is a cellular signaling hub
that integrates signals from several pathways and controls protein synthesis. A simplified schematic
representation is shown to highlight the role of the FLCN/FNIPs and TSC complexes as mTOR
regulators through GAP activity of RagA/C and Rheb, respectively.

FNIP1 regulation of AMPK may be cell-type dependent however, as recent work has
demonstrated that FNIP1 regulates cellular respiration in adipocytes in an AMPK/mTOR
independent manner [35]. Specifically, FNIP1 was shown to regulate intracellular Ca2+ lev-
els through stabilization of sarcoendoplasmic reticulum calcium transport ATPase (SERCA)
and increasing SERCA Ca2+ pump activity. This study also suggested a pivotal role for
FNIP1 in regulating metabolism and glucose homeostasis in adipocytes, independent of
AMPK/mTOR [35].

2.3. FNIP1 in Oxidative Stress

An interesting perspective on FNIP1 regulation of AMPK activity can be gained
through an understanding of the factors governing FNIP1 protein dynamics. Recent work
has shown that reductive stress promoted the degradation of FNIP1, but not FNIP2 [36].
The mechanism was traced to the chelation of Zn2+ by two reduced Cys residues in
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FNIP1, which recruits CUL2FEM1B [36,37], the scaffold and recognition subunits of an
E3-ubiquitin ligase complex [38]. Degradation of FNIP1 in this context promotes AMPK-
PGC1α-mediated mitochondrial biogenesis to counteract reductive stress [36,37]. Interest-
ingly, loss of FEM1B led to decreased lactate production [36], perhaps as a byproduct of
FNIP1-dependent stabilization of FLCN and its recently described tumor suppressive effect
on lactate dehydrogenase A [39].

2.4. FNIP1 Function in B-Cell Development

Another striking example of FNIP1 function is in lymphoid differentiation and matu-
ration. Park et al. identified a pre-B cell “checkpoint” where loss of FNIP1 prevents mature
B-cell development [40]. These cells were found to be sensitive to nutrient-deprivation-
induced apoptosis seemingly due to failure of AMPK to suppress mTOR in the absence of
FNIP1 [40]. Interestingly, FNIP1-deficient B-cell progenitors also exhibit elevated TFE3 tran-
scription as well as increased lysosome function and autophagic flux [41]. Similarly, loss of
FNIP1 prevents maturation of invariant natural killer T cells and increases their sensitivity
to apoptosis [42]. FNIP1 knockout was again determined to cause downstream mTOR
activation, though in this case the effect is definitively indirect, as rapamycin treatment
was not able to rescue the phenotype [42]. Concurrent research also found a marked pre-B
cell blockade and confirmed that the effect stems from caspase activation and intrinsic
apoptosis [43]. This effect was also observed in patients, as FNIP1 mutation caused a
clinically significant reduction in B cell numbers and hypogammaglobulinemia [44,45].
In addition to B-cell deficiency, FNIP1 loss leads to cardiomyopathy, which phenocopies
AMPK gain-of-function mutations, consistent with a failure of FNIP1 to regulate AMPK-
mediated signaling [46]. Taken together, these data support a role for FNIP1 as an indirect
regulator of mTOR through its suppression of AMPK activity, and likely also via its positive
regulation of FLCN [47].

2.5. Role of FNIP1/2 in Transcription

Recent work has also demonstrated the impact of the FLCN-FNIP1/2 system on
transcriptional reprogramming. It is well established that loss of FLCN induces nuclear lo-
calization of the transcription factors TFE3/TFEB and promotes a gene expression program
favorable for tumor growth [41,48–51]. Similarly, it was recently shown that simultaneous
deletion of FNIP1/2 in a human renal proximal tubular epithelial cell (RPTEC) line induced
a TFE3-mediated gene signature [52]. This is in agreement with previous data showing that
FLCN-null and FNIP1/2-null mice developed phenotypically indistinguishable enlarged
polycystic kidneys [53,54]. Additionally, loss of either FLCN or FNIP1/2 induced a STAT2-
dependent interferon response transcriptional program, though the impact of interferon
signaling in FLCN-deficient tumors is unclear [52].

Despite the progress reviewed here, it remains difficult to disentangle the cellular roles
of FNIP1/2 in the regulation of AMPK and TFE3 from that of FLCN tumor suppressive
function. Given this, it is possible that FNIP1/2-mediated regulation of Hsp90 activity
provides a unifying explanation for FNIP-mediated cellular effects.

3. Tsc1
3.1. Structure and Function of the Tsc1/2 Complex

Tuberous Sclerosis Complex (TSC) is an autosomal dominant genetic syndrome caused
by mutations in either the TSC1 or TSC2 tumor suppressors. In addition to neural associ-
ations that include epilepsy, subependymal giant cell astrocytomas (SEGA), intellectual
disability, and autism, TSC is also characterized by cutaneous, pulmonary, and renal man-
ifestations, similar to BHD [23,55,56]. These include facial fibrofolliculomas, pulmonary
lymphangiomyomatosis, and renal angiomyolipomas (AML). The TSC2 gene was cloned
first in 1993 followed by the non-homologous TSC1 gene in 1997 [19,57]. The Tsc1 and Tsc2
proteins, also known as hamartin and tuberin, respectively, were then shown to directly
interact and form a complex [58]. The 130 kDa Tsc1 and 200 kDa Tsc2 proteins share no
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homology with each other [59]. Recently, partial structures of this complex were resolved
by cryo-EM and revealed an elongated structure with a 2:2 stoichiometry. Further, Tsc1 was
consistently found to have a coiled-coil domain which mediated Tsc1 dimerization and
interaction with Tsc2 in vitro [60–62]. This is in contrast to a previous study using a yeast
two-hybrid system which identified Tsc1 residues 302–430 as the critical region for Tsc2
interaction [63]. Tsc2 interaction with Tsc1 was primarily mediated through the N-terminal
Tsc2-HEAT repeat domain, which is consistent with previous findings [60,62,63]. Further-
more, Tsc1 was required for Tsc2 maximal GAP activity likely through proper positioning
of the Tsc2 catalytic asparagine-thumb [62].

The Tsc1/2 complex was demonstrated to inhibit mTOR signaling through the GAP
activity of Tsc2 towards Rheb [64–66] (Figure 1). The effect of Tsc2 was greatly potentiated
by the presence of Tsc1. In this TSC complex, Tsc1 has been shown to be important for
the stabilization of Tsc2, preventing its interaction with the HERC1 ubiquitin ligase and
its ubiquitination [67,68]. Early identification of Tsc1 and Tsc2 in complex and the role of
this complex in the mTOR pathway focused a large portion of the TSC literature on this
function and does not address separable functions of Tsc1 and Tsc2.

3.2. Separable Functions of Tsc1 and Tsc2

There are a number of differences in Tsc1 and Tsc2 function that have been identified,
as well as mTOR-independent functions. Early reports suggested that although Tsc1 and
Tsc2 often co-localize, the subcellular locations as well as tissue and organ expression
patterns of Tsc1 and Tsc2 are not identical [69]. Germline mutations in TSC1 cause a
similar but not identical phenotype to TSC2 mutations in animal models, suggesting
commonalities to the pathways involved but some differences as well [70]. Renal tumors
developed in heterozygous TSC1 mice at a slower rate than in TSC2+/− mice. In addition
to renal cystadenomas, TSC1+/− mice also develop liver hemangiomas, which are more
common and more severe in female mice, demonstrating sex-dependent lethality [71].
Concordantly, an analysis of patients in the TOSCA database (TuberOus SClerosis registry
to increase disease Awareness) revealed that female patients were significantly more likely
to develop renal AML and experience hemorrhage [72]. Sex-dependent and estrogen linked
effects exclusive to Tsc1 can also be seen in mammary development. Conditional Tsc1
loss in mammary epithelium impaired mammary development through suppression of
Akt, ER, and cell cycle regulators and did not lead to tissue hyperplasia [73]. Moderate
overexpression of Tsc1 also enhances overall health and cardiovascular health in an animal
model and improves survival only in female mice [74]. Tsc1 and Tsc2 have also been shown
to have separable functions in both cell signaling and cell cycle control [75,76]. Milolaza
et al. describe the effect of Tsc1 and Tsc2 on the G1 to S phase transition of the cell cycle.
Tsc1 and Tsc2 control cell proliferation independent of each other, and only Tsc2 function
is affected by p27 expression [75]. Further evidence for separate functions of Tsc1 and
Tsc2 comes from microarray and proteomic approaches, which reveal that each TSC gene
triggers substantially different cellular responses [77–82].

3.3. mTOR Independent Functions of Tsc1

While the effects of Tsc1 loss are often ascribed to increased mTOR signaling and are
at least partially responsive to rapamycin, there are also mTOR independent functions
of Tsc1 that have been reported. Tsc1 haploinsufficiency without mTOR activation was
shown to lead to renal cyst formation in TSC1+/− mice [83]. It has also recently been
demonstrated that p21 activated kinase 2 (PAK2) is an effector of the Tsc1/Tsc2 complex.
Loss of either Tsc1 or Tsc2 promotes hyperactivity of PAK2 downstream of Rheb, but
independent of mTOR, as demonstrated by insensitivity to rapamycin treatment [84]. Tsc1
and Tsc2 also differentially modulate the cytoskeleton. TSC1−/− and TSC2−/− MEFs
demonstrate rapamycin insensitive increase in number and length of cilia [85] whereas only
Tsc2 loss promotes an mTOR-dependent pro-migratory phenotype [86]. On the other hand,
Tsc1 loss was shown to dysregulate tight junction development in an mTOR independent
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manner [87]. Collectively, these studies suggest a role for Tsc1 in cell integrity independent
of mTOR.

Furthermore, it has long been observed that clinical features of TSC across multiple
organ systems are more severe in patients with mutations in TSC2 than in patients with
TSC1 mutations [88–90]. There is a higher incidence of intellectual disability in patients
with TSC2 mutations, and it has been suggested that severity of disability may correlate
with predicted effects of mutations on Tsc1 and Tsc2 protein [91–93]. Epilepsy generally
exhibits an earlier onset and is also more severe as a result of TSC2 mutations [94,95].
Similarly, the mean age at diagnosis for patients with renal AML was lower in patients
with TSC2 mutations. Additionally, patients with TSC2 mutations had a higher occurrence
of renal AML, multiple renal cysts and polycystic kidney disease compared to patients
with TSC1 mutations [72]. In a mouse model, conditional knockout (CKO) of TSC2 in
GFAP-positive cells also produces a more severe epilepsy phenotype than TSC1 CKO [96].
Additionally, it has been proposed that perhaps TSC resulting from TSC1 mutation is not
less common than TSC2 disease but that it is less frequently diagnosed due to the milder
clinical features [97].

Collectively, this evidence suggests a role for Tsc1 outside the TSC complex and mTOR
signaling. Due to the described role of Tsc1 in stabilizing Tsc2 and protecting it from
ubiquitination we questioned whether this protective role involved molecular chaperones
and whether Tsc1 was involved in chaperoning Tsc2. In fact, Tsc2 is a client of Hsp90, and
Tsc1 is a co-chaperone [21].

4. Regulation of Hsp90 Chaperone Function by Co-Chaperones

The action of co-chaperones towards Hsp90 generally meets one or more of the follow-
ing criteria: (1) scaffolding of client proteins to Hsp90 (e.g., Hop, p50Cdc37); (2) modulation
of Hsp90 ATPase activity (e.g., Aha1); (3) stabilization of specific chaperone complexes (e.g.,
p23) and are not themselves dependent on Hsp90 for stability [98]. We have shown that the
newly identified large co-chaperones FNIP1/2 and Tsc1 are able to satisfy at least two of
these observed co-chaperone functions (Figure 2). Indeed, we have a unique opportunity
to advance our understanding of the function and effect of these proteins as we reconcile
their known functions with their roles as Hsp90 co-chaperones.

Hsp90-dependent maturation and activation of client proteins relies on a continuum
of regulated conformational changes of Hsp90 coupled to ATP hydrolysis. As currently
understood, there are several “stages” to a generalized chaperone cycle. Initially, immature
clients bind to the early chaperone heat shock protein 70 (Hsp70) and the Hsp70-Hsp90
organizing protein (Hop) forms a bridge to the “open” conformation of Hsp90, allowing
the transfer of a client protein to Hsp90 [99]. ATP subsequently binds to the amino-terminal
nucleotide binding pocket, and concurrent binding of the Activator of Hsp90 ATPase
(Aha1) displaces Hop and induces transient N-domain dimerization, forming the “closed 1”
state. Aha1 binds to the N-domain as well as the middle domain of Hsp90 and greatly
increases the weak intrinsic ATPase activity of Hsp90 [100]. Interaction of the co-chaperone
p23 with the N-domain of Hsp90 displaces Aha1 and stabilizes the “closed and twisted”
conformation (closed 2). This allows completion of ATP hydrolysis, followed by release of
a mature client protein and the return of Hsp90 to the open conformation [101–103].

The complement of co-chaperones that regulate Hsp90 during a single chaperone
cycle is largely dependent on the individual requirements of the client protein [104]. For
example, kinase clients are loaded to Hsp90 by the co-chaperone Cdc37, a decelerator of
Hsp90 ATPase activity, and protein phosphatase 5 (PP5)-mediated dephosphorylation of
Cdc37 is required for their release [105,106]. Alternatively, overexpression of Aha1 greatly
decreases the folding of CFTR by accelerating the rate of Hsp90 ATP hydrolysis [107–109].
Similarly, steroid hormone receptors prefer a slower chaperone cycle and require the co-
chaperone p23, which is known to decelerate the action of Hsp90 [5,110–112]. In fact, GR
itself is capable of modulating the conformation of Hsp90 such that Hsp90 ATPase activity
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decreases [113], demonstrating the degree of specificity that can be achieved by modulation
of Hsp90 complexes [15].
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Figure 2. The Hsp90 chaperone cycle. Open Hsp90 is dimerized only through contacts in the
CTD. ATP binding and an ordered series of conformational changes allow Hsp90 to adopt a closed
conformation, which is N-terminally dimerized. ATP hydrolysis leads Hsp90 to return to the open
conformation and begins another chaperone cycle. Throughout the chaperone cycle co-chaperones
bind to Hsp90 and regulate its function. PTM of Hsp90 and PTM of co-chaperones provide further
regulation of the chaperone cycle.

5. FNIP1/2 and Tsc1: New Co-Chaperones of Hsp90

Recent reports from Mollapour’s group demonstrated that the tumor suppressors
FLCN and Tsc2 are Hsp90 clients [20,21]. As FNIP1/2 and Tsc1, respectively, have estab-
lished roles as guardians of these tumor suppressors [17,18,67,68], it follows that there
may be a role for molecular chaperones in mediating FLCN and Tsc2 stability. Indeed
FNIP1/2 and Tsc1 both interact with Hsp90 and Hsp70, as well as with overlapping com-
plements of Hsp90 co-chaperones including PP5, Cdc37, Hop, and p23 and behave as
Hsp90 co-chaperones [20,21] (Figure 3). These reports also demonstrate a role for these new
co-chaperones in regulating both kinase and non-kinase clients, as well as provide clues to
their chronology in the overall chaperone cycle.

FNIP1 and Tsc1 share a number of striking similarities in their actions as co-chaperones.
Both FNIP1 and Tsc1 exhibit complex binding to Hsp90; contacts are made using multiple
domains of these co-chaperones as well as multiple domains of Hsp90. The most well
characterized interactions thus far however are that of FNIP1 and Tsc1 binding the Hsp90
middle domain via their carboxy-termini. It is through this interaction that they decelerate
Hsp90 ATPase activity and compete with the accelerating co-chaperone Aha1 for Hsp90
occupancy. In addition to increasing the dwell time of ATP (and thus client proteins)
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on Hsp90, interaction with these large co-chaperones also increases Hsp90 binding to its
ATP-competitive inhibitors [20,21,114].

1 

 

 

 

FNIP1 Tsc1

Hopp23 Aha1

FNIP2

PP5Cdc37

Figure 3. FNIPs and Tsc1 co-chaperone interaction network. Hsp90 co-chaperones are represented
by colored circles. Interactions between co-chaperones are denoted by colored lines. FNIP1 interac-
tions are colored red; FNIP2, yellow; Tsc1, blue; other, gray.

While the overall pattern of how FNIP1 and Tsc1 interact with Hsp90 is similar there
are key differences between them. The C-terminal fragment of Tsc1 (Tsc1-D) binds to Hsp90
with higher affinity than does the C-terminal fragment of FNIP1 (FNIP1-D). Similarly,
Tsc1-D is a potent inhibitor of Hsp90 ATPase activity and very effectively competes with
Aha1 for Hsp90 binding as evidenced by in vitro competition experiments. FNIP1 and Tsc1
can also be distinguished by the complement of co-chaperones with which they interact
therefore, providing clues to their distinct roles in the chaperone cycle. While neither is
found in complex with Aha1, Tsc1 is able to interact with PP5 and Cdc37, whereas FNIP1/2
can additionally be found in complexes containing p23 and Hop (Figure 3). This may
demonstrate some promiscuity of FNIPs, but likely reflects the necessity for FNIPs to work
in concert with other co-chaperones, while Tsc1 may be capable of modulating Hsp90
independently. This potentially explains the observation that Tsc1 is a much more potent
decelerator of Hsp90 ATP hydrolysis than FNIP1/2 [20,21,114]. Interestingly, Tsc1 also
inhibits the ATPase activity of another molecular chaperone, Hsp70, in vitro [115]. Whether
FNIPs share this function remains unknown.

Despite their shared role in facilitating chaperoning of both kinase and non-kinase
clients, FNIP1/2 and Tsc1 over-expression and deletion have different effects. Non-kinase
clients are destabilized upon knockdown/knockout of FNIP1/2 or Tsc1 and stabilized with
overexpression of the co-chaperones. Interestingly, FNIP1/2 knockdown or overexpression
affects the kinase clients in a comparable manner as the non-kinase clients, however
overexpression or absence of Tsc1 both negatively affect kinase client stability [20,21]. This
may be due to the participation of FNIP1/2 with a variety of chaperone complexes, whereas
the semi-exclusive nature of Tsc1 co-chaperone activity disrupts the delicate balance of
Hsp90 co-chaperone dynamics.

5.1. FNIP1/2 and Tsc1 in the Chaperone Cycle

This large body of work on co-chaperone dynamics allows us to propose a model of
FNIPs and Tsc1 co-chaperones in the Hsp90 chaperone cycle. Our previous work demon-
strates that FNIPs and Tsc1 interact with Hsp70 in addition to Hsp90, and FNIP1 and Tsc1
are essential for scaffolding FLCN and Tsc2, respectively, to Hsp90 (Figure 4A,B) [20,21,23].
Subsequent ATP binding triggers conformational changes leading to the N-terminally
dimerized ‘closed’ conformation of Hsp90 (Figure 4C) [116–119]. We have previously
shown that Tsc1 and FNIP1 are not found in complex with Aha1 and that phosphoryla-
tion of Aha1-Y223 displaces Tsc1 from Hsp90 (Figure 4D) [20,21,109]. p23 is a late-acting
co-chaperone that locks Hsp90 in the closed conformation to allow proper client matu-
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ration (Figure 4E) [103,120–127]. FNIP1/2, but not Tsc1, are found in complex with p23
(Figure 4F) [20,21]. We propose that p23:FNIP1:FNIP2 holds the matured client in its active
conformation until there is a signal for client release, resetting Hsp90 for another cycle
(Figure 4G,H).
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Figure 4. FNIPs and Tsc1 in the Hsp90 chaperone cycle. (A) FNIPs and Tsc1 co-chaperones scaffold a
client from Hsp70 to Hsp90. (B) Hsp70 dissociates from the complex. (C) ATP binding triggers Hsp90
conformational rearrangements resulting in the ‘closed’ conformation. (D) Aha1 phosphorylated at
Y223 displaces FNIPs/Tsc1 co-chaperones from the Hsp90 complex and promotes ATP hydrolysis to
ADP + Pi. (E) p23 binds and stabilizes the closed conformation of Hsp90. (F) FNIP co-chaperones
bind to the Hsp90:client:p23 complex to promote client maturation. (G) The complex dissociates
releasing the mature client. (H) Hsp90 is reset to begin another cycle.

5.2. FNIPs, Tsc1 and the Chaperone Code

Hsp90 and its co-chaperones’ functions are heavily regulated by post-translational
modifications (PTM), collectively known as the ‘chaperone code’ [128,129]. An additional
layer of Hsp90 regulation via FNIP1 is provided through FNIP1 post-translational mod-
ification. Recent work by our group identified a series of serine residues (S938, S939,
S941, S946, and S948) in the Hsp90-binding region of the FNIP1 carboxy-terminus that
are phosphorylated in a relay manner by casein-kinase 2 (CK2) [114]. This sequential
phosphorylation promotes FNIP1 interaction with Hsp90 while dephosphorylation of these
residues by the Hsp90 co-chaperone PP5 disrupts the Hsp90-FNIP1 complex. Furthermore,
stepwise phosphorylation of FNIP1 provides gradual inhibition of Hsp90 ATPase activity
and therefore increased activity of a subset of both kinase and non-kinase clients [114].

These new co-chaperones also affect Hsp90 binding to its ATP-competitive inhibitors.
Generally, there is an inverse relationship between the rate of ATP hydrolysis and the ability
of Hsp90 to bind ATP-competitive inhibitors [20,21,109]. Overexpression of FNIP1/2 or
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Tsc1 decreases Hsp90 ATPase activity, thus increasing Hsp90 binding to its inhibitors. As
expected, Hsp90 inhibitor binding is decreased upon knockdown of FNIP1/2 or loss of
Tsc1 [20,21,114,130]. Interestingly, approximately 15% of bladder cancers have loss-of-
function mutations in Tsc1. Tsc1 loss causes hypo-acetylation of Hsp90 on K407 and K419
leading to decreased binding of Hsp90 to its inhibitors, demonstrating another mechanism
of Tsc1-mediated regulation of Hsp90 [130]. The precise mechanism of how Tsc1 loss
compromises Hsp90 acetylation remains unknown, however it is important to note that
Hsp90 acetylation can be restored by histone-deacetylase (HDAC) inhibition, sensitizing
TSC1-null cells to Hsp90 inhibitors [130].

Targeting Hsp90 in cancer cell lines induces apoptosis, and Hsp90 inhibitors have been
found to preferentially accumulate in cancer cells versus normal cells [131–135]. FNIP1/2
were found overexpressed in cancer cell lines originating from several different tissues, and
knockdown decreased sensitivity of these cancers to Hsp90 inhibition [20]. This increased
expression of FNIP1/2 provides one potential mechanism to explain the tumor selectivity of
Hsp90 inhibitors. Similarly, bladder cancer cells lacking functional Tsc1 fail to accumulate
Hsp90 inhibitors and are less sensitive to Hsp90 inhibition than those with wild-type
Tsc1 [130].

Collectively, these studies provide support for a new functional role for the tumor
suppressor Tsc1 and FNIP1/2 as co-chaperones of Hsp90. As Hsp90 co-chaperones the
protective function of Tsc1 and the FNIPs goes beyond mediating stability of Tsc2 and FLCN,
respectively, and provides insight into a larger role for these proteins in the cellular context.

6. A New Perspective: FNIPs, Tsc1, and mTOR

Early connection of FNIP1/2 and Tsc1 to the mTOR nutrient-sensing pathway has
narrowed the focus of research conducted on these proteins. Recent research has demon-
strated that FNIP1/2 and Tsc1 act as co-chaperones of Hsp90. This allows us to reevaluate
the previous published work with a new perspective.

6.1. FNIP1/2 Co-Chaperone Activity Contributes to mTOR Regulation

As reviewed in this text, FNIP1 negatively regulates AMPK activity. Since the α and
γ subunits of AMPK are known clients of Hsp90 [136], the effect of FNIP1 on AMPK
could be mediated through the Hsp90 chaperone (Figure 5). In support of this idea,
microarray data show that B220+CD43+ pre-B cells from FNIP1−/− mice demonstrate
a dramatic increase in expression of AMPK-responsive genes [40]. These data would
suggest a role for FNIP1 in activation of mTOR, however we posit that this mechanism
may actually be more complicated. First, mTOR is also an Hsp90 client protein [137]
and will be subject to the influence of Hsp90 co-chaperones as with any other client
protein. Second, it is likely that loss of FLCN is actually responsible for mTOR activation,
as is suggested by Baba et al., whose data show that the induction of mTOR is mild in
FNIP1−/− mice as compared to FLCN−/− and that FNIP1 deletion fails to phenocopy
BHD syndrome [17,43,54]. Concordantly, FNIP co-chaperone activity toward FLCN can
explain the observation that non-degradable FNIP2 enhances FLCN expression and thus
suppresses tumorigenesis in a BHD mouse xenograft model [138]. Together, these data
highlight that the co-chaperone activity of FNIP1/2 is essential for FLCN-mediated mTOR
suppression, but also underscore our inability to reconcile this observation with the current
understanding of FNIP1/2 function.

6.2. Co-Chaperone Activity of Tsc1 in Regulation of mTOR

The newly identified role for Tsc1 as an Hsp90 co-chaperone may help clarify some of
the phenotypic differences as a result of Tsc1 versus Tsc2 mutation. Due to its function as a
co-chaperone, Tsc1 loss would trigger effects on many cellular pathways, not just mTOR
signaling. This could explain the finding of renal cyst formation in TSC1+/− mice, as well
as provide insight into the pro-migratory phenotype seen only in TSC2−/− MEFs [83,86].
Furthermore, Tsc1 loss, but not Tsc2 loss, causes hypo-acetylation of Hsp90 further demon-
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strating a role for Tsc1 independent of both Tsc2 and mTOR [130]. The loss of Tsc1 has
a dramatic negative effect on Hsp90 kinase and non-kinase clients, including Tsc2. It is
reasonable therefore that loss of Tsc1 co-chaperone activity manifests itself independently
of the mTOR pathway.
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Figure 5. Hsp90 clients in the mTOR pathway. A schematic representation of the mTOR pathway
highlighting the components that are Hsp90 clients (red).

As discussed above, Tsc1 loss has long been known to lead to a less severe phenotype
than Tsc2 loss both in patients as well as animal models [88–90,94–97]. Canonically, Tsc2
loss leads to upregulation of mTOR signaling due to release of the inhibitory signal from
Tsc2-Rheb [139]. Activation and phosphorylation of mTOR and its downstream targets
as well as other pathway components such as Akt has been shown to be dependent on
Hsp90; in fact, many mTOR pathway components are clients of Hsp90 [140–143] (Figure 5).
Activation of the mTOR pathway is therefore dependent on proper function of the Hsp90
chaperone system. Perhaps the milder phenotype seen with Tsc1 loss is a result of the loss
of co-chaperone activity toward Hsp90. Upon Tsc1 loss, Tsc2 is destabilized leading to
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increased mTOR activity; however, the other proteins in the mTOR pathway that are Hsp90
clients would also be destabilized, potentially mitigating the downstream effect.

Rapalogs, such as sirolimus and everolimus, are rapamycin derivatives that are com-
monly used to treat patients with BHD and TSC. Armed with the information of the role of
Hsp90 in BHD and TSC, perhaps preclinical examination of Hsp90 inhibitors in combina-
tion with rapalogs is warranted. In fact, Hsp90 inhibitors have been shown to synergize
with PI3K/Akt/mTOR inhibitors in preclinical studies for the treatment of various can-
cers [144–146]. In line with this, Di Nardo et al. identified the heat-shock machinery as an
exploitable target in Tsc2-deficient neurons [147]. Accordingly, one study has evaluated
mTOR and Hsp90 inhibitors in combination in TSC1 or TSC2 deficient cancer models.
Unfortunately, the results were inconsistent between cell line and mouse xenograft models,
as synergism between Hsp90 inhibitor (GB) and mTOR inhibitors (Torin2, rapamycin) in
cell lines did not translate to increased efficacy over monotherapy in xenograft models [148].
Taken together, these studies demonstrate the potential therapeutic benefit of co-targeting
Hsp90 and mTOR in BHD and TSC patients. However, further investigation is needed.

7. Specialized Function of FNIP1/2 and Tsc1: Chaperoning Tumor Suppressors

An important and perhaps specialized role for these new Hsp90 co-chaperones is
in the chaperoning of tumor suppressors. FLCN and Tsc2 are additions to the growing
list of tumor suppressors that interact with Hsp90. The transcription factor p53 was the
first reported tumor suppressor client of Hsp90 [149–152]. Since 1996, 17 functional Hsp90
interactions with both kinase and non-kinase tumor suppressors have been discovered
(Table 1) [20,21,149,153–163]. Furthermore, several tumor suppressors including, VHL,
BDC2, LKB1, p53, FLCN and LATS1/2 were found to interact with Hsp90 co-chaperones
including, Hop, p23, Hsp110, Cdc37, PP5, and CHIP [20,23,150,154,159,160,164–167]. As
FNIP1/2 and Tsc1 scaffold the tumor suppressors FLCN and Tsc2 to Hsp90, it follows that
these co-chaperones may participate in the chaperoning of additional Hsp90-dependent
tumor suppressor clients. In line with this notion, Tsc1 was identified as a genetic interactor
with VHL in HeLa cells highlighting the need for further exploration in this area [168].

Table 1. Relationships of known tumor suppressor-Hsp90 interactions.

Tumor Suppressor Gene Relationship to Hsp90 References

ATM Kinase Client [153,169]
BMPR1A Client [161]
BRCA1/2 Client [158,170,171]

DBC2 Client [159]
FBXW7 Interactor [161]
FLCN Client [20,23]
IRF1 Client [156]

LATS1/2 Client [162,167,172]
LKB1 Client [154,173,174]

NDRG2 Interactor [163]
SYK Client [155,175]

TNFAIP3 Interactor [161,176]
TP53 Client [8,103,149–152,164–166,177–187]
TSC1 Co-chaperone [21,130]
TSC2 Client [21]
VHL Client [160,188]
WT1 Client [157]

Additionally, there is new evidence supporting a compensatory mechanism between
FNIP1/2 and Tsc1 co-chaperone activity. FLCN traditionally requires interaction via its
C-terminus to FNIP1/2 to mediate its stability. Tsc1, however, is capable of interacting
with a truncated FLCN mutant and supporting a low level of expression in the absence
of FNIP1/2 binding [23]. Unexpectedly, the truncated FLCN-L460QsX25 was still able

122



Biomolecules 2022, 12, 928

to interact with Hsp90 even though it did not bind to its loading co-chaperone FNIP1.
Overexpression of Tsc1, but not FNIP1 was capable of stabilizing expression of the mutant
FLCN. Notably, Tsc1 interaction with Tsc2 was compromised in this model resulting in
loss of Tsc2 tumor suppressive function. Loss of such a compensatory mechanism may
also explain why deletion of FNIP1 synergized with TSC1 deletion to activate mTOR and
subsequently resulted in accelerated renal cyst formation in mice [189]. These findings
necessitate investigation into how these large co-chaperones mediate chaperoning of tumor
suppressors and the impact of tumor suppressor mutations on this relationship.

8. Conclusions

Hsp90 is an important component of the cellular homeostatic machinery and is regu-
lated by post-translational modification and interaction with co-chaperones. There are more
than 25 known co-chaperones that serve several functions including modulating Hsp90
conformations, loading client proteins to Hsp90, and modifying the rate of ATP hydrolysis.
New data has identified newly characterized roles for three proteins, FNIP1, FNIP2 and
Tsc1, as large co-chaperones of Hsp90. Though these proteins have established roles in the
regulation of tumor suppressor proteins FLCN and Tsc2, it seems that many of their other
ascribed functions are potentially explained at least in part by their effect on Hsp90. A
more thorough understanding of the action and interplay of these new, large co-chaperones
may unveil clues that will aid in developing the next generation of cancer therapeutics.
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Abstract: Mitochondrial function is dependent on molecular chaperones, primarily due to their
necessity in the formation of respiratory complexes and clearance of misfolded proteins. Heat shock
proteins (Hsps) are a subset of molecular chaperones that function in all subcellular compartments,
both constitutively and in response to stress. The Hsp90 chaperone TNF-receptor-associated protein-1
(TRAP1) is primarily localized to the mitochondria and controls both cellular metabolic reprogram-
ming and mitochondrial apoptosis. TRAP1 upregulation facilitates the growth and progression of
many cancers by promoting glycolytic metabolism and antagonizing the mitochondrial permeability
transition that precedes multiple cell death pathways. TRAP1 attenuation induces apoptosis in
cellular models of cancer, identifying TRAP1 as a potential therapeutic target in cancer. Similar
to cytosolic Hsp90 proteins, TRAP1 is also subject to post-translational modifications (PTM) that
regulate its function and mediate its impact on downstream effectors, or ‘clients’. However, few
effectors have been identified to date. Here, we will discuss the consequence of TRAP1 deregulation
in cancer and the impact of post-translational modification on the known functions of TRAP1.

Keywords: TRAP1; Hsp90; chaperone; post-translational modification; cancer; mitochondria; metabolism;
Warburg effect

1. Introduction

Molecular chaperones of the heat shock protein-90 (Hsp90) family are involved in
signal integration and the cellular stress response. These chaperones mediate cell signaling
through the stabilization and activation of their substrate proteins, known as clients (https:
//www.picard.ch/downloads/Hsp90interactors.pdf, accessed 28 February 2022) [1]. The
Hsp90 chaperone function is coupled to the ability to hydrolyze ATP, and chaperone activity
can be precisely regulated by a heterogeneous group of proteins known as co-chaperones [2],
as well as a diverse array of post-translational modifications (PTM) [3].

TNF-receptor-associated protein-1 (TRAP1) is the mitochondrial-dedicated Hsp90 fam-
ily member and is localized to the mitochondrial matrix, inner mitochondrial membrane,
and the intermembrane space [4–6]. TRAP1 was first identified through its interaction
with the intracellular domain of the Type I TNF receptor [7], and early characterization
of TRAP1 demonstrated ATP-binding ability and sensitivity to ATP-competitive Hsp90
inhibitors [8]. Despite this, TRAP1 was unable to form complexes with known cytoso-
lic Hsp90 co-chaperones, nor could it promote the maturation of Hsp90 client proteins,
suggesting a distinct mechanism of action for TRAP1 [8].

From this time, work has concentrated on the impact of TRAP1 on cellular processes,
however identification of TRAP1 effectors and regulatory mechanisms of TRAP1 expression
and activity are critical to understanding its biological function. TRAP1 has an established
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role as a master regulator of metabolic flux, and a large body of evidence has demon-
strated that TRAP1 expression serves to suppress oxidative phosphorylation [9–11]. Fur-
ther, TRAP1 also contributes to cell survival through complex formation with cyclophilin
D (CypD), which regulates the opening of the permeability transition pore (PTP) [12].
These two known roles suggest a critical function for TRAP1 in maintaining cellular home-
ostasis [13]. Despite the critical importance of TRAP1 to these processes, the molecular
mechanisms of TRAP1 function remain largely unresolved. Here, we will discuss recent
advances in understanding the mechanisms of TRAP1 regulation, the impact of this reg-
ulation on TRAP1 function and downstream cellular processes, and the role of TRAP1
in cancer.

2. Structural Basis of TRAP1 Activity

Hsp90 family chaperones are characterized by their dimeric structure. Each of the
two protomers are composed of an amino-terminal ATP-binding domain, followed by
a middle domain, the primary interface for client interaction, and a C-terminal domain
that allows constitutive dimerization of the protomers [14]. Hsp90 chaperone activity is
coupled to its ability to hydrolyze ATP [15,16]. The ‘chaperone cycle’ begins with ATP
binding to the ‘open’ conformation of Hsp90, followed by transient dimerization of the
N-terminal domains of each protomer and ATP hydrolysis, and subsequent release of
mature client proteins and regeneration of the ‘open’ Hsp90 dimer [17]. TRAP1 is broadly
structurally similar to cytosolic Hsp90, with some notable exceptions, including a cleavable
N-terminal mitochondrial localization signal and an N-terminal extension or ‘strap’ that
stabilizes the ‘closed’ conformation of TRAP1 [18,19]. Asymmetrical post-translational
modification and co-chaperone binding are important determinants of Hsp90 molecular
chaperone function [18,20–24]. Interestingly, TRAP1 dimers are inherently asymmetric, and
uniquely composed of one ‘straight’ and one ‘buckled’ protomer, with the buckled protomer
demonstrating increased rates of ATP hydrolysis [25] (Figure 1). Recently, structural and
cell-based studies have described a tetrameric form of TRAP1 induced in response to
dysregulation of oxidative metabolism, although the impact of this TRAP1 state on its
activity is as yet unknown [26]. Interestingly, whether TRAP1 ATPase activity is essential
for the entire scope of its biological role also remains an open question [26].
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with the conserved N-, middle-, and C-domains denoted. One protomer of each is colored blue and
the second is colored green. The regulatory N-terminal extension (strap) of each TRAP1 protomer can
be observed overlapping the opposite protomer. The region of TRAP1 near the M-C boundary that
‘buckles’ during conformational rearrangement is incompletely resolved in the structure. Additionally,
the resolved residues of the charged linker domain (CL) of cytosolic Hsp90, which is absent in TRAP1,
are labeled in the lower right quadrant.

3. Impact of TRAP1 on Cancer Metabolism

Controversially, TRAP1 has alternately been characterized as an oncogene and tumor
suppressor, and it has been suggested that TRAP1 is essential for malignant transformation
of cells but dispensable at later stages of tumor development [6,27]. Despite this controversy,
much of the literature supports the idea that TRAP1 regulates metabolic transformation
during tumorigenesis, TRAP1 is overexpressed in many cancers, and TRAP1 attenuation
is detrimental to tumor cell survival [28–33]. It may be more appropriate to suggest that,
similar to cytosolic Hsp90, many cancers may be ‘addicted’ to TRAP1 [34–36]. In fact,
multiple pathways in which TRAP1 activity can drive tumorigenesis have been described
(Figure 2) and will be reviewed in the following section.
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plexes, Complex II components succinate dehydrogenase subunit A/B (SDHA/B) [42–45], 
and Complex IV cytochrome c oxidase subunit 2 (COXII) [6,46,47]. Complex II/SDH is an 
iron–sulfur cluster-containing protein complex that functions to transfer electrons from 
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TRAP1 inhibition releases active SDH, leading to an increase in its activity [27,44,50–52]. 

Figure 2. Role of human TRAP1 in mitochondria of normal cells and cancer cells. Normal expression
levels (light blue) lead to TRAP1 regulation of ROS and calcium levels, integrity of cristae, function of
ETC, and oversight of the PTP. As TRAP1 expression increases (dark blue), mitochondria lose calcium
sensitivity, downregulate ROS, and prevent PTP opening, leading to metabolic reprogramming and
evasion of apoptosis in cancer.

3.1. Metabolic Regulation

The cellular energy currency adenosine triphosphate (ATP) is generated as a conse-
quence of the complete oxidation of glucose to CO2 and H2O, and each molecule of glucose
can maximally result in 36–38 ATP molecules [37]. Normal cells produce ATP primarily
through cellular respiration, which describes a process in which glucose metabolism by
glycolysis is coupled to the tricarboxylic acid cycle (TCA). Concurrent mitochondrial elec-
tron transport generates the electrochemical gradient that provides the force by which
ATP is disseminated throughout the cell [38]. ATP generation is highly dysregulated in
cancers, and many cancer subtypes supplement their ATP supply by upregulating cytosolic
glycolysis, simultaneously generating additional ATP driven by the terminal fermenta-
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tion of pyruvate to lactate [39]. This hyperactive glycolytic phenotype is known as the
Warburg effect, and serves to support the accelerated growth of cancers through the in-
creased synthesis of intermediates for anaplerotic metabolism and hypertrophy [40,41].
The phenotypic manifestations of metabolic dysregulation are variable and dependent on
cell type and genotype, and many of the details and nuances of this differential regulation
remain obscured.

Few specific biological roles and binding partners have been described for TRAP1,
despite the broad understanding of its impact on metabolic flux. Two of the few described
bona fide clients of TRAP1 however are subunits of electron transport chain (ETC) com-
plexes, Complex II components succinate dehydrogenase subunit A/B (SDHA/B) [42–45],
and Complex IV cytochrome c oxidase subunit 2 (COXII) [6,46,47]. Complex II/SDH is an
iron–sulfur cluster-containing protein complex that functions to transfer electrons from
succinate to coenzyme Q10-ubiquinone (Complex III) [48]. In agreement with the under-
standing of Hsp90 function, TRAP1 maintains SDH in a partially unfolded state [49], and
TRAP1 inhibition releases active SDH, leading to an increase in its activity [27,44,50–52].
Further, SDH activity [44,53,54] and the oxygen consumption rate [6,55] are inversely cor-
related with TRAP1 expression, implicating TRAP1 in promoting the Warburg effect [56].
Notably, SDH also oxidizes succinate to fumarate and thus integrates the TCA cycle and
the ETC, indicative of the broad influence of TRAP1 on mitochondrial metabolism [56–58].

Complex IV of the ETC converts molecular oxygen to water, and in doing so enacts
the final step in generating the electrochemical gradient that supports ATP production by
Complex V (ATP synthase) [59]. COXII is a downstream effector of TRAP1 function in the
regulation of apoptosis, and TRAP1 regulates COXII expression [47] and activity [6]. As
downregulation or inhibition of TRAP1 has been shown to destabilize COXII [46,50] and
deletion of TRAP1 was associated with decreased COXIV subunit levels [60], it is possible
that TRAP1 chaperoning of COXII/IV is mechanistically similar to SDHA/B. TRAP1 has
also been shown to interact with the Complex V subunit ATPB, although little is known
about this interaction [27].

Mitochondrial respiration drives the production of reactive oxygen species (ROS) and
is responsible for most cellular ROS (Figure 3) [61]. In considering the role of TRAP1 in
chaperoning SDH and COXII, TRAP1-mediated regulation of mitochondrial respiration
suppresses ROS production [62], thereby contributing to the regulation of redox homeosta-
sis, metabolic flux, and mitochondrial apoptosis.
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3.2. Contribution to Tumorigenesis

Cancer-associated increases in TRAP1 expression suggest a role for TRAP1 in onco-
genesis [30,63,64]. Indeed, TRAP1 deletion delayed tumor formation in a mouse model
of breast cancer, providing direct evidence of the role of TRAP1 in tumor initiation [65].
Further, TRAP1-mediated SDH inhibition leads to accumulation of the oncometabolite
succinate [58]. Increased succinate inhibits the activity of prolyl hydroxylases, which are re-
sponsible for the hydroxylation of the transcription factor hypoxia inducible factor (HIF1α),
a prerequisite for recognition by the VHL-dependent E3-ubiquitin ligase machinery [66].
Succinate-dependent HIF1α stabilization and activation promotes a well-established gly-
colytic transcriptional program [67], demonstrating yet another function of TRAP1 in the
regulation of cancer-associated metabolic dysregulation.

TRAP1 expression was found to be elevated in aggressive pre-neoplastic lesions in a
rat model of hepatocarcinogenesis [68]. The master antioxidant transcription factor NRF2
was also activated in this model, and given the established role of TRAP1 in regulating
intracellular ROS, TRAP1 likely participates in NRF2-driven ROS mitigation during tumor
development [68]. NRF2 inhibition led to decreased TRAP1 levels independent of TRAP1
transcription [68], suggesting that post-translational regulation is essential for sustained
TRAP1 expression in pre-cancerous and cancerous cells. Interestingly, pentose phosphate
pathway (PPP) flux was found to be increased in this model, and was determined to be a
consequence of elevated citrate synthase activity in aggressive pre-neoplastic lesions [68].
Citrate accumulation inhibits downstream metabolic enzymes phosphofructokinase and
SDH and activates the anaplerotic PPP [69]. This increase in citrate synthase activity was
alleviated following TRAP1 knockdown or inhibition, suggesting that citrate synthase may
also be a TRAP1 client [68].

Cell cycle dysregulation is a well-established driver of tumorigenesis [70]. TRAP1
impacts the cell cycle through regulation of protein quality control in cooperation with the
proteasome regulator TBP7 [71,72]. Loss of the TRAP1/TBP7 machinery leads to increased
ubiquitination and degradation of the G2-M checkpoint proteins CDK1 and MAD2 and
dysregulation of mitotic entry [72]. However, whether TBP7 is a client or perhaps even the
first co-chaperone of TRAP1 remains to be seen.

Taken together, these data describe multiple mechanisms through which TRAP1
dysregulation can impact cellular metabolic flux and, potentially, tumorigenesis.

3.3. Evasion of Apoptosis

Mitochondrial involvement in cell death is mediated by the release of cytochrome
c [73,74]. Sustained opening of the permeability transition pore (PTP) within the inner
mitochondrial membrane (IMM) initiates a series of events that lead to cytochrome c release
and apoptosis or necrosis. Upon PTP opening, particles under 1500 Da, such as ions (Ca2+,
K+, and H+), water, and other solutes, flood the IMM, causing swelling and unfolding
of the cristae and eventual outer mitochondrial membrane (OMM) rupture. Subsequent
efflux of cytochrome c through the compromised OMM into the cytosol induces the caspase
cascade [75,76]. This sustained PTP opening is known as the mitochondrial permeability
transition (PT) [77], and it can be triggered by several mechanisms, including elevated
ROS, Ca2+, or inorganic phosphate levels, as well as decreased pH or ATP depletion [78].
Interplay between these elements also plays a role in its regulation, as elevated ROS has
been shown to decrease the amount of Ca2+ required to trigger the PTP [76].

TRAP1 attenuation induces opening of the PTP and release of cytochrome c [47], and
expression of TRAP1 likely discourages the initiation of apoptosis through two distinct, but
potentially overlapping mechanisms: (1) regulation of triggers that signal into the PTP, and
(2) direct disruption of the physical mechanism of PTP opening. TRAP1 knockdown has
been shown to lead to increased ROS accumulation under oxidative stress [79] and TRAP1
overexpression insulates cells against iron chelation-mediated ROS production [80]. These
effects are likely a consequence of both direct and indirect roles of TRAP1 in minimizing
ROS generation. TRAP1 is a direct regulator of oxidative phosphorylation through its

137



Biomolecules 2022, 11, 274

chaperoning of Complexes II and IV of the ETC [6,44,46] and has an indirect role in
quenching existing ROS, as TRAP1 expression is associated with increased levels of the
reduced form of the antioxidant glutathione (GSH) [81]. TRAP1-dependent regulation of
ROS generation also results in decreased oxidation of the phospholipid cardiolipin. This
phospholipid is responsible for the binding of cytochrome c to the inner folds of cristae,
and its oxidation results in an increase of free cytochrome c in the inner membrane space
that can potentially escape into the cytosol [78].

Furthermore, TRAP1 has been shown to chaperone the calcium-binding protein Sor-
cin [82]. TRAP1 is also thought to be responsible for Sorcin translocation into the mi-
tochondria, given that Sorcin lacks its own mitochondrial localization sequence [8,82].
Overexpression of Sorcin in neonatal cardiac myocytes has been shown to increase mito-
chondrial Ca2+ levels, while simultaneously decreasing cytochrome c release, indicating
an increase in mitochondrial Ca2+ tolerance [83]. Therefore, the chaperoning of Sorcin by
TRAP1 is important for desensitizing the PTP to Ca2+ levels. Understanding this regulation
is particularly important for TRAP1, as Ca2+ can replace Mg2+ as a co-factor and induce
an increased rate of TRAP1 ATP hydrolysis [84]. TRAP1 has also been shown to decrease
ubiquitination of the mitochondrial contact site and cristae organizing system subunit 60
(MIC60) under conditions of extracellular acidosis [85]. MIC60 is a critical component of
the protein complex MICOS, which is regarded as the master organizer of the IMM through
the formation of contact sites with the outer membrane and maintenance of cristae junc-
tions [86,87]. Thus, TRAP1 regulation of MIC60 contributes to its anti-apoptotic function
through the preservation of mitochondrial integrity.

Proposals for the structure of the PTP have gone through various iterations, however
the prevailing model is that the PTP is formed by coordinated activities of the adenine
nucleotide translocator (ANT) and the F-ATP synthase [88–90]. Furthermore, cyclophilin
D (CypD) is key to PTP regulation [12,91]. Though its role in this process is controversial,
CypD peptidyl-prolyl isomerase activity is required, as is its binding to the mitochondrial
peripheral stalk subunit of the F-ATP synthase [63,90,92]. In addition to attenuating the
triggers that lead to PTP opening, TRAP1 has been shown to antagonize the opening of
the PTP itself. There is a general consensus that TRAP1 accomplishes this by forming a
complex with CypD, interfering with the ability of CypD to interact with the PTP [12,63,93]
potentially at the peripheral stalk of F-ATP synthase [90].

Further, the mitochondrial chaperones Hsp60 and Hsp90 have been implicated in
this process, as their association with CypD also prevents PTP opening; however, the
architecture of this complex has yet to be characterized [12,63,93–96].

4. Post-Translational Regulation of TRAP1

Post-translational modification is critically important to mitochondrial function [97]
and has previously been shown to regulate TRAP1, though relatively little is known about
individual PTM sites (Table 1, Figure 4) [5,6,98,99]. A comprehensive study of cytosolic
Hsp90 has demonstrated the importance of post-translational regulation to Hsp90 chaper-
one activity (reviewed in [3,100]), and in the absence of certain co-chaperone regulatory
proteins, specific PTM events have been shown to functionally recapitulate their activ-
ity [101]. This phenomenon may be critically important for TRAP1 biology, as TRAP1 is
thought to act without the assistance of co-chaperones [8,10].
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Table 1. Reported PTMs of TRAP1. Paralog identifies conserved residues in Hsp90α. GSNOR—S-
nitrosoglutathione reductase, ERK—extracellular signal-regulated kinase.

Modification Enzyme Residue Paralog Impact on TRAP1 Reference

S-Nitrosylation GSNOR Cys501 Thr495 Decreased activity,
proteasomal degradation [98]

Phosphorylation ERK1/2 Ser511 Ser505 N/A [10]
Phosphorylation ERK1/2 Ser568 Glu562 Increased SDH inhibition [10]

S/T Phosphorylation PINK1 N/A N/A N/A [5]

Y Phosphorylation Unknown,
possibly c-Src N/A N/A Disrupts c-Src interaction [6]

Deacetylation SIRT3 N/A N/A Increased activity [27]
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4.1. Phosphorylation

PINK1 is a mitochondrially targeted serine/threonine kinase whose mutation and inac-
tivation is linked to Parkinson’s disease [102]. PINK1 activity has previously been shown to
be cytoprotective [103], and when exposed to H2O2, cells transfected with siRNA targeting
PINK1 showed significant increases in cytochrome c release and apoptosis [5]. TRAP1
was shown to be phosphorylated by PINK1 and mediate PINK1 anti-apoptotic activity, as
evidenced by the observation that TRAP1 knockdown sensitized cells to PINK1 attenua-
tion [5,104,105]. Interestingly, TRAP1 inhibition leads to activation of PINK1, suggesting a
reciprocal regulatory relationship [106].

TRAP1 has also been shown to interact with the mitochondrial serine protease HTRA2
in Parkinson’s disease [55]. Canonically, HTRA2 participates in mitochondrial and cellular
quality control through inhibition of IAPs (inhibitor of apoptosis proteins) and induction
of cell death, while loss of HTRA2 is associated with aberrant mitochondrial function and
Parkinson’s disease (PD). Overexpression of HTRA2 led to decreased levels of TRAP1, sug-
gesting that HTRA2 may play a role in regulating TRAP1 stability [55]. However, the effect
of HTRA2 was independent of its protease activity and the interaction between HTRA2 and
TRAP1 was abrogated through treatment with mitochondrial respiratory inhibitors [55].
TRAP1 overexpression is also capable of rescuing mitochondrial dysfunction-associated
PINK1 and HTRA2 loss. Interestingly, HTRA2 is also a substrate of PINK1, demonstrating
that further work is needed to understand the mechanistic regulation of TRAP1 by HTRA2
and the role of PINK1 in this system.

Neurofibromatosis is caused by mutation and inactivation of the Ras regulatory pro-
tein neurofibromin and is characterized by elevated Erk1/2 activity [10]. Active Erk1/2 is
associated with TRAP1-SDH in the mitochondria of these cells, and Erk1/2-mediated phos-
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phorylation of TRAP1-S511/S568 strengthens their association, suggestive of a chaperone–
client relationship. Association of TRAP1 and SDH decreases SDH activity, leading to
accumulation of the oncometabolite succinate [10]. TRAP1 attenuation or loss of phospho-
rylation at these residues prevents tumor growth, in a succinate-dependent manner [10].
Mitochondrial Erk1/2 was previously shown to antagonize PTP opening [107], perhaps
indicating a role for TRAP1 phosphorylation in PTP regulation as well. Taken together,
these data suggest that TRAP1 inhibition or combined TRAP1-Erk1/2 targeting may be a
viable therapeutic strategy in neurofibromatosis and other cancers.

Interaction with mitochondrially localized c-Src remains the only described TRAP1–
tyrosine kinase relationship [6]. Previous work has shown that mitochondrial c-Src is in-
volved in the phosphorylation-mediated activation of ETC Complexes I, II, and IV [108,109].
TRAP1 binds to and maintains c-Src in an inactive state, providing a potential mechanism
for TRAP1 suppression of oxidative metabolism and ROS mitigation [6]. Though TRAP1
tyrosine phosphorylation is induced by c-Src expression and abrogated by c-Src inhibition,
direct phosphorylation of TRAP1 by c-Src remains to be demonstrated. Taken together,
TRAP1 and c-Src play opposing roles in the regulation of mitochondrial metabolism, though
the reciprocal impact of c-Src on TRAP1 remains unresolved.

4.2. Acetylation–Deacetylation

Acetylation modulates protein–protein interactions via neutralization of Lys residues
and can be reversed by the activity of deacetylases. TRAP1 directly stabilizes one such
deacetylase, sirtuin-3 (SIRT3), and augments SIRT3 activity in vitro and in glioma cells [27].
Interestingly, SIRT3 overexpression was also able to rescue the effects of TRAP1 inhibition
by the TRAP1 inhibitor gamitrinib [27]. One potential explanation for this observation is
that SIRT3-mediated deacetylation of TRAP1 modulates TRAP1 activity or its affinity for
gamitrinib, though no direct evidence was reported [27]. SIRT3 knockdown was also shown
to increase ROS levels, and SIRT3 overexpression reversed an increase in ROS caused by
gamitrinib [27]. Interestingly, attenuation of SIRT3 specifically destabilized TRAP1 sub-
strates NDUFA9 (CI) and SDHB (CII), but not SIRT3 substrates SOD2 and GDH, suggesting
that SIRT3-mediated deacetylation of TRAP1 is important for TRAP1 chaperone activ-
ity [27]. Interestingly, these interactions were observed in glioblastoma (GBM) cancer stem
cells (CSC), which showed a preference for mitochondrial respiration over glycolysis. This
work provides a new paradigm for understanding the role of SIRT3 in cancer [110]. Given
this context and the known role of both proteins in regulating mitochondrial metabolism,
reciprocal regulation of SIRT3 and TRAP1 may provide a positive feedback mechanism
that impacts the ability of TRAP1 to chaperone its dependent proteins.

4.3. Nitrosylation

The PTM S-nitrosylation (SNO) is the result of the covalent addition of -NO to the
thiol group of cysteine residues [111]. SNO is enzymatically catalyzed by nitrosylases
and reversed by the activity of denitrosylases, including S-nitrosoglutathione reductase
(GSNOR) [112]. GSNOR is commonly deleted in hepatocellular carcinoma (HCC), and
GSNOR-KO mice develop HCC, linking aberrant nitrosylation to cancer [113]. TRAP1-
C501-SNO was identified by mass spectrometry [54,114] and this modification was found
to decrease TRAP1 ATPase activity, modulate conformational rearrangement, and promote
its proteasomal degradation [54,98]. TRAP1 degradation also led to increased SDH activity,
in agreement with previous work [44], and sensitized cells to SDH inhibitors, identifying
TRAP1-SNO as a predictor of tumor cell response to this class of drugs [54]. It follows
that mutation of this residue to TRAP1-C501S provided protection from apoptosis in the
presence of nitric oxide donors, demonstrating that disruption of TRAP1-SNO is essential
for its anti-apoptotic role [98]. Curiously, however, TRAP1 is overexpressed in many
cancers, allowing for the possibility that TRAP1-SNO is context-specific and perhaps also
under temporal regulation.
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Taken together, PTMs exert influence on TRAP1 through regulating the kinetics of ATP
hydrolysis and associated conformational rearrangements, interaction with client proteins,
and promoting TRAP1 degradation.

5. Current State of TRAP1 Inhibitor Development

Inhibition of cell metabolism is a re-emerging anti-cancer strategy [115]. TRAP1 control
of cellular metabolic flux and mitochondrial apoptosis outlined herein identifies TRAP1
inhibition as a potential anti-cancer therapeutic target. Efforts towards the development
of ATP-competitive inhibitors for cytosolic Hsp90 have provided lead compounds for
optimization to address the dual challenges of mitochondrial localization and TRAP1
specificity. Conjugation to a chemical scaffold such as the mitochondrial-targeting moiety
triphenylphosphonium (TPP) is necessary to provide mitochondrial penetrance [116,117].
Specificity for TRAP1 over Hsp90 may also be a necessary consideration, as well-established
Hsp90 ATP-competitive inhibitors cannot differentiate between the ATP-binding pockets,
potentially leading to off-target toxicity [33].

5.1. Gamitrinibs

The most widely used mitochondrial Hsp90 inhibitors are gamitrinibs (G), small
molecules consisting of the Hsp90 inhibitor 17-allylamino-17-demethoxygeldanamycin
(17-AAG) attached to a mitochondrial-targeting moiety such as cyclic guanidinium re-
peats or TPP (G-G1-4 and G-TPP, respectively) [118]. These gamitrinibs have demonstra-
bly reduced the viability of prostate [91,119–122], colon [119,123], melanoma [119,124],
cervix [122,125], ovary [122], breast [118,119,121,124,125], and glioma cancers [126], par-
ticularly glioblastomas [120,124,127–129]. Gamitrinibs disrupt the anti-apoptotic effects
of TRAP1, as evidenced by decreased mitochondrial membrane potential and increased
cytochrome c release in G-TPP-treated PC3 prostate cancer cells [119]. Furthermore, the
stability of the sensitive cytosolic Hsp90 client proteins Akt and phospho-Y416-Src was
impacted by 17-AAG treatment, but unaffected by G-TPP in PC3 cells, demonstrating the
selective targeting of gamitrinibs to the mitochondria [119]. A further consideration is the
potential for resistance development, as PC3 cells continuously incubated with 17-AAG
eventually became resistant to G-TPP, but not G-G4 [118,119]. This finding potentially
suggests that the choice of mitochondrial-targeting moiety may be critically important
and not necessarily limited simply to drug transport. Overall, selective TRAP1 inhibition
with ATP-competitive gamitrinib derivatives remains a challenge. Further, these data
emphasize the importance of understanding effectors of TRAP1 for the identification of
potential combinatorial therapeutic targets to augment inhibition of TRAP1-mediated
signaling pathways.

5.2. Purine-Scaffold Inhibitors

In addition to 17-AAG, mitochondrial targeting of the purine-scaffold Hsp90 inhibitor
PU-H71 has also demonstrated efficacy against TRAP1. A TPP-conjugated derivative of PU-
H71 (SMTIN-P01) showed a remarkable ability to target mitochondria over non-conjugated
PU-H71 and a slight improvement in cytotoxicity over gamitrinibs [130]. Interestingly,
adjustments to the length of the TPP resulted in changes in inhibitor behavior. When
the TPP was modified to have a 10-length carbon chain (as opposed to the standard 6-
length carbon chain), this so-called SMTIN-C10 induced structural changes to TRAP1
and demonstrated increased inhibition of TRAP1 [52]. SMTIN-C10 was found to bind
to an allosteric binding site at E115 in the N-terminal domain of TRAP1, in addition to
binding to the ATP pocket, resulting in TRAP1 adopting a closed formation [52]. This long
linker approach was adapted for other TRAP1 inhibitors as well, including Mitoquinone.
TPP-Mitoquinone has shown utility and specificity by targeting the client-binding middle
domain of TRAP1 [117]. Mitoquinone has been demonstrated to have protective properties
in various animal models of neurological maladies, such as traumatic brain injury [131],
Huntington’s disease [132], amyotrophic lateral sclerosis (ALS) [133], and Alzheimer’s
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disease [134]. This finding is contradictory to the working model of TRAP1 function,
especially considering that TRAP1 downregulation is observed in Alzheimer’s disease
patients [135] and its overexpression is protective against oxidative stress in ALS [62]. These
results highlight the need to understand the disease-specific contexts of TRAP1 function to
identify appropriate disease models for the evaluation of TRAP1 inhibitors.

5.3. New Inhibitors

Since their discovery, Hsp90 inhibitors have primarily targeted the ATP-binding pocket
(Figure 5). This is the mechanism of the natural product geldanamycin (GA) [136–138]
and its derivatives, as well as the first synthetic inhibitor of TRAP1, Shepherdin [139].
Shepherdin was designed by imitating the minimal Hsp90-binding sequence of Survivin
(aa 79–87), an anti-apoptotic protein that binds to the N-domain of Hsp90 [140]. Con-
sequently, Shepherdin was also found to disrupt Hsp90-ATP binding with 13 predicted
sites of hydrogen bonding in the ATP pocket [139]. Modeling studies based on the struc-
ture of Shepherdin identified the small molecule 5-aminoimidazole-4-carboxamide-1-β-
D-ribofuranoside (AICAR), a previously characterized AMPK activator [141,142], as a
potential Hsp90 inhibitor, though its development as a scaffold for Hsp90 inhibition has
not been pursued.
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Though ATP-competitive Hsp90 inhibitors are still widely used, an alternative ap-
proach in hopes of achieving TRAP1 specificity over other Hsp90 family members has
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emerged through allosteric targeting. One example of this strategy is honokiol bis-dichloroacetate
(HDCA), which is able to specifically inhibit TRAP1 by binding to an allosteric pocket
within the middle domain. This pocket has a surface landscape defined by a positively
charged region sandwiched between two negatively charged regions that are separated
from each other by a large hydrophobic area. HDCA binds in this hydrophobic area and
allosterically inhibits TRAP1 ATPase activity, but not that of Hsp90 [43].

Further, computational methods by Sanchez-Martin et al. utilized the unique asym-
metry of TRAP1 to identify an allosteric pocket on the straight protomer of the TRAP1
dimer that can serve as a TRAP1-specific inhibitor binding surface [42]. Inter-domain com-
munication is essential to the ATPase cycle of TRAP1, and previous work has shown that
inhibitor-bound TRAP1 stalls in the NTD dimerized phase [143]. In agreement, the compu-
tationally identified compounds (compounds 5–7) were hypothesized to inhibit TRAP1 by
reducing the ability of the ATP-binding site to communicate with the client-binding region
of the middle domain. In fact, several of these small molecules were shown to decrease
TRAP1 ATPase activity to a degree comparable to that of 17-AAG, while not significantly
interfering with Hsp90 ATPase activity, demonstrating specificity for TRAP1 [42]. Further-
more, allosterically inhibited TRAP1 bound approximately 30% less SDHA than its control
and experienced a significant increase in succinate-coenzyme-Q reductase (SQR) activity.
While the tested compound did not alter cell viability, it delayed cell proliferation over a
96 h observation [42]. The successful utilization of TRAP1 asymmetry to identify unique
allosteric binding pockets provides a significant starting point for future inhibitor work.

6. Future Perspectives

The function of TRAP1 as a regulator of cellular metabolic flux and mitochondrial
apoptosis underscores a duality in which cell fate decisions are determined (Figure 6).
Normal cells demonstrate basal TRAP1 expression, facilitating oxidative metabolism and
programmed cell death. Dysregulation of TRAP1 expression manifests in noted hallmarks
of cancer, including cell death resistance and deregulation of cellular energetics [144]. A
thorough delineation of the mechanism of TRAP1 function in these roles is essential to com-
batting diseases of mitochondrial dysfunction, including cancer and neurodegeneration.
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Figure 6. The multiple roles of TRAP1 in cancer cell mitochondria, revolving around evasion of
apoptosis and metabolic reprogramming. TRAP1 acts as a chaperone for the Ca2+ binding protein
Sorcin as well as Complexes II and IV of the ETC. Increased TRAP1 levels are associated with calcium
tolerance, increased levels of the antioxidant glutathione, reduced levels of ROS, reduced levels
of MIC60 ubiquitination, and in many cases, a shift towards the Warburg effect. TRAP1, along
with Hsp90 and Hsp60, can form a complex with CypD to prevent opening of the PTP. TRAP1 is
post-translationally modified by PINK1, Erk1/2, GSNOR, and SIRT3.
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Though our understanding of the cellular impact of TRAP1 is coming into focus, sev-
eral outstanding questions remain that are essential to our comprehension of the full scope
of TRAP1 biology. (1) Is TRAP1 ATPase activity, and by extension TRAP1 chaperone func-
tion, essential for its biological activity? ATP-competitive inhibitors of TRAP1 demonstrate
efficacy in cell models of cancer, suggesting that TRAP1 function is coupled to its ATPase
activity; however, catalytically inactive TRAP1 mutants are able to complement TRAP1
function and revert metabolic dysfunction [26]. Reconciling these disparate observations is
an ongoing challenge. (2) What is the physiological impact of TRAP1 dimeric and tetrameric
forms, and is transition between these states essential for its function? Cytosolic Hsp90s are
well-established dimers, and though the domain architecture of TRAP1 is similar, it remains
unclear whether the TRAP1 dimer is the primary biological unit. (3) Is specific targeting of
TRAP1 in cancer essential? Many existing TRAP1 inhibitors are mitochondrially targeted
Hsp90 inhibitors. Though strategic inhibition of cytosolic Hsp90 has yet to demonstrate clin-
ical success, perhaps simultaneous disruption of TRAP1 and the mitochondrial Hsp90 pool
will prove efficacious [145]. (4) Can TRAP1 be used as a biomarker in cancer? Previous work
has demonstrated that circulating Hsp90 can potentially be used as a biomarker in certain
conditions, however the presence of circulating TRAP1 has not been evaluated [146–148].
Similarly, TRAP1 expression and activity is dysregulated in cancer, potentially suggesting
an ability to serve as a predictive indicator of disease state. (5) TRAP1 mutations have been
implicated in several conditions, including congenital anomalies of the kidney and urinary
tract (CAKUT), vertebral defects, anal atresia, cardiac defects, tracheo-esophageal fistula,
renal anomalies, and limb abnormalities (VACTERL), Parkinson’s disease, cardiac hypertro-
phy, and severe autoinflammation [55,149–151]. What is the structural basis for the impact
of these mutations on TRAP1 function? Is mutant-TRAP1 association with these diseases
a consequence of its role as a more general regulator of mitochondrial dynamics [152]?
(6) Can differential PTM of TRAP1 in normal and disease states predict disease-associated
phenotypes? Indeed, it has been shown that PTMs modulate TRAP1, however whether this
necessarily predicts TRAP1 behavior in disease states remains to be tested. (7) Do TRAP1
PTMs compensate for a lack of dedicated co-chaperones? In the case of Hsp90, a single
phosphorylation can functionally replace the loss of the yeast co-chaperone Hch1 [101].
The relevance of this mechanism for TRAP1 has not yet been investigated, however the
reliance of cytosolic Hsp90 on co-chaperone interaction suggests that TRAP1 PTMs can
recapitulate some co-chaperone activities. (8) Can these PTMs be specifically manipulated
to alter TRAP1 function? Many cancers are associated with increased TRAP1 activity, and
decreased TRAP1 activity or loss-of-function mutations contribute to the pathogenesis of
some neurodegenerative diseases [153]. Previous work discussed here demonstrates that
PTMs play a role in the regulation of TRAP1 stability, and TRAP1 PTMs are dysregulated
in disease. High-throughput methods [154] as well as the study of cytosolic Hsp90s suggest
that TRAP1 function will be regulated by a constellation of PTMs with differential incidence
that correlates with disease state [3].

The literature reviewed here from several experimental systems demonstrates that in
cancers that overexpress TRAP1, attenuation of TRAP1 expression or activity is sufficient to
slow cell growth, and in some instances, induce apoptosis. Furthermore, nuanced studies
of Hsp90 have demonstrated that PTM can modulate the efficacy of Hsp90 inhibitors [3],
implying a similar framework for the application of TRAP1 inhibitors. The identification of
predictive indicators of response to TRAP1 inhibition and potential targets for anti-cancer
therapy in combination with TRAP1 inhibitors are two essential pieces of information that
can be gained from decrypting the TRAP1 chaperone code.
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Abstract: The HSP90 paralog TRAP1 was discovered more than 20 years ago; yet, a detailed under-
standing of the function of this mitochondrial molecular chaperone remains elusive. The dispensable
nature of TRAP1 in vitro and in vivo further complicates an understanding of its role in mitochon-
drial biology. TRAP1 is more homologous to the bacterial HSP90, HtpG, than to eukaryotic HSP90.
Lacking co-chaperones, the unique structural features of TRAP1 likely regulate its temperature-
sensitive ATPase activity and shed light on the alternative mechanisms driving the chaperone’s
nucleotide-dependent cycle in a defined environment whose physiological temperature approaches
50 ◦C. TRAP1 appears to be an important bioregulator of mitochondrial respiration, mediating the
balance between oxidative phosphorylation and glycolysis, while at the same time promoting mito-
chondrial homeostasis and displaying cytoprotective activity. Inactivation/loss of TRAP1 has been
observed in several neurodegenerative diseases while TRAP1 expression is reported to be elevated
in multiple cancers and, as with HSP90, evidence of addiction to TRAP1 has been observed. In this
review, we summarize what is currently known about this unique HSP90 paralog and why a better
understanding of TRAP1 structure, function, and regulation is likely to enhance our understanding
of the mechanistic basis of mitochondrial homeostasis.

Keywords: HSP90; TRAP1; molecular chaperone; mitochondria; metabolism; OxPhos; tetramers

1. Introduction

Molecular chaperones form one of the central pillars of the cellular proteostasis net-
work [1,2]. Depending upon their function, these molecules fall into three fundamen-
tal classes: foldases, holdases, and disaggregases [1–7]. Under certain circumstances,
some molecular chaperones also deliver damaged and impossible to fold client proteins for
degradation by proteosomes or autophagy [8–10]. Foldases are ATP-dependent chaperones
that actively fold nascent proteins into their native functional conformations and refold un-
folded proteins under cellular stress. Heat shock protein 90 (HSP90) is an ATP-dependent
foldase that is remarkably conserved from bacteria to humans [11]. It regulates folding,
maturation, and stability of proteins (in HSP90’s case, termed “clients”) that are involved
in cell growth, survival, apoptosis, and adaptation to stress [12–14].

In mammalian cells there are four different HSP90 paralogs: HSP90α, HSP90β, GRP94,
and TRAP1. HSP90α and HSP90β are primarily cytosolic with a small component in the
nucleus. HSP90α is stress induced while HSP90β is constitutively expressed [15]. GRP94 is
localized in the endoplasmic reticulum [16] and TRAP1 (or HSP75), the paralog on which
we focused in this review, is primarily localized in mitochondria [17,18]. TRAP1 was
initially identified in 2000 [17] and was widely presumed to facilitate late-stage folding
of clients in the mitochondrial matrix. However, it increasingly became clear that this
may not be the case. TRAP1 has since been implicated in metabolic regulation [19–25],
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mitochondrial dynamics [26], mitophagy [27,28], protection from oxidative stress [23,29–32],
and protection from cell death [33].

2. TRAP1: Cytoprotective or Pro-Neoplastic?

Although TRAP1 may have regulatory roles in organellar processes, whether it is
ultimately cytoprotective in the context of neurodegenerative diseases or pro-neoplastic
in the context of many cancers may reflect two sides of the same coin. This molecule has
been reported to play a crucial role in inhibiting oxidative stress-induced tissue damage
in the ischemic brain [34], hypoxia-induced injury in cardiomyocytes [35], myocardial
ischemia/reperfusion injury [36], motor neuron degeneration in oxidative stress-induced
amyotrophic lateral sclerosis (ALS) [37], and acidosis-induced injury in cardiomyocytes [38].
Likewise, TRAP1 appears to be protective in genetic models of neurodegeneration such as
Parkinson’s disease [27,28,39] where protein quality control in mitochondria plays a critical
role [40]. TRAP1 was also shown to be mitoprotective in models of kidney fibrosis and
renal cell carcinoma [41,42]. Finally, loss-of-function TRAP1 mutations have been identified
in the brain of a patient with Parkinson’s disease [43], Leigh syndrome [44], and chronic
functional symptomatology including pain, fatigue, and gastrointestinal dysmotility [45],
and in congenital abnormalities associated with the kidney (CAKUT) [46].

While these studies identify TRAP1 as cytoprotective in mitochondrial-associated
neuropathologies, other studies have highlighted a potential pro-neoplastic role of TRAP1
in cancer, where it can also display cytoprotective and other pro-tumorigenic activities.
Thus, TRAP1 expression was found to be increased in hepatocellular carcinoma [47], breast
cancer [48], glioma [49], small cell lung cancer [50], and kidney, prostrate, ovarian, colorec-
tal, and esophageal cancer, and it is correlated with advanced-stage metastatic tumors with
poor prognosis [51–57]. In colorectal cancer and its animal models, increased TRAP1 ex-
pression was found to be localized to pro-neoplastic lesions in the tumor [58,59]. While data
supporting the importance of TRAP1 are numerous [24,47–57,59,60], these findings are chal-
lenged by other reports where TRAP1 expression inversely correlates with tumor stage [19]
or is seemingly unimpactful in carcinogenesis models in TRAP1 knockout (KO) mice [61].
This has led to a general consensus that TRAP1’s role may be more context dependent.

Nevertheless, TRAP1 does appear to play a role in the metabolic adaptation that may
sustain neoplastic growth in a nutrient- and oxygen-poor environment; this hypothesis has
driven research to mechanistically elucidate a role played by TRAP1 that is common to
various cancers. Thus, TRAP1 was reported to play a critical role in the metabolic switch
from oxidative phosphorylation (OxPhos) to aerobic glycolysis [19]. This relationship
of TRAP1 to metabolic plasticity sparked an interest in exploring the details of TRAP1
structure, interactome, mode of action, and inhibitors. The data that has emerged since has
definitively highlighted TRAP1 as a major player in mitochondrial bioenergetics. In this
review, we hoped to provide a foundation for understanding the importance of TRAP1 in
modulating mitochondrial homeostasis and the balance between oxidative phosphorylation
and glycolysis.

3. Structure, ATPase Cycle, Dimers, and Tetramers

The TRAP1 gene is evolutionarily conserved [62] and is found in both metazoans
and protozoans but not in the budding yeast. Unlike HSP90, TRAP1 is not an essential
protein, and TRAP1 KO mice or cells derived therefrom are viable [19,63]. Likewise, loss of
TRAP1 function in a patient with Parkinson’s disease was unimpactful [43]. Similar to all
members of the HSP90 family, TRAP1 has been primarily reported to form and function
as a homodimer, with each protomer being comprised of an N-terminal ATPase domain
(NTD), a middle domain (MD), and a C-terminal dimerization domain (CTD) [11,64,65].
The N-terminal domain contains a 59-amino acid mitochondrial-targeting sequence that is
cleaved upon import [66]. Interestingly, TRAP1 more closely resembles bacterial HSP90
(HtpG) than human HSP90 [17,67]. As with HtpG, but unlike HSP90, TRAP1 lacks both
a charged linker domain between the NTD and MD and a C-terminal EEVD motif that
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serves as a co-chaperone interaction domain in HSP90. TRAP1 also features an extended
β-strand in the NTD, called “strap”, that facilitates a cross protomer interaction in trans in
the closed state of TRAP1. Removal of the “strap” domain dramatically upregulates ATPase
activity; this extension is considered to be involved in the thermoregulation of the TRAP1
ATPase and to be potentially inhibitory for TRAP1 function under low temperatures [68].

TRAP1 is a nucleotide-dependent and nucleotide-activated chaperone that exists as
a coiled-coil dimer in an autoinhibited state in the absence of ATP [69]. The presence
of ATP activates the TRAP1 homodimer, which cycles between an open “apo” state and
a closed state involving a series of ATP-dependent steps that promote large conformational
changes within the molecule [70]. Unlike the rest of the HSP90 family, TRAP1 has a unique
ATP-bound catalytically active state that adopts a strained asymmetric conformation [71].
This unique asymmetry is most pronounced in the highly conserved client binding region
and results from the buckling of one of the protomers onto the other [71]. Interestingly,
ATP hydrolysis is sequential between the two protomers, with the dimer undergoing a “flip”
in the asymmetry while still remaining in the closed state [71]. The first ATP hydrolysis
step facilitates client folding while the second leads to client unloading and return to an
apo state [68]. The Mg2+ ion is the primary choice of cofactor for the TRAP1 ATPase, but it
can be replaced by Ca2+ [72]. Surprisingly, Ca2+-bound TRAP1 displays cooperative ATP
hydrolysis and avoids asymmetric flipping of its protomers [72]. This may indicate that
TRAP1 can function both as a foldase and a holdase, depending on its ionic environment.

Recently, TRAP1 was reported to form tetramers (dimer of dimers) [22], and it was
proposed that the TRAP1 molecule exists in a dynamic equilibrium between a dimeric and
a tetrameric state within mitochondria [22]. Analytical ultracentrifugation (AUC) with
recombinant proteins further confirmed the existence of TRAP1 tetramers, which also
seem to be stabilized in vitro by AMPPNP [73], a non-hydrolyzable structural homolog of
ATP. Finally, cryo-EM analyses with purified proteins showed that the TRAP1 tetramer
may adopt an orthogonal (butterfly), parallel, or antiparallel conformation (Figure 1) [73].
It should be noted that these observations are recent; any functional relevance of TRAP1
tetramers or for the potential transition between configurations remains unknown. Never-
theless, these observations are not entirely surprising when considering that crystallization
of bacterial HtpG found the chaperone to exist as a dimer of dimers [74]. Similarly, HSP90
has also been reported to form such “oligomers” [75,76] under certain stimuli including
elevated temperatures [77–79] and in the presence of non-ionic detergents or divalent
cations [78,80].

Temperature-induced oligomerization of HSP90 is of particular interest in the context
of TRAP1. This is because mitochondria operate close to 50 ◦C under physiological condi-
tions, which is much higher than the 37 ◦C that is maintained in the adjacent cytosol [81].
To understand a physiological role of temperature-induced HSP90 oligomers, one study
showed that self-oligomerized HSP90 under higher temperatures (>46 ◦C) readily binds to
chemically unfolded dihydrofolate reductase (DHFR), a protein that could spontaneously
refold by itself, to maintain it in a “folding-competent” state [79]. The binding of such
a quaternary structure formed by HSP90 may actually provide an ideal environment for
protein accommodation prior to folding and is consistent with a holdase function [82].
This hypothesis, while intriguing, definitely needs further experimental support. In the
case of TRAP1, the existence of tetramers in “hot” mitochondria, the alterations in its asym-
metry based on the availability of Mg2+ or Ca2+ ions, and a lack of significant proteome
imbalance in TRAP1 KO cells [22] are consistent with the ability to adopt a holdase function
in the mitochondrial environment. Additional experiments are needed to support or refute
this hypothesis.
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Figure 1. The TRAP1 tetramer. Based on in vitro studies on HSP90 oligomerization, rapid alterations
in temperature, chaperone activity, or local concentration of divalent cations, which are common oc-
currences in the mitochondria, may influence dimer–tetramer transition. Three distinct conformations
have been observed for the TRAP1 tetramer in vitro: orthogonal, parallel, and antiparallel [22,73].
The conditions required for the adoption of or transition to a particular configuration are only pre-
dicted and remain unclear. A high-resolution MD-MD dimer–dimer interface has only been shown
for the orthogonal structure (shown in the inset; adapted from Liu et. al., Biorxiv., 2020 [73]). Left and
right sub-insets show interacting residues from protomer C (blue) to A (orange) and from A to C at
the dimer–dimer interface, respectively.

4. Cancer and Metabolic Rewiring

Cancers are generally characterized by a dramatic metabolic shift from OxPhos to
aerobic glycolysis, a phenomenon that is commonly referred to as the Warburg phe-
notype [83–86]. The first indication that mitochondrial HSP90 is involved in cancer
metabolism came from a study in 2012 reporting that this chaperone maintained metabolic
homeostasis in neoplastic cells by inhibiting nutrient-sensing AMP kinase (AMPK), au-
tophagy, and the unfolded protein response [87]. In the past 10 years, TRAP1 has been
found to be highly expressed in a variety of neoplasms [24,47–57,59,60]. In 2013, an im-
portant observation provided a mechanistic basis for TRAP1 regulation of the balance
between OxPhos and glycolysis in a variety of cell types [19]. More specifically, loss of
TRAP1 led to an increase in mitochondrial respiration with a concomitant increase in
oxygen-coupled ATP production, tricarboxylic acid (TCA) cycle activity, and fatty acid
oxidation and the production of reactive oxygen species [19]. The re-introduction of TRAP1
restored this altered metabolic state to WT. Based on these observations and other support-
ing data, TRAP1 was proposed to act as a negative regulator of mitochondrial respiration,
which exerted its effects via the inhibition of cytochrome C oxidase (Complex IV) and
the mitochondrial pool of c-Src molecules [19]. Another independent study showed that
TRAP1 directly binds to and inhibits the succinate dehydrogenase complex (SDH) [20],
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thereby downregulating mitochondrial respiration and the TCA cycle through a negative
feedback generated by succinate accumulation [20,88–90]. Further, succinate accumulation
inhibits hypoxia inducible factor (HIF) prolyl hydroxylation [91], stabilizing HIF1α [90]
and creating a “pseudo-hypoxic” environment, which rewires cell metabolism towards
glycolysis [90,92,93].

The early studies from Yoshida, Sciacovelli, and their colleagues [19,20] supported
the hypothesis that TRAP1, by favoring a metabolic shift to glycolysis, is pro-tumorigenic.
While this model is consistent with the reports highlighting the increased expression of
TRAP1 in cancer, it is now clear that this molecule’s role in mitochondrial metabolism
and function is likely more complex than originally predicted (Figure 2). Thus, a separate
report proposed that TRAP1 was actually required for the maintenance of mitochondrial
metabolism under nutrient-limiting conditions [21]. Further, Chae and coworkers sug-
gested that TRAP1 does not inhibit SDH activity but instead promotes it to stabilize
mitochondrial OxPhos [21]. Similarly, a very recent study reported that TRAP1 may also
compete with the peptidyl-prolyl cis-trans isomerase cyclophilin D (CypD) for binding to
the oligomycin sensitivity-conferring protein (OSCP) subunit of the ATP–synthase com-
plex to increase its catalytic activity and to suppress the inhibitory effects of CypD [94].
Further, Park et al. recently reported that a dynamic interplay between TRAP1 and the
histone deacetylase sirtuin 3 (SIRT3) not only promoted mitochondrial respiration but also
maintained metabolic plasticity, stemness, and increased adaptation to stress in glioblas-
toma cells [23]. In this study, the loss of TRAP1 ameliorated the tumor-forming ability
of glioblastomas in vivo [23]. A similar, but not identical, in vivo consequence of TRAP1
loss was reported in a TRAP1-deficient mouse model of breast cancer [61]. While TRAP1
was not required for tumor initiation, growth, or metastases induced by polyoma middle
T-antigen, its loss was associated with a delay of tumor initiation in vivo and in inhibition
of proliferation, migration, and invasion in vitro when compared to WT [61].

A mechanistic insight that can explain the physiological consequences of metabolic
rewiring by TRAP1, both from a cancer and non-cancer perspective, remains elusive.
This gap in our understanding may be partially attributed to the cell type or context-
dependent effects of TRAP1 on metabolism and/or other aspects of mitochondrial dy-
namics. While its presence is certainly inhibitory for OxPhos in some scenarios [19,20,22],
it is actually required for OxPhos maintenance in other contexts [21,23]. In an attempt
to dissect common alterations in the central carbon metabolism of cells lacking TRAP1
(compared to isogenic WT cells), multiple cancer-derived cell lines were grown in other-
wise non-limiting conditions but were limited as to the carbon sources that feed glycolysis
and OxPhos [22]. Cells having different metabolic phenotypes, with or without TRAP1,
were forced to rely on either glucose, pyruvate, or glutamine as the sole carbon source.
Surprisingly, consistent among all the cell types considered, TRAP1-deficient cells were
unable to support OxPhos with either glucose or pyruvate, instead relying on glutamine,
which served as an anaplerotic molecule [95] to support the TCA cycle and OxPhos upon
conversion to α-ketoglutarate in mitochondria. Confusingly, all these metabolic behav-
iors are pro-neoplastic [85,96–98]. This apparent paradox remains to be reconciled but
may provide a basis for understanding the conflicting reports that TRAP1 may be pro- or
anti-tumorigenic depending on cellular and environmental contexts. In another recent
report consistent with the model proposed by Joshi et al. [22], glucose uptake and lactate
production were also shown to be impaired in TRAP1-silenced colorectal cancer (CRC)
cells exposed to hypoxic conditions [99].
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Figure 2. Potential mechanisms of TRAP1 participation in metabolic rewiring. (a) TRAP1 binds to and
inhibits electron transport chain (ETC) complexes II and IV in the mitochondria. TRAP1 interacts with
protein deacetylase SIRT3 in mitochondria and is reported to inhibit cyclophilin D (CypD), thereby
preventing permeability transition pore (PTP) opening and inhibiting apoptosis due to cytochrome c
release. (b) Further, TRAP1 activity is enhanced by phosphorylation via several pathways. Note that
it remains unclear whether this happens before or after mitochondrial import of TRAP1. (c) ETC
complex II inhibition by TRAP1 leads to succinate accumulation, which in turn inhibits prolyl
hydroxylases in the cytosol to stabilize HIF1α. Stabilized HIF1α and Myc together activate a pseudo-
hypoxic program, which further upregulates TRAP1 gene expression. (d) Inside mitochondria,
TRAP1 also binds to ETC complexes I, III, and V (ATP synthase), but with unknown effects. (e) While
TRAP1 tetramers exist alongside TRAP1 dimers in the mitochondrial matrix, determinants of the
ratio of dimer to tetramer and any functional significance remain enigmatic. (f) TRAP1 presence and
absence affect mitochondrial carbon preference. TRAP1 KO cells downregulate glucose- and pyruvate-
derived carbon entry into the TCA cycle. A significant proportion of glucose is diverted to the pentose
phosphate pathway (PPP) where it is used for the synthesis of NADPH reducing equivalents, perhaps
to counter increased reactive oxygen species (ROS) that are characteristic of TRAP1 KO cells, and for
the synthesis of ribose sugars. Pyruvate, upon decarboxylation, normally enters the TCA cycle and
contributes to formation of acetyl-CoA, an important TCA cycle intermediate. In glycolysis, pyruvate
is preferentially metabolized to lactate, generating NAD+ as a by-product of the reaction, at the
expense of NADH. As with NADPH, increased levels of NADH provide more reducing equivalents to
counter the increased ROS characteristic of TRAP1 KO. In contrast, TRAP1 KO cells utilize anaplerotic
glutamine metabolism to maintain a functional TCA cycle by providing glutamine-derived carbon.
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5. Defining a TRAP1 Interactome

How TRAP1 ATP hydrolysis is coupled to its mitochondrial protein interactome has
remained unclear. In a first attempt to address this question, Joshi and colleagues examined
the TRAP1 interactome as a function of the chaperone’s ATPase activity [22]. Using a set of
TRAP1 mutants displaying a 30-fold range of ATPase activity [69] and WT TRAP1 in a series
of immunoprecipitation experiments followed by mass spectrometric analysis (IP-MS),
the authors identified two distinct sets of interactors. The most abundant interactors were
the mitochondrial chaperones mtHSP70/mortalin, HSP60, and prohibitin, whose binding
to TRAP1 was not affected by TRAP1 ATPase activity. In contrast, a second, more diverse
set of interactors, including the ATP synthase complex, translocases, proteins involved in
mitochondrial membrane organization, and multiple subunits from mitochondrial electron
transport chain complexes [22], displayed a strong negative correlation with the TRAP1
hydrolysis rate.

This second observation is in broad agreement with work done on HSP90 clients.
In this case, HSP90 ATPase activity is inversely correlated with client binding and dwell
time as part of the HSP90 complex [100]. Further, HSP90 mutants that bind ATP but
cannot hydrolyze it demonstrate the strongest affinity for the HSP90 clients, HER2 and
HSF1 [101,102]. These data suggest that TRAP1 interactors reflect the response of HSP90
clients to the chaperone’s ATPase activity. However, the lack of correlation between
TRAP1 ATPase activity and interaction with other mitochondrial chaperones does not
share obvious similarities with HSP90; the significance of this differential response requires
further experimental study.

6. TRAP1 Inhibitors

Most inhibitors of the HSP90 family competitively bind to the N-terminal ATP pocket.
This mode of action was exploited to create the first set of inhibitors for TRAP1, whose AT-
Pase domain has homology with other members of the HSP90 family. However, since the
mitochondrial membrane is impervious to traditional HSP90 inhibitors, a mitochondrial-
targeting moiety such as one to four tandem repeats of cyclic guanidium or triphenylphos-
phonium (TPP) had to be added in order for these inhibitors to reach the mitochon-
drial matrix [33,103,104]. The first TRAP1 inhibitor was based on the benzoquinone
ansamycin geldanamycin (specifically, 17-AAG), which was linked to a TPP moiety to
create a “Gamitrinib” or a geldanamycin-based mitochondrial matrix inhibitor. Gamitrinibs
accumulate in mitochondria and were shown to be anti-neoplastic in tumor xenografts and
in mouse models of prostate cancer [105]. A similar TPP tagged derivative, SMTIN-P01,
was also designed from PU-H71, a purine-based HSP90 inhibitor [106]. SMTIN-P01 also
concentrated in mitochondria and was found to be cytotoxic to cancer cells [106]. Further,
PU-H71-based TRAP1 inhibitors were shown to induce strong mitochondrial depolarization
and apoptosis in acute myeloid leukemia cells [107]. PU-H71-based SMTIN-P01 was further
modified with carbon spacers to create multiple analogs [108]. Of these, a 10-carbon spacer
analog, SMTIN-C10, displayed both orthosteric and allosteric interactions with TRAP1 and
changed its conformation from apo to closed state. While SMTIN-C10 increased TRAP1
ATPase activity, it perturbed TRAP1 function, decreased client protein levels, and exhibited
anticancer activity both in vitro and in vivo [108]. These results are consistent with the
previously discussed negative correlation between non-chaperone TRAP1 interactors and
TRAP1 ATPase activity [22]. Importantly, to move forward, it will be necessary to determine
systematically whether TRAP1 inhibitors phenocopy any of the consequences resulting
from a stable TRAP1 KO.

While many TRAP1 inhibitors that have been reported or continue to be tested are
linked to mitochondrial-targeting motifs such as TPPs, it is important to note that TPP
itself is toxic to mitochondria [109]. TPP downregulates mitochondrial OxPhos; its non-
specific effects likely would be additive to the consequences of specific TRAP1 inhibition.
Moreover, such inhibitors en route to the mitochondrial matrix are expected to interact to
some extent with the much more abundant HSP90 in the cytosol before even reaching the

159



Biomolecules 2022, 12, 880

mitochondria [110]. As such, the possibility of substantial HSP90 inhibition with these
TRAP1 inhibitors can never be ruled out. These issues were partially circumvented with the
introduction of DN401, a BIIB021 [111] -derived pyrazolopyrimidine [110]. This molecule
displayed increased TRAP1 selectivity over HSP90, exhibited potent in vivo anticancer
activity, and lacked any mitochondrial-targeting motifs [110].

Such a continued rational design approach is likely to identify additional allosteric
inhibitors of TRAP1, which either do not or poorly bind to HSP90. To this end, molecular
dynamics simulations have been performed to understand the dynamic coordination
between any two residues within the TRAP1 molecule as a function of the fluctuations
between their distance [112,113]. Residues with high coordination were associated with low
pair-distance fluctuations. Based on such simulations, a putative allosteric site responsible
for structural reorganization of TRAP1 after ATP hydrolysis was identified in the middle
domain of the chaperone. A pharmacophore model of this site was used to screen drug
databases, and several TRAP1 selective inhibitors were identified [114]. These molecules
specifically inhibit TRAP1 ATPase activity with minimal effects on HSP90 and were found
to inhibit in vitro growth of malignant peripheral nerve sheath tumor (MPNST) cells [114].
A similar approach was used to identify a honokiol derivative, HDCA (honokiol bis-
dichloroacetate), which was observed to bind to the same TRAP1 allosteric binding pocket,
inhibiting its ATPase activity and its neoplastic potential in MPNST cells [115].

Recently, studies have explored whether TRAP1 inhibitors may be synergistic with
other anticancer drugs. Gamitrinibs have been found to amplify the efficacy of inhibitors
of mitogen-activated protein kinases in models of BRAFV600E melanoma and on drug-
resistant melanoma cells [116]. Bromodomain and extraterminal (BET) family protein
inhibitors JQ1 and OTX015 were also found to synergize with Gamitrinibs and to in-
duce apoptosis in malignant glioma cells [117]. Gamitrinibs also augment the effect
of histone deacetylase inhibitors in inducing apoptosis in patient-derived glioblastoma
xenografts [118].

7. Conclusions

TRAP1 provides a link between mitochondrial homeostasis and metabolism. Although
it is a member of the HSP90 family, which is well known for its roles in cellular proteostasis,
cumulative studies over the last 20 years suggest that TRAP1 functions diverge from those
of other HSP90 paralogs. It appears to be more closely related to the prokaryotic HtpG.
TRAP1 does not bind to any known eukaryotic HSP90 co-chaperone and, unlike HSP90,
it is essential neither in vitro nor in vivo. Further distinguishing TRAP1 from HSP90, a loss
of TRAP1 does not significantly destabilize the mitochondrial proteome, but it impacts
the mitochondrial matrix structure and modulates mitochondrial metabolism to maintain
metabolic plasticity. Unlike other members of the HSP90 family, TRAP1 molecules readily
form tetramers in the “hot” mitochondrial matrix. Whether this is a direct consequence
of elevated temperature and whether these tetramers may promote assembly and/or
stabilization of large macromolecular structures common to mitochondria, their functional
relevance, dynamics, and regulation remain unknown.

Even with all these questions and challenges, understanding the TRAP1 function and
how it integrates dynamic alterations in the mitochondrial structure and cell metabolism,
survival, and growth from neoplastic and non-neoplastic perspectives is a rapidly evolving
field that retains great interest, especially in light of the emerging importance of mitochon-
dria in many unexpected cellular processes. Continued deep analysis of TRAP1 dynamics,
interactors, and functions is likely to prove rewarding in this context.
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Abstract: The highly conserved molecular chaperone heat shock protein 90 (Hsp90) is well-known
for maintaining metastable proteins and mediating various aspects of intracellular protein dynamics.
Intriguingly, high-throughput interactome studies suggest that Hsp90 is associated with a variety of
other pathways. Here, we will highlight the potential impact of Hsp90 in protein transport. Currently,
a limited number of studies have defined a few mechanistic contributions of Hsp90 to protein
transport, yet the relevance of hundreds of additional connections between Hsp90 and factors known
to aide this process remains unresolved. These interactors broadly support transport pathways
including endocytic and exocytic vesicular transport, the transfer of polypeptides across membranes,
or unconventional protein secretion. In resolving how Hsp90 contributes to the protein transport
process, new therapeutic targets will likely be obtained for the treatment of numerous human health
issues, including bacterial infection, cancer metastasis, and neurodegeneration.

Keywords: Hsp90; molecular chaperone; protein transport

1. Introduction

For decades, molecular chaperones have been recognized as essential agents in the
maintenance of protein homeostasis (proteostasis). One of the earliest-identified molec-
ular chaperones is the highly conserved heat shock protein 90 (Hsp90) [1,2]. Apart from
Archaea, Hsp90 is present in almost all bacterial and eukaryotic life [3,4]. In general, the
number of Hsp90 homologues expands in parallel with increased cellular complexity [4,5].
For example, the majority of bacteria only contain one nonessential Hsp90 homologue
often referred to as high-temperature protein G (HtpG) while eukaryotes can have multi-
ple Hsp90 proteins including several cytoplasmic/nucleoplasmic Hsp90s, mitochondrial
TRAP1 (tumor necrosis factor receptor-associated protein 1), endoplasmic reticulum (ER)
GRP94 (94 kDa glucose-regulated protein), and chloroplast HSP90C (plastid heat shock
protein 90) [5]. Each of the homologues, except for cytoplasmic/nucleoplasmic Hsp90s,
is retained in its respective organelle to help maintain protein quality control within that
compartment [6–8]. Here, we will focus on how the cytoplasmic/nucleoplasmic Hsp90
proteins contribute to the protein transport process.

Although compartmentalization has many benefits, it does require a multi-faceted
delivery mechanism to transport biological molecules into, out of, within, and between
organelles. Despite being historically implicated as a signaling pathway regulator of steroid
hormone receptors and kinases [9,10], Hsp90 is increasingly associated with many other
cellular processes, including protein transport [11–13]. Given the physiological relevance of
protein transport to health and disease, including implications in neurotransmitter release,
cell differentiation, bacterial infection, and autophagy [14–17], it is important to better
understand how and when Hsp90 contributes to this process.

To gain insights into how one of the most abundant proteins in a cell cytoplasm/nucle-
oplasm contributes to life, multiple studies have attempted to identify the physical, genetic,
and chemical–genetic interactors of Hsp90 using a variety of unbiased high-throughput
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screens including two-hybrid, synthetic genetic arrays and mass spectrometry-based tac-
tics [11–13,18,19]. Significantly, within the conundrum of hits, there are numerous players
with established roles in the transport and secretion pathways [11–13]. These connections
include proteins involved in various aspects of exocytosis and endocytosis [13]. Focusing
on the physical and genetic interactors of budding yeast’s only two isomers, cytoplas-
mic/nucleoplasmic Hsc82 and Hsp82, Hsp90 is linked to 202 different proteins driving
most aspects of intracellular transport and secretion (Figure 1). Hence, Hsp90 likely has
a significant influence on the transport process that goes well beyond our current under-
standing. Perhaps of note, the human homologs of many of the yeast Hsp90-interactors are
associated with various diseases, including bacterial infections (e.g., tetanus (SEC18/NSF),
infant botulism (YKT6/YKT6), and diphtheria (RRT2/DPH7)), cancer (e.g., breast mucinous
carcinoma (TRX2/TXN), primary bone cancer (SLT2/MAPK7), and endometrial cancer
(PKH1/PDPK1)), and neurodegeneration (amyotrophic lateral sclerosis (VPS21/RAB5A,
CDC48/VCP, VPS60/CHMP5), Parkinson’s disease (BET4/RABGGTA, VPS35/VPS35,
RIC1/RIC1), and dementia (CDC48/VCP, VPS60/CHMP5)) [20]. Unfortunately, for the
majority of the connections, the molecular/physiological basis for the interaction has not
been revealed. In this review, we will highlight the few established roles of Hsp90 in
transport as well as underscore areas linked to Hsp90 through a variety of high-throughput
screens [11–13,18,19].
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Slim Term Mapper from Saccharomyces Genome Database (http://genome-www.stanford.edu/
Saccharomyces/ accessed on 6 June 2022). Six Gene Ontology terms relevant to protein transport
were selected including Golgi Vesicle Transport, Endocytosis, Endosomal Transport, Regulation
of Transport, Exocytosis, and Membrane Fusion. The interactors were organized into the shown
interaction map using Cytoscape [21] by setting the Gene Ontology term as a source interactor and
each gene as a target interactor.

2. Hsp90 and General Principles of Protein Transport

The physical flow of proteins among cellular compartments is a highly proteostasis-
dependent process. Depending upon the precise transport step, the contribution from the
proteostasis system will vary, including protein unfolding (even partial) to allow transfer,
the maintenance of unfolded clients during transfer, polypeptide refolding after transfer,
assembling large macromolecular complexes (e.g., vesicle formation), disassembling protein
structures (e.g., vesicle fusion), monitoring the health of the transport machinery itself, and
mediating the removal of damaged factors including clients or machinery components. If
or how Hsp90 might contribute to these or other transport steps is an open investigation.
To better understand where Hsp90 might contribute, we will briefly review the primary
pathways used in the transport process, and then we will discuss established contributions
of Hsp90 relative to protein transport.

Two major intracellular trafficking mechanisms are the endocytic and exocytic path-
ways [22]. Notably, both mechanisms rely heavily on vesicles, and Hsp90 has been linked
to 106 different factors governing vesicle transport, including coat proteins, Rabs, soluble
N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), and Golgi com-
plex proteins (Figure 1). The endocytic pathway allows for the internalization, recycling,
and modification of membrane bound surface proteins such as signaling receptors as well
as other cargo from the environment. Significantly, Hsp90 shares a total of 96 linkages to
endocytosis and endosomal transport, including vacuolar protein sorting proteins, sorting
nexin family proteins, and actin (Figure 1). Proteins are endocytosed through a variety of
mechanisms whereby the plasma membrane invaginates to form a vesicle prior to being
delivered to an early endosome [23]. At the early endosome, an initial decision is made to
either recycle membrane proteins, such as receptors, back to the plasma membrane via recy-
cling endosomes to direct proteins to the trans-Golgi network via the retromer, or to degrade
proteins via the lysosome. To accomplish this sorting, cargo leaves the early endosome
in intraluminal vesicles to become multivesicular bodies, endosomal carrier vesicles, or
late endosomes, which can be sorted into lysosomes or fuse with autophagosomes [24–27]
(Figure 2).
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Figure 2. Hsp90 contributions to exocytic and endocytic trafficking. In the exocytic pathway (left),
Hsp90 (red) aides in anterograde vesicle trafficking between the ER and Golgi by supporting mi-
crotubule stability through the binding of MAP4 (light green) [28–32], and the recycling of Rab1
and Rab3 to enable vesicle targeting and fusion with the Golgi and plasma membrane [28,29,33–35].
In the endocytic pathway (right), Hsp90 supports the transport of recycling endosomes as well
as transport from early to late endosomes/multivesicular bodies (MVB) through the recycling of
Rab11 [15,36,37]. Hsp90 also allows for the fusion of MVB with the plasma membrane by aiding
in membrane deformations [38]. Transport events that Hsp90 is involved in are noted by solid
black arrows.

The exocytic or secretory pathway is responsible for the synthesis, folding, modifica-
tion, and trafficking of proteins that are members of the endomembrane system or destined
for secretion. In exocytosis, newly synthesized proteins are inserted into the ER where
they undergo maturation through folding and modifications, such as glycosylation and
disulfide bond formation [39,40]. Across the exocytosis pathway, Hsp90 is connected to
23 different proteins comprising some myosins, Rabs, and exocyst complex components
(Figure 1). From the ER, cargo is transported to the ER-Golgi Intermediate Compartments
(ERGICs) via vesicles and then to the cis-Golgi where ER resident proteins are returned to
the ER via retrograde transport [41]. In the Golgi, proteins undergo additional carbohydrate
modifications and proteolytic processing as the cargo travels from the cis- to trans-Golgi
either by vesicular transport or cisternal maturation [39,41]. From the trans-Golgi, cargo
vesicles are trafficked to the plasma membrane where they fuse to release secretory proteins
or deliver membrane proteins [41] (Figure 2). Hsp90 has been linked to 23 different proteins
mediating these late secretory events including syntaxin and vesicle-associated membrane
proteins (Figure 1). Furthermore, Hsp90 interacts with an additional 41 proteins that are
known to regulate the overall protein transport process comprising Rho GTPase, mitogen-
activated protein kinase (MAPK), cyclin-dependent kinase (CDK) and E3 ubiquitin–protein
ligase (Figure 1). Although endocytic and exocytic transport mechanisms are well-studied
pathways essential to the production, processing, and trafficking of proteins in cells, there is
still much to be learned about the underlying mechanisms driving these events, including
the contributions of the Hsp90 molecular chaperone.
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3. Hsp90 Input with Mitochondria and Chloroplast Protein Import

The transport of proteins into mitochondria or chloroplasts requires the assistance of
molecular chaperones. As ~95% of mitochondrial and chloroplast proteins are encoded by
the nuclear genome and translated by cytoplasmic ribosomes, the post-translational import
of proteins is considerable [42]. To successfully transport the various preproteins into these
organelles, chaperones, including Hsp90, have been shown to deliver both mitochondrial
and chloroplast preproteins to the respective outer membrane translocases [43,44]. In the
case of mitochondrial import, Hsp90 works with Hsp70 to target and transport unfolded or
hydrophobic preproteins to the translocase of the mitochondrial outer membrane (TOM)
complex for import [43,45]. Specifically, Hsp90 docks onto a peripherally associated re-
ceptor subunit, Tom70, releasing the preprotein in an ATP-dependent manner either to
be bound first by Tom70 or directly to the TOM pore complex [45,46]. To facilitate chloro-
plast import, Hsp90 binds precursor proteins and interacts with Toc64, a receptor subunit
of the translocon of the outer envelope of chloroplasts (TOC) complex [44]. Similarly
to mitochondrial transfer, the import of preproteins into the chloroplasts is Hsp90- and
ATP-dependent [44] (Figure 3A,B).

Interestingly, Hsp90 fosters transfer across either the organelle’s outer membrane by
docking onto a receptor (Toc64 for chloroplasts or Tom70 for mitochondria) using a similar
clamp-type tetratricopeptide repeat (TPR) domain present in the receptors [43,44,47]. At
least within chloroplasts, client proteins can remain reliant on an Hsp90 homolog after
crossing the outer membrane. Within the stroma, HSP90C and chloroplast Hsp90 (cpHsp70)
and Hsp93 aid the translocation of proteins across the inner chloroplast membrane while
Hsp90C also targets thylakoid lumen proteins to the thylakoid membrane translocase
SecY1 [8,48–50] (Figure 3A,B). Hsp90’s common role in preprotein targeting and transport to
endosymbiotically derived organelles may indicate that in eukaryotic evolution, chaperones
were used as an effective solution to import preproteins translated in the cytosol [42,47].
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the outer membrane of mitochondria through interactions with the TPR domain (hexagon) of periph-
erally associated Tom70 [43,45]. (B) Hsp90 with the aid of Hsp70 delivers preproteins to the TOC
complex in the outer membrane of chloroplasts through interactions with the TPR domain (hexagon)
of peripherally associated Toc64 [44]. Chaperones in the chloroplast stroma including cpHsp70,
Hsp93, and Hsp90C aid in protein transport through the TIC complex in the inner membrane and
Hsp90C additionally targets proteins to the SecY1 translocase in the thylakoid membrane [8,48–50].
(C) HSP90A mediates UPS of IL-1β by unfolding the protein to allow for its transport into the ERGIC
through the TMED10 translocase aided by HSP0B1, and then from ERGIC, IL-1β is secreted in
vesicles (left) [51]. eHsp90 is thought to be secreted by UPS through vesicle fusion, across mem-
brane transporters, on the surface of exosomes, and/or fusion of MVBs with the plasma membrane
(right) [52,53].

4. Hsp90 and Unconventional Protein Secretion

Classically, secreted proteins have a signal peptide or leader sequence that targets
the polypeptides for ER–Golgi trafficking via vesicles to eventually export the factors out
of a cell [54,55]. Still, there are secreted proteins that lack such sequences and bypass
the ER–Golgi route. These “leaderless” proteins are exported by unconventional protein
secretion (UPS) that uses both non-vesicular and vesicular paths to export proteins [56]. One
mechanism, which is dependent upon Hsp90, is the secretion of interleukin-1β (IL-1β) by
mammalian cells during autophagy known as the TMED10-channeled UPS (THU) [17,51].
Following autophagy induction, IL-1β is produced and captured in its mature form by
cytosolic HSP90A, potentially though the binding of KFERQ-like motifs in IL-1β [17,51].
It has been suggested that HSP90A then unfolds IL-1β to expose a signal motif allowing
direct translocations into the ERGIC through transmembrane Emp24 domain-containing
protein 10 (TMED10) [51] (Figure 3C). Of note, the import of IL-1β by TMED10 is also aided
by HSP90B1, although HSP90B1 mechanistic contributions are less well understood [51].
The idea that Hsp90 recognizes Hsp90 through its KFERQ-like motifs is questionable,
however, because so far only Hsc70, an Hsp70 family member, has been shown to bind
KFERQ motifs, which are primarily used to target proteins to lysosomes for degradation in
Chaperone-Mediated Autophagy (CMA) [57]. In CMA, Hsp90 plays a more indirect role
through the stabilization and oligomerization of lysosome-associated membrane protein
type 2A (LAMP2A) from inside the lysosome to allow for the Hsc70-delivered proteins
to enter the lysosome through the LAMP2A translocation complex [58,59]. Thus, it is
possible that Hsp90 may recognize IL-1β for UPS through another mechanism other than
its KFERQ-like motifs.

Intriguingly, many heat shock proteins including Hsp60, Hsp27, Hsp20, Hsp70, and
Hsp90 itself are likely exported out of cells via UPS [60]. Migratory cells during wound
healing or cancerous growth continuously secrete Hsp90 [61–63] and normal cells exposed
to a variety of stresses, including heat, hypoxia, serum starvation, reactive oxygen, or virus
infection, transiently export Hsp90 [62,64–68]. Minimally, extracellular Hsp90 (eHsp90)
increases cell motility. In the case of wound healing, Hsp90 is secreted in response to
hypoxia at the wound site where Hypoxia-Inducible Factor-1alpha (HIF-1α) promotes the
secretion of Hsp90α [62]. Notably, eHsp90 accelerates wound healing by inducing the
migration of dermal fibroblasts, including facilitating wound healing in mice when applied
topically [62,69].

In contrast to the beneficial role in wound healing, the secretion of Hsp90 on its own
or on the outer surface of vesicles has been shown to increase cancer metastasis [70]. The
eHsp90 enhances metastasis by dysregulating the extracellular matrix (ECM) through the
activation of ECM-modifying proteases [52,71]. Thus, there is growing interest in utilizing
eHsp90 as a biomarker and/or target for cancer treatment [52]. Despite the potential
importance of eHsp90, the mechanism by which Hsp90 is secreted from cells is not fully
understood. Minimally, Hsp90 can exit a cell via exosomes generated in the endocytic
pathway rather than the canonical secretory pathway [72] (Figure 3C). How Hsp90 is
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loaded into these exosomes prior to export is not clear [52]. Nevertheless, Hsp90’s influence
with other types of vesicles has been shown.

5. Influence of Hsp90 in Endocytic Vesicle Transport

Hsp90 has been implicated in several endocytic mechanisms including endosome
vesicle transport and recycling. A well-studied impact of Hsp90 is on the regulation of
Rab recycling—Rabs are members of the Ras GTPase family [73]. Rab-GTPases generally
regulate the assembly and disassembly of complexes that enable vesicle targeting and
fusion [30]. Following the activation of Rab by GTPase-activating proteins (GAPs), GDP-
bound Rab is retrieved from membranes by GDP-dissociation inhibitors (GDIs), thus
enabling continuous vesicle transport [74,75]. Hsp90 modulates this recycling process by
binding to GDI and Rab. Hsp90 recruits GDI to the membrane and configures GDI into
an open confirmation to bind the geranylgeranyl (GG) lipids anchoring Rab-GDP to the
membrane, triggering its release into the cytosol [73]. Hsp90 has been shown to interact
with Rab11b in osteoclasts to mediate the transport of macrophage colony-stimulating
factor receptor (c-fms) and receptor activator of nuclear factor kappa B (RANK) surface
receptors in early to late endosomes and also to lysosomes for degradation [15] (Figure 2).
This Hsp90-mediated endosomal transport of receptors to lysosomes allows for the proper
regulation of osteoclastogenesis and the differentiation of hematopoietic precursors to
osteoclasts that are critical for bone homeostasis [15,76].

The endocytic pathway mediated by Rab11 and Hsp90 can be hijacked by Neisseria
meningitidis to aid in bacterial internalization [36]. In this study, endocytic vesicles contain-
ing both Neisseria meningitidis adhesin A (NadA) protein and Hsp90 recruited Rab11 in
human epithelial cells, causing the NadA endosomes to be recycled to the cell’s surface. Us-
ing the membrane-impermeable Hsp90 inhibitor FITC-GA to selectively inhibit the eHsp90
prevented the recruitment of Rab11 and subsequent endosomal recycling [36]. Hsp90 has
been shown to bind NadA and interfere with bacterial attachment [16,36]. Hence, eHsp90
might serve as an interesting target to combat bacterial infection for agents entering through
an endosomal transport mechanism. Significantly, disruption of membrane proteins re-
cycling upon Hsp90 inhibition also has been observed with the cancer-associated ErbB2
tyrosine kinase receptor [37,77,78]. Normally ErbB2 is trafficked in early endosomes for
recycling; however, upon treatment with an Hsp90 inhibitor, these receptors are instead
routed to multivesicular endosomes and lysosomal compartments [37]. These compart-
ments were found to have a modified ultrastructure, which is more tubular than under
normal conditions [37]. It is speculated that this disruption of normal transport and struc-
ture is due to Hsp90’s interactions with Rab12, which normally localizes to early/recycling
endosomes and lysosomes or through Hsp90’s regulation of cytoskeletal dynamics [37,78].

6. Modulation of Exocytic Intracellular Transport by Hsp90

In addition to endocytic events, Hsp90 aids exocytic pathways, including ER-Golgi
vesicular transport and protein secretion. The influence of Hsp90 on these events has been
primarily delineated by tracking the transport of vesicular stomatitis virus glycoprotein
(VSV-G) in mammalian cells [31,32,73]. In these studies, the loss of Hsp90 blocks ER to
Golgi and intra-Golgi transport, as evidenced by an impaired anterograde vesicle transport
and Golgi fragmentation [31,32]. Of note, these observations have been attributed to
multiple Hsp90 roles, including the following: (1) Hsp90’s regulation of vesicular transport
by associating with the membrane-bound protein VAPA in complex with the co-chaperone
tetratricopeptide repeat protein TTC1 [31]; (2) Hsp90’s modulation of microtubule stability
by controlling microtubule-associated protein 4 (MAP4), which is essential for maintaining
microtubule acetylation and stability [32]; and (3) Hsp90’s control of Rab1 recycling. Rab1 is
responsible for ER to Golgi trafficking with mammalian Rab1b also dictating the transport
of proteins through the cis- and medial-Golgi compartments [28–30] (Figure 2). Hence,
Hsp90 facilitates ER to Golgi vesicular transport by both promoting vesicle targeting and
maintaining the structure of the Golgi.
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In the secretory pathway Hsp90 has been shown to have diverse functions with ex-
osome release. For instance, Hsp90 influences membrane conformation to promote the
fusion of multivesicular bodies and the plasma membrane [38] (Figure 2). This membrane-
remodeling activity is dependent upon an evolutionarily conserved amphipathic helix
in Hsp90 both in vitro and in vivo at synapses and is further promoted by the Hsp90
cochaperone HOP [38]. Besides HOP, the AHA1 cochaperone fosters the release of secretory
vesicles associated with Rab3, which supports the cell migration of cancer cells [33]. The
involvement of Hsp90 with Rab3 is a common thread in many exocytosis events (Figure 2).
For example, Hsp90 is key to Ca2+-triggered neurotransmitter release through the αGDI-
dependent recycling of Rab3A [34]. Similarly to other Rabs, Hsp90 forms a complex with
αGDI to remove Rab3A from the lipid bilayer during neurotransmitter release [34]. Sig-
nificantly, the Hsp90-αGDI regulation of Rab3A controls the association of α-Synuclein,
a presynaptic protein linked to neurodegeneration, with the synaptic membrane [35]. At
the pre-synaptic membrane, α-synuclein associates preferentially with Rab3A-GTP and is
subsequently released from the membrane following the actions of GDI and Hsp90 [35].
Of note, the Hsp90-GDI regulation of Rab11A, which is typically involved in the recycling
of endosomes, has been linked to the secretion of α-synuclein, and the Hsp90-dependent
release of α-synuclein is associated with increased neurotoxicity [79]. Although not specifi-
cally connected to Rab recycling, Hsp90 has also been found to mediate the transport of
Aldo-Keto Reductase 1B10 (AKR1B10), a tumor biomarker, by regulating its transport to
lysosomes or secretion out of the cell [80]. Hence, an improved understanding of how
Hsp90 governs secretion may lead to improved future therapies for treating cancer and
neurodegeneration.

7. Conclusions

The cytoplasmic/nucleoplasmic Hsp90 interactome contains hundreds of connec-
tions to factors working in various aspects of the protein-transport process (Figure 1).
Yet, the defined contributions of Hsp90 to the various transport pathways remains lim-
ited. Nevertheless, it is clear that Hsp90 facilitates central features of protein transport,
including promoting endocytic and exocytic vesicular transport, docking clients onto mem-
brane translocation machinery, and fostering unconventional protein secretion [32,43,44,73].
Perhaps significantly, the established roles of Hsp90 in transport have important health
implications as the chaperone-dependent steps link to wound healing, bacterial infection,
cancer metastasis, and neurodegenerative diseases [16,35,36,62,70,79]. Given the number of
connections that have yet to be resolved both mechanistically and physiologically, it is prob-
able that the relevance of the cytoplasmic/nucleoplasmic Hsp90s with protein transports
will continue to grow. Beyond these Hsp90 homologues, it is important to consider how
organelle Hsp90s (GRP94, TRAP1, and HSP90C) add to the influence of the Hsp90 system
on protein transport. For instance, does the dependence of SARS-CoV-2 on Hsp90 [74–77]
relate to its influence on the protein transport process? Minimally, it is apparent that
Hsp90’s role in proteostasis will extend well beyond the maintenance of metastable clients.
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Abstract: Hsp90 is a ubiquitous molecular chaperone involved in many cell signaling pathways, and
its interactions with specific chaperones and cochaperones determines which client proteins to fold.
Hsp90 has been shown to be involved in the promotion and maintenance of proper protein complex
assembly either alone or in association with other chaperones such as the R2TP chaperone complex.
Hsp90-R2TP acts through several mechanisms, such as by controlling the transcription of protein
complex subunits, stabilizing protein subcomplexes before their incorporation into the entire complex,
and by recruiting adaptors that facilitate complex assembly. Despite its many roles in protein complex
assembly, detailed mechanisms of how Hsp90-R2TP assembles protein complexes have yet to be
determined, with most findings restricted to proteomic analyses and in vitro interactions. This review
will discuss our current understanding of the function of Hsp90-R2TP in the assembly, stabilization,
and activity of the following seven classes of protein complexes: L7Ae snoRNPs, spliceosome snRNPs,
RNA polymerases, PIKKs, MRN, TSC, and axonemal dynein arms.

Keywords: molecular chaperones; Hsp90; R2TP; PAQosome; TTT; snoRNP; snRNP; RNA polymerase;
PIKK; TSC; dynein arm

1. Overview of Hsp90 Structure and Its Function with R2TP

The Hsp90 molecular chaperone is a central regulator of protein homeostasis in eu-
karyotes under normal and stressed conditions. Hsp90 is involved in the final stages of
client protein folding and maturation. In mammals, there are two cytoplasmic Hsp90
isoforms, Hsp90α and Hsp90β, while in yeast, Hsp82 and Hsc82 are the inducible and
constitutively expressed Hsp90 isoforms, respectively [1]. Hsp90 isoforms (referred to
here as Hsp90) exist as dynamic homodimers, with each protomer comprised of three
domains: an N-terminal domain, the site of ATP binding and hydrolysis [2]; a middle
domain, which interacts with Hsp90 substrates; and a C-terminal domain, which forms
the Hsp90 dimerization interface (Figure 1A) [3]. The C-terminal domain also contains a
MEEVD motif, which is important for interactions with Hsp90 cochaperones that contain
TPR domains (see Table 1 for nomenclature). Hsp90 substrates are called clients, and the
current set of Hsp90 clients includes steroid hormone receptors, kinases, transcription
factors, E3 ubiquitin ligases, and many others that share no common features in terms of
sequence, structure, or function [4]. Hsp90-mediated client folding and stabilization is a
regulated process that requires the association and release of chaperones and cochaperones.
Hsp90 client loading is largely dependent on Hsp70, which binds to nascent or partially
folded polypeptides with exposed hydrophobic residues [5,6], and Hop, which functions
as an adaptor between Hsp70 and Hsp90 [7].
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Figure 1. Schematic of Hsp90 and PAQosome subunits. (A) Human Hsp90 interacts with R2TP
through the TPR domains on RPAP3. The RPAP3 C-terminal domain binds to the ATPase side of
RUVBL2 and tethers Hsp90 and PIH1D1 to the rest of the R2TP complex. Some Hsp90 and RUVBL1/2
clients are recruited through adaptors. The PIH1 domain in PIH1D1 binds to proteins that contain
a DpSDD/E motif. WDR92 and the prefoldin-like module (UPC) may also act as Hsp90 adaptors
since they associate with human R2TP. CS, CHORD domain-containing protein Sgt1 domain; CTD,
C-terminal domain; DII, Domain II; MD, middle domain; NTD, N-terminal domain; PIH1, Pih1
homology domain; RPAP3_C, RPAP3 C-terminal domain; RPAP3_N, RPAP3 N-terminal domain;
TPR, tetratricopeptide domain. (B) Yeast Hsp90 interacts with R2TP through the RPAP3 yeast
orthologue Tah1. Tah1 is much smaller than RPAP3, which gives yeast R2TP an open basket structure
for client binding. An orthologous prefoldin-like module (UPC) and an orthologue for WDR92 are
absent in yeast.

Table 1. Nomenclature.

17-AAG 17-(Allylamino)-17-demethoxygeldanamycin

AAA+ ATPases associated with diverse cellular activities

ASDURF ASNSD1 upstream open reading frame protein

ATM Ataxia-telangiectasia mutated

ATR ATM- and RAD3-related

ATRIP ATR-interacting protein

BRCA1 Breast cancer type 1 susceptibility protein

Cdc7 Cell division cycle 7-related protein kinase

CDK4 Cyclin-dependent kinase 4

CK2 Casein Kinase 2

COPS8 COP9 signalosome complex subunit 8

CS CHORD domain-containing protein and Sgt1 domain

Cse4 Chromosome segregation protein 4
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Table 1. Cont.

c-Src Cellular proto-oncogene tyrosine-protein kinase Src

Dbf4 Protein DBF4 homolog A

DNAAF1 Dynein axonemal assembly factor 1

DNAAF2 Dynein axonemal assembly factor 2

DNAAF3 Dynein axonemal assembly factor 3

DNAAF4 Dynein axonemal assembly factor 4

DNAAF5 Dynein axonemal assembly factor 5

DNAAF6 Dynein axonemal assembly factor 6

DNAAF7 Dynein axonemal assembly factor 7

DNAAF8 Dynein axonemal assembly factor 8

DNAAF11 Dynein axonemal assembly factor 11

DNAI1 Dynein axonemal intermediate chain 1

DNAI2 Dynein axonemal intermediate chain 2

DNA-PKcs DNA–protein kinase catalytic subunit

ECD Ecdysoneless homolog

EFTUD2 Elongation factor Tu GTP binding domain containing 2

FKBP8 FK506-binding protein 8

GAR1 Glycine arginine rich protein 1

GPN2 GPN-Loop GTPase 2

GPN3 GPN-Loop GTPase 3

GrinL1A Glutamate receptor-like protein 1A

Hop Hsp organizing protein

Hsc82 Heat shock cognate protein 82

Hsp70 Heat shock protein 70

Hsp82 Heat shock protein 82

Hsp90 Heat shock protein 90

IFT1 Interferon-induced protein with tetratricopeptide repeats 1

Ku70 Lupus Ku autoantigen protein p70

Ku80 Lupus Ku autoantigen protein p80

LRRC6 Leucine rich repeat containing 6

MRE11 Meiotic recombination 11

MRN MRE11-RAD50-NBS1

mRNP Messenger ribonucleoprotein

mTOR Mammalian target of rapamycin

mTORC1 Mammalian target of rapamycin complex 1

mTORC2 Mammalian target of rapamycin complex 2

NAF1 Nuclear assembly factor 1

NAP57 Nopp140-associated protein of 57 kDa
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Table 1. Cont.

NBS1 Nibrin

NHP2 Non-Histone protein 2

NOP10 Nucleolar protein 10

NOP56 Nucleolar protein 56

NOP58 Nucleolar protein 58

NOPCHAP1 NOP protein chaperone 1

NUFIP1 Nuclear FMRP interacting protein 1

PAQosome Particle for arrangement of quaternary structure

PDRG1 p53 and DNA damage regulated 1

PFDN2 Prefoldin subunit 2

PFDN6 Prefoldin subunit 6

Pih1 Protein interacting with Hsp90

PIH1D1 PIH1 domain-containing protein 1

PIH1D2 PIH1 domain-containing protein 2

PIKK Phosphatidylinositol-3-kinase-related kinase

Prp19 Pre-mRNA-processing factor 19

PRPF31 Pre-mRNA-processing factor 31

PRPF8 Pre-mRNA-processing-splicing factor 8

R2SP RUVBL1-RUVBL2-SPAG1-PIH1D2

R2TP Rvb1–Rvb2–Tah1–Pih1

RAD50 Radiation sensitive 50

Rheb Ras homolog enriched in brain

RNAP RNA polymerase

RPA Replication protein A 70 kDa DNA-binding subunit

RPA1 RNA polymerase I subunit A

RPA135 DNA-directed RNA polymerase I 135 kDa polypeptide

RPAP3 RNA polymerase II-associated protein 3

RPB1 RNA polymerase II subunit B1

RPB2 RNA polymerase II subunit B2

RPB3 RNA polymerase II subunit B3

RPB4 RNA polymerase II subunit B4

RPB5 RNA polymerase II subunit B5

RPB6 RNA polymerase II subunit B6

RPB7 RNA polymerase II subunit B7

RPB8 RNA polymerase II subunit B8

RPB9 RNA polymerase II subunit B9

RPB10 RNA polymerase II subunit B10

RPB11 RNA polymerase II subunit B11

RPB12 RNA polymerase II subunit B12

RPC1 RNA polymerase III subunit C160
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Table 1. Cont.

RUVBL1 RuvB-like AAA ATPase 1

RUVBL2 RuvB-like AAA ATPase 2

Rvb1 RuvB-like protein 1

Rvb2 RuvB-like protein 2

SBP2 SECIS binding protein 2

SECIS Selenocysteine insertion sequence

SHQ1 Small nucleolar RNAs of the box H/ACA family quantitative
accumulation 1

Sgt1 Suppressor of G2 allele of SKP1 homolog

SMG1 Nonsense-mediated mRNA decay associated
phosphatidylinositol-3-kinase-related kinase

snoRNA Small nucleolar RNA

snoRNP Small nucleolar ribonucleoprotein

snRNP Small nuclear ribonucleoprotein

SNRNP200 Small nuclear ribonucleoprotein U5 subunit 200

SPAG1 Sperm-associated antigen 1

Tah1 TPR-containing protein associated with Hsp90

TBC1D7 Tre2-Bub2-Cdc16 domain family member 7

Tel2 Telomere maintenance 2

TELO2 Telomere length regulation protein TEL2 homolog

TERC Telomerase RNA component

TERT Telomerase reverse transcriptase

TPR Tetratricopeptide repeat

Tra1 Transcription-associated protein 1

TRRAP Transformation/transcription domain-associated protein

TSC Tuberous sclerosis complex

TSC1 Tuberous sclerosis 1 protein

TSC2 Tuberous sclerosis 2 protein

TTC12 Tetratricopeptide repeat protein 12

TTI1 TEL2 interacting protein 1

TTI2 TEL2 interacting protein 2

TTT TELO2-TTI1-TT2

UBR5 Ubiquitin protein ligase E3 component N-recognin 5

UPC Unconventional prefoldin complex

URI1 Unconventional prefoldin RPB5 interactor 1

UXT Ubiquitously expressed transcript

WAC WW domain-containing adaptor protein with coiled-coil

WDR92 WD-40 repeat domain 92

ZNHIT2 Zinc finger HIT-type containing 2

ZNHIT3 Zinc finger HIT-type containing 3

ZNHIT6 Zinc finger HIT-type containing 6
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In addition to stabilizing tertiary structure, Hsp90 and its cochaperones stabilize the
quaternary structure of various macromolecular complexes. In 2005, our group identified
Tah1 and Pih1 as Hsp90 interactors in yeast [8]. Tah1 and Pih1 form a heterodimer and
interact with AAA+ proteins Rvb1 and Rvb2 to form the R2TP chaperone complex that
is conserved in higher eukaryotes including humans. Most notably, the R2TP complex
is involved in the assembly of L7Ae ribonucleoproteins [9–11], RNA polymerases [12],
and PIKK complexes [13]. In humans, R2TP associates with RNA polymerase subunit
RPB5, WD40 repeat protein WDR92, and the Unconventional Prefoldin Complex (UPC),
comprising of URI1, UXT, PDRG1, PFDN2, PFDN6, and ASDURF [14–16]. Altogether, these
12 proteins constitute the PAQosome, Particle for Arrangement of Quaternary Structure
(Figure 1A) [17]. The PAQosome is the largest and most intricate chaperone interacting with
Hsp90. The R2TP complex is involved in all PAQosome-mediated pathways as the catalytic
component, whereas the function of the other subunits is mostly unknown. WDR92 has a
specialized role in dynein arm assembly [18], RPB5 likely bridges the interactions between
the PAQosome and RNA polymerases, and the UPC may regulate R2TP in response to cell
growth and proliferation [19]. Moreover, URI1 mediates nuclear and cytoplasmic shuttling
of RNAP subunits, and it has been suggested to do so as part of the PAQosome [20,21].
Thus, PAQosome assembly may occur in the cytoplasm with URI1 facilitating its transport
into the nucleus and vice-versa (Figure 2).

Within the PAQosome, RPAP3 and PIH1D1 are proposed to function as scaffolds for
Hsp90 and its diverse client proteins. RPAP3 contains an RPAP3_N domain that mediates
interactions with substrates enriched with helical-type domains [22]; two TPR domains,
whereby TPR2 has high affinity for Hsp90 [23]; an intrinsically disordered region that
makes contacts with RUVBL1 [22]; and an RPAP3_C domain that binds to the ATPase side
of RUVBL2 [24]. PIH1D1 contains an N-terminal PIH1 domain that binds DpSDD/E motifs
on clients [25,26] and a C-terminal CHORD and Sgt1 (CS) domain that binds RPAP3 [24,27].
Although it has been proposed that PIH1D1 binds to and regulates RUVBL2 ATPase activity
as a nucleotide exchange factor, our group has shown that, within the R2TP complex,
PIH1D1 binds exclusively to RPAP3 and that PIH1D1 has little effect on RUVBL1/2 ATPase
activity and nucleotide binding affinity [22]. Interestingly, although our model suggests
that PIH1D1 only interacts with RPAP3 within the R2TP complex, we have identified R2T
and R2P complexes in vitro and in cellulo [22]. The significance of these findings in regard
to Hsp90 function has yet to be determined.

In yeast, Tah1 is much smaller than RPAP3 and contains two TPR repeats followed by
a C-helix and an unstructured region [28,29]. The TPR domain binds the Hsp90 C-terminal
MEEVD motif, while the unstructured region binds Pih1. Yeast Pih1 is slightly larger
than PIH1D1 and contains an N-terminal PIH1 domain, which also recruits clients with
DpSDD/E motifs, and a C-terminal CS domain that binds Tah1 [26,28,30]. The Tah1-Pih1
dimer binds to the Rvb1/2 hexamer DII domains to form the R2TP complex [31,32]. Yeast
R2TP forms an open basket that accommodates client proteins and Hsp90 (Figure 1B).

Although it has been established that human Hsp90 interacts with R2TP through
RPAP3 [23,24], the details of Hsp90-mediated protein complex assembly are limited, with
most of our knowledge restricted to proteomics and in vitro interaction analyses. This
review will discuss our current understanding of Hsp90-R2TP in higher metazoans and its
roles in protein complex assembly, stabilization, function, or localization for seven classes
of protein complexes: L7Ae snoRNPs, spliceosome snRNPs, RNA polymerases, PIKKs,
MRN, TSC, and axonemal dynein arms (Figure 2). Of note, human Hsp90 in these studies
may refer to either isoform, Hsp90α or Hsp90β, since they have nearly identical structural
and functional similarities that cannot be easily distinguished from one another.
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Figure 2. Hsp90- and PAQosome-mediated quaternary assembly and stabilization pathways. Hsp90
together with the PAQosome are involved in the assembly, stabilization, function (green), or localiza-
tion (orange) of at least seven classes of protein complexes (purple), which include L7Ae snoRNPs,
spliceosome snRNPs, RNA Polymerases, PIKKs, MRN, TSC, and dynein arms. RNAs within each
RNP complex that are mentioned in the text are listed. R2TP/PAQosome assembly factors (brown)
are shown.

2. snoRNP Biogenesis

Eukaryotic ribosomal RNA (rRNA) processing occurs in the nucleolus, which contains
numerous small nucleolar RNAs (snoRNA). Most snoRNAs function as sequence-specific
guides during rRNA modification [33], while others are involved in folding and cleavage
events [34,35]. There are two major families of snoRNAs: box C/D and box H/ACA.
Box C/D snoRNAs direct ribose 2′-O-methylation within rRNA and certain spliceosome
small nuclear RNA (snRNA) [36,37], and box H/ACA snoRNAs direct the isomerization of
uridine to pseudouridine [38]. They are classified based on conserved sequence motifs and
their association with common core proteins. Mature snoRNP complexes are comprised of
snoRNA and four common core proteins, namely, fibrillarin, NOP56, NOP58, and 15.5K
for box C/D snoRNPs, and NHP2, NOP10, GAR1, and NAP57 for box H/ACA snoRNPs
(Figure 3). During snoRNP biogenesis, Hsp90 stabilizes NOP58, 15.5K, and NHP2 [9].
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Figure 3. Hsp90 clients in RNP complexes. Hsp90, Hsp90 cochaperones (pink), R2TP, and assembly
factors (brown) are involved in the biogenesis of Box C/D snoRNP, Box H/ACA snoRNP, Telomerase,
U4 snRNP, U5 snRNP, and SECIS mRNP. Hsp90 clients are shown in red. Protein complex components
that are not Hsp90 clients are shown in blue.

2.1. Box C/D snoRNP Assembly
2.1.1. Role of Hsp90 in Box C/D snoRNP Assembly

Regardless of their snoRNA component, box C/D snoRNPs have a highly conserved
asymmetric arrangement of core proteins [39–42]. The 15.5K protein is part of the L7Ae
family of ribosomal proteins and was first identified as a component of the U4/U6.U5
tri-snRNP that binds directly to the 5′ stem loop of U4 snRNA [43], which has a similar
primary and secondary structure to box C/D and C′/D′ motifs [44]. 15.5K binding to the
box C/D motif is essential for the recruitment of assembly factors RUVBL1 and RUVBL2
and other core proteins including NOP56, NOP58, and fibrillarin [45]. NOP56 and NOP58
are two paralogous proteins that contain NOP and coiled-coil (CC) domains [46]. The NOP
domain exhibits RNA and protein binding, which allows NOP56 and NOP58 binding to
15.5K-box C/D snoRNA complexes [47], while the CC domain enables NOP56-NOP58
heterodimerization across the C/D and C′/D′ motifs [39,42]. The NOP56 and NOP58
N-terminal domains together recruit one copy of fibrillarin to the snoRNP complex [39].

Box C/D snoRNP formation requires Hsp90. In HeLa cell extracts, Hsp90, RPAP3,
and PIH1D1 coprecipitated with precursor and mature forms of ectopically expressed
rat U3 snoRNA [9]. HEK293 cells expressing rat U3 snoRNA and treated with gel-
danamycin, an Hsp90 inhibitor that blocks the ATP binding site [2,48], had less U3
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snoRNA accumulation [9]. These findings were the first to indicate a role for Hsp90
in box C/D snoRNP biogenesis.

Subsequent experiments have suggested that the role of Hsp90 in box C/D snoRNP
biogenesis is to stabilize core protein NOP58. When HEK293 cell lines expressing GFP-
tagged proteins were treated with geldanamycin, NOP58 and 15.5K failed to accumulate,
while a mild effect was seen for NOP56 [9]. NOP58 mutants, NOP58-K310A-A313R, and
NOP58-A283P, which cannot assemble into mature snoRNPs, showed stronger interactions
with Hsp90 than NOP58-WT [49]. NOP58-A283P also associated with the Hsp70-Hsp90
adaptor Hop [49]. Therefore, NOP58 is likely stabilized through the Hsp70-Hop-Hsp90
pathway during its maturation and assembly into snoRNPs. Interestingly, Hsp90 also
stabilized the L7Ae protein SBP2, suggesting that Hsp90 is also involved in SECIS mRNP
biogenesis (Figure 3) [9]. SECIS mRNPs associate with selenoprotein mRNAs for transla-
tional recoding of a UGA codon that enables the insertion of selenocysteine [50].

2.1.2. Role of R2TP in Box C/D snoRNP Assembly

NOP58 can be stabilized by other chaperones, namely the RUVBL1/2 complex and
NOPCHAP1 [49]. RUVBL1 and RUVBL2 were identified as box C/D snoRNP biogenesis
factors from an early study identifying mouse U14 snoRNA interactors [51]. Subsequent
studies have shown that RUVBL1/2 interact with precursor and mature forms of rat U3
and human U8 snoRNA [9,52,53]. NOPCHAP1 was identified as a snoRNP assembly factor
through Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) experiments,
which showed that NOPCHAP1 and RUVBL1/2 associated with nascent NOP58 [54].
NOPCHAP1 binds to NOP58 through the CC-NOP fragment, while it binds to RUVBL1
through the DII domain [49]. The interaction between NOP58 and RUVBL1 is weak, but in
the presence of NOPCHAP1, it is enhanced 20-fold [49]. RUVBL1 binds to NOPCHAP1 in
the absence of ATP since ATPγS, a non-hydrolyzable ATP analogue, abolished NOPCHAP1
binding [49]. The interaction between NOPCHAP1 and RUVBL1/2 is likely transient and
may serve only to direct NOP58 to RUVBL1/2. Interestingly, WT HEK293T cells treated
with geldanamycin and NOPCHAP1 KO cells displayed similar levels of reduced NOP58,
indicating that Hsp90 and NOPCHAP1 may act on the same pathway [49]. A caveat to
consider is that geldanamycin may have additional binding targets that affect the viability
of Hsp90 clients.

RUVBL1/2 may also act as a NOP58 chaperone as part of the R2TP complex. HeLa
cell extracts separated on linear glycerol gradients showed the assembly factor NUFIP1
and core proteins NOP58 and fibrillarin to be in the same fractions as RUVBL1, RUVBL2,
and RPAP3 [9]. Also, pulldown assays in rabbit reticulocyte lysates showed that PIH1D1
directly interacts with NOP56 and NOP58 [9], and that RUVBL1 and RUVBL2 interact with
all four box C/D snoRNP proteins [55]. Moreover, the R2TP complex is involved in Cajal
body and nucleolar localization of pre-snoRNPs and mature snoRNPs, respectively. In
HeLa cells transfected with siRNA, depletion of RUVBL1 and RUVBL2 caused reductions
of Cajal body and nucleolar U3 snoRNA [55].

Hsp90 inhibition in HEK293 cells resulted in the disappearance of both NOP58 and
15.5K [9], but the link between Hsp90 ATPase activity and 15.5K stabilization remains
unclear. Hsp90 may indirectly stabilize 15.5K by stabilizing NOP58 first. Rather than
interacting with Hsp90, 15.5K can bind RUVBL1, RUVBL2, and RUVBL1/2 in the presence
of ATP [55,56]. Additionally, RUVBL1/2 was shown to bridge the interaction between
15.5K and core proteins NOP56 and NOP58 [55], which may be important for 15.5K sta-
bility. Taken together, Hsp70, Hop, Hsp90, R2TP, and NOPCHAP1 stabilize NOP58, and
RUVBL1/2 subsequently recruits 15.5K to NOP56-NOP58, thereby stabilizing 15.5K.

2.1.3. R2TP-Associated Box C/D snoRNP Assembly Factors

The R2TP complex is a highly interactive chaperone complex that works together with
other box C/D snoRNP assembly factors, namely, NUFIP1, ZNHIT3, and ZNHIT6 [54].
NUFIP1 acts mainly as a tethering protein, joining 15.5K with NOP56, NOP58, and fibril-
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larin [9,56]. However, NUFIP1 may also regulate R2TP function during snoRNP assembly
since it interacts directly with RUVBL1, RUVBL2, and PIH1D1 [9,56]. For example, the
coprecipitation of 15.5K with either NOP56 or NOP58 was enhanced with RUVBL1/2, but
was repressed with both RUVBL1/2 and NUFIP1 [55].

NUFIP1 forms a heterodimer with ZNHIT3, an assembly factor belonging to the zf-HIT
family, which are often observed in complexes containing RUVBL1 and RUVBL2 [54,57–60].
ZNHIT3 is required for NUFIP1 stability since siRNA-mediated depletion of ZNHIT3 in
HeLa cells resulted in similar decreases in NUFIP1 levels [60]. ZNHIT3 was unable to bind
precursor or mature forms of rat U3 snoRNA, but it was able to bind U3 snoRNA mutants
that had decreased affinity for NOP56, NOP58, and fibrillarin [54].

Finally, in the presence of ATP, ZNHIT6 interacts with the RUVBL1/2 complex, but
not with individual RUVBL1 and RUVBL2 proteins [55]. In addition, ZNHIT6 binds 15.5K,
but not NOP56, NOP58, or fibrillarin [56].

2.2. Box H/ACA snoRNP Assembly

The assembly of box H/ACA snoRNPs has been well-established. The pseudouridine
synthase NAP57 (also named dyskerin) and core proteins NOP10 and NHP2 form a
trimer that binds directly to H/ACA RNA in the absence of GAR1 [61]. Early yeast
genetic depletion studies have demonstrated that the core trimer is required for H/ACA
RNA stability and that all four core proteins are essential for cell viability [62–66]. The
assembly of mammalian H/ACA snoRNPs requires two assembly factors, NAF1 and
SHQ1, which are needed for H/ACA RNA accumulation without being part of the mature
particles [67,68]. NAF1 is structurally similar to GAR1 [69]. During snoRNP biogenesis,
NAF1 and the core trimer associate with H/ACA RNA at the site of transcription [70].
Upon snoRNP maturation, snoRNP particles localize to Cajal bodies or nucleoli where
GAR1 replaces NAF1 [68,70]. SHQ1 functions as a NAP57 chaperone by acting as an RNA
placeholder, thereby protecting NAP57 from nonspecific RNA binding before its association
with H/ACA RNA and other core RNP proteins [71].

2.2.1. Role of Hsp90 in Box H/ACA snoRNP Assembly

Hsp90 is involved in H/ACA snoRNP biogenesis since Hsp90 inhibition led to de-
fects in H/ACA RNA production and core protein stability [9]. HEK293 cells treated
with geldanamycin showed decreased levels of telomerase H/ACA RNA [9], which is
consistent with TERT, the reverse transcriptase in the telomerase complex, being an Hsp90
client [72]. In addition, geldanamycin-treated cells showed a complete loss of core protein
NHP2, indicating NHP2 as a potential Hsp90 client [9]. NAP57 levels were unaffected by
geldanamycin [9], presumably because it was stabilized by SHQ1 [73].

Telomerase is a box H/ACA snoRNP complex that synthesizes the G-rich DNA at
the 3´-ends of linear chromosomes [74]. In addition to the four box H/ACA core proteins,
human telomerase contains reverse transcriptase TERT and telomerase RNA component
TERC (Figure 3). Hsp90 and its cochaperone p23 bind TERT, and blocking this interaction
inhibits the proper assembly of active telomerase in vitro [72]. TERT and TERC could bind
to each other without Hsp90-p23, although this complex was inactive [75]. In addition,
Hsp90 inhibitors geldanamycin and novobiocin inhibited telomerase even after telomerase
was assembled [75]. Unlike most of their clients, Hsp90 and p23 remain associated with
active telomerase [76]. In mammalian cells, Hsp90 regulates TERT expression. In SCC4 cells,
a telomerase-positive oral cancer cell line, coprecipitation experiments showed an in vivo
interaction between Hsp90 and the TERT promoter. Geldanamycin exposure decreased
telomerase activity, TERT promoter activity, and TERT mRNA expression [77]. Additionally,
in cerebral endothelial cells, siRNA-mediated Hsp90 depletion inhibited telomerase activity
and decreased telomerase protein expression [78].
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2.2.2. Role of R2TP in Box H/ACA snoRNP Assembly

Hsp90 chaperone function on telomerase may depend on R2TP, since RUVBL1 and
RUVBL2 were reported to interact with TERT and NAP57 [79]. During telomerase assembly,
RUVBL1 and RUVBL2 may stabilize NAP57 since depletion of RUVBL1 and RUVBL2 led to
a significant reduction of NAP57 steady-state levels [79]. Moreover, RUVBL1 and RUVBL2
associated with TERC in HeLa cell extracts, and RUVBL1 ATPase activity was essential for
TERC maintenance [79]. In addition, RUVBL1 and RUVBL2 are involved in the production
of other H/ACA RNAs. RUVBL1- or RUVBL2-siRNA knockdown in HeLa cells caused a
reduction in the H/ACA RNAs E3 and U17/E1 [10].

Regarding H/ACA snoRNP complex assembly, knockdown of RUVBL1 and RUVBL2
in HeLa cells resulted in a loss of NHP2 and NAP57 [10]. NHP2 makes a direct interaction
with NUFIP1 [9], suggesting that NUFIP1 could bridge the interaction between NHP2 and
RUVBL1/2 to mediate NHP2 assembly or stability. Similar to its role in box C/D snoRNPs,
NUFIP1 may also be involved in bridging interactions between H/ACA snoRNA and core
proteins. NUFIP1 coprecipitated with U19 H/ACA snoRNA, and its depletion reduced the
levels of U19 and telomerase RNA [9].

During snoRNP assembly, NAP57 is stabilized by the RUVBL1/2 complex and
SHQ1 [73,79], and NAP57 requires the R2TP complex to dissociate from SHQ1 [10]. SHQ1
exerts a clamp-like grip on NAP57 through binding to NAP57 in trans: the N-terminal
CS domain of SHQ1 binds to the surface that is opposite from the RNA binding surface
where the C-terminal SHQ1-specific domain binds [10]. NAP57 recruits the R2TP complex
through its unstructured C-terminus [10]. RUVBL1, RUVBL2, and PIH1D1 bind to the same
domain on NAP57 as SHQ1. RUVBL1 and RUVBL2 also bind to the CS domain of SHQ1
and remove it from NAP57 through an ATP-independent mechanism [10]. ATP binding
and hydrolysis may only be required for the release of RUVBL1/2 from NAP57 after SHQ1
has been removed.

3. Spliceosome snRNP Assembly

The spliceosome is a molecular machine that catalyzes splicing, an essential post-
transcriptional modification that removes introns from pre-mRNA. Spliceosomes are com-
prised of the Prp19 complex, U1 snRNP, U2 snRNP, and the U4/U6.U5 tri-RNP, with each
snRNP having their own snRNA component and associated proteins. The spliceosome
associates with more than 300 different proteins [80]. Proteomic analyses of purified spliceo-
somes have shown that the complex is highly conserved, with more than 85% of yeast
proteins having a direct human orthologue [81]. Proteomic analyses in yeast and human
cells have revealed a role for Hsp90 and R2TP in U4 and U5 snRNP assembly [54,58,59,82].

3.1. U4 snRNP Assembly
3.1.1. Similarities between U4 snRNP and Box C/D snoRNP Complexes

The U4 snRNP is comprised of U4 snRNA, L7Ae protein 15.5K, and splicing compo-
nent PRPF31 (Figure 3). In addition, 15.5K binds to the 5′ stem-loop of U4 snRNA in a
manner similar to the box C/D motif [43,45], enabling PRPF31 recruitment [83]. Without
15.5K, PRPF31 weakly associates with U4 RNA [82]. The association between PRPF31 and
15.5K is essential because an A216P mutation in PRPF31, which abolished the PRPF31-15.5K
interaction, resulted in PRPF31 cytoplasmic accumulation, indicating the prevention of
PRPF31 incorporation into mature spliceosomes within the nucleus [82].

U4 snRNP shares a few similarities with box C/D snoRNP. In addition to both con-
taining the RNA binding component 15.5K, the U4 snRNP splicing component PRPF31 is
homologous to box C/D core proteins NOP56 and NOP58. These three proteins each have
a NOP domain, which binds to preformed 15.5K-RNA complexes, and a CC domain, which
mediate protein–protein interactions within RNP complexes [47]. Furthermore, U4 snRNA
and box C/D snoRNA both associate with the assembly factor NUFIP1, but unlike box
C/D snoRNA, U4 snRNA is not dependent on NUFIP1 for its assembly and maturation [9].
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3.1.2. Role of Hsp90 and R2TP in U4 snRNP Assembly

Similar to box C/D snoRNP assembly, U4 snRNP assembly and stabilization is medi-
ated by chaperones R2TP, Hsp90, and Hsp70. Co-IP experiments using antibodies against
Hsp90, RUVBL1, RUVBL2, RPAP3, and PIH1D1 showed that each associated with U4
snRNA [9]. HEK293 cells treated with geldanamycin showed an almost complete loss of
U4 snRNA, a moderate decrease of 15.5K, and a mild effect on PRPF31 [9]. In PRPF31, an
A216P mutation prevents its nuclear localization [84], and a K243A/A246R double mutation
prevents its interaction with 15.5K [82]. SILAC-IP experiments using HeLa cells expressing
PRPF31-A216P or PRPF31-K243A/A246R showed that both PRPF31 mutants were enriched
with Hop and Hsp70 [49]. Hsp90 was also present at low levels [49]. These findings show
that PRPF31 binds to Hsp70 in the cytoplasm and suggest that the Hsp70-Hop-Hsp90
pathway mediates the PRPF31-15.5K interaction.

The assembly factors NUFIP1 and ZNHIT3 together with the R2TP complex are also
involved in U4 snRNP biogenesis. In mammalian cells, NUFIP1 can mediate the interaction
between 15.5K and PRPF31, and it may do so with help from the R2TP complex since
NUFIP1 also binds to RUVBL1, RUVBL2, and PIH1D1 [9,56]. Moreover, coprecipitation
experiments in HEK293T cells showed that NUFIP1, ZNHIT3, and RUVBL1 each associate
with U4 snRNA and PRPF31, suggesting that they can mediate the interaction between
U4 snRNA and PRPF31 [82]. Indeed, NUFIP1 knockout cells had a two-fold reduction in
binding between PRPF31 and U4 snRNA [82].

3.2. U5 snRNP Assembly
3.2.1. Role of Hsp90 and R2TP in U5 snRNP Assembly

U5 snRNP is recruited to the spliceosome as part of the U4/U6.U5 tri-snRNP and is
comprised of U5 snRNA, GTPase EFTUD2, helicase SNRNP200, and mRNA processing
factor PRPF8 (Figure 3). The Hsp90/R2TP complex is mostly involved in the stabilization
and assembly of PRPF8 into mature U5 snRNP particles. SILAC experiments showed
that Hsp90 associates with PRPF8 and EFTUD2, as well as with assembly factors AAR2
and ECD [59]. In HeLa cells, Hsp90 ATPase activity was shown to stabilize PRPF8 and
SNRNP200, but not EFTUD2 [59]. Hsp90 was also shown to mediate the interaction
between PRPF8 and cytoplasmic RPAP3 [59].

PRPF8 is stabilized by the R2TP complex and U5 snRNP assembly factors. In vitro pull-
down experiments have shown FLAG-tagged PRPF8 to simultaneously co-elute with puri-
fied RUVBL1-RUVBL2, RPAP3-PIH1D1, AAR2, ECD, and ZNHIT2 [85]. PRPF8 can make
direct interactions with RUVBL1-RUVBL2 and RPAP3-PIH1D1. The PRPF8-RUVBL1/2
interaction is stronger than the PRPF8-RPAP3-PIH1D1 interaction [85]. PRPF8 mutants that
cannot be integrated into mature U5 snRNPs associate more strongly with R2TP than WT
PRPF8 [59]. PRPF8 binding to R2TP and AAR2 chaperones was increased in the absence of
PIH1D1, suggesting that the formation of the R2TP complex through PIH1D1 binding is
important for the release of PRPF8 from R2TP and AAR2 [59].

EFTUD2 may also be stabilized by the R2TP complex and AAR2. EFTUD2 has a
DSDED motif, suggesting that it binds to PIH1D1; however, the PIH1D1 N-terminal
domain was not sufficient to bind EFTUD2 [59]. Although, mutations in the EFTUD2
DSDED motif did affect EFTUD2 binding with AAR2, RUVBL1/2, and ZNHIT2 [59]. In
addition, when PIH1D1, RUVBL2, and ZNHIT2 were depleted, there was less EFTUD2 [59].
EFTUD2 may be recruited to the R2TP complex through RPAP3 since EFTUD2 was shown
to interact with ectopically expressed FLAG-RPAP3 in HEK293 lysates [58].

3.2.2. R2TP-Associated U5 snRNP Assembly Factors

ZNHIT2 and the R2TP complex mediate U5 snRNP subunit interactions during U5
snRNP assembly. SILAC experiments showed that ZNHIT2 interacts with R2TP, EFTUD2,
PRPF8, SNRNP200, and yeast two-hybrid experiments confirmed direct interactions be-
tween ZNHIT2-EFTUD2 and ZNHIT2-RUVBL1 [59]. When ZNHIT2 is knocked out, the
interactions between RPAP3-EFTUD2 and RPAP3-PRPF8 were absent [58]. ZNHIT2 is
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also needed to bridge the binding of RUVBL1/2 with EFTUD2 and PRPF8 [58]. The
RUVBL1/2-ZNHIT2 cryo-EM structure shows that the RUVBL1/2 DII domains interact
with the ZNHIT2 C-terminal end [85], which is in contrast to another study that showed
that the ZNHIT2 HIT domain was essential for binding [58]. Rather than mediating the
RUVBL1/2-ZNHIT2 interaction, the HIT domain may regulate the conformation and nu-
cleotide state of RUVBL1/2 [85]. Through binding to the DII domains, ZNHIT2 disrupts
the RUVBL1/2 dodecamer [85]. When ZNHIT2 was bound to the hexamer, RUVBL1 still
had ADP bound while RUVBL2 was in the apo state [85]. Interestingly, the intrinsically
low ATPase activity of RUVBL1/2 hexamers with one Walker B mutant, in either RUVBL1
or RUVBL2, was significantly increased with ZNHIT2 present, suggesting that ZNHIT2
affects the activity of both RUVBL1 and RUVBL2 subunits [85].

ECD is another adaptor protein involved in U5 snRNP biogenesis. In vitro pulldowns
showed that ECD co-eluted with GST-ZNHIT2 and RUVBL1/2, and its association with
this complex was enhanced when RPAP3 and PIH1D1 were added [85]. ECD can bind
RUVBL1 and PIH1D1, either through its DpSDD motif or another uncharacterized binding
site [25,86].

4. Hsp90- and R2TP-Mediated RNA Polymerase Assembly and Localization

The eukaryotic RNA polymerases, RNAP I, RNAP II, and RNAP III, are multiprotein
complexes that synthesize ribosomal, messenger, and transfer RNA, respectively. The three
RNA polymerases are structurally related. Within each complex, the two largest subunits
form the catalytic core, while the smaller subunits are located on the periphery. They
are also related through having five common subunits: RPB5, RPB6, RPB8, RPB10, and
RPB12. Large-scale proteomic screens identified Hsp90, R2TP, and prefoldins as RNAP
II interactors (Figure 1) [14,16,87,88]. RNAP II is assembled in the cytoplasm by Hsp90
and R2TP and then imported into the nucleus through URI1 [12,20]. To further analyze
the interactions of RNAP II subunits during assembly, Boulon and colleagues performed
triple-SILAC purifications on U2OS cells treated with α-amanitin, a small molecule that
binds RPB1 and induces its degradation [12,89]. Their findings revealed the presence of
two subcomplexes: RPB1-RPB8 and RPB2-RPB3-RPB10-RPB11-RPB12. In addition, each
subcomplex associated with a specific set of assembly factors, such as RPAP2, GPN2,
GPN3, and GrinL1A. RPB1-RPB8 also associated with R2TP/Prefoldin components RPAP3,
PFDN2, and UXT [12].

RPB1 is the largest subunit in RNAP II and interacts with many RNAP II subunits
and assembly factors. Coprecipitation and yeast two-hybrid experiments showed that
Hsp90 interacts with RPB1 and with the TPR2 domain on RPAP3 [12]. RPB1 interacts
with RPAP3 outside of the TPR2 domain [12], implying that RPAP3 stabilizes RPB1 by
tethering the interaction between Hsp90 and RPB1. Indeed, long-term RPAP3 depletion in
U2OS cells resulted in RPB1 loss [12]. Also, RPAP3 depletion resulted in RPB1 cytoplasmic
accumulation in mouse intestinal epithelium cells and crypt base columnar stem cells [90].
Another study showed that RNAP II assembly in melanoma cells was dependent on RPB1
interacting with URI1 [91], but the role of the prefoldin-like module during RNAP II
assembly is uncharacterized.

The depletion of RNAP subunits leads to the accumulation of unstable cytoplasmic
RPB1. Boulon and colleagues showed that siRNA-mediated depletion of any RNAP II
subunit in U2OS cells resulted in RPB1 cytoplasmic accumulation [12]. When cells were
treated with geldanamycin, there was a significant decrease of RPB1 in RPB2-, RPB3-, RPB5-,
RPB8-, RPB10-, RPB11-, and RPB12-depleted cells, but no significant changes of RPB1 in
RPB4-, RPB6-, RPB7-, and RPB9-depleted cells [12]. Hsp90 is essential for stabilizing
RPB1, however, Hsp90 binding to RPB1 occurred independent of its ATPase activity [12].
To stabilize RPB1, Hsp90 ATPase activity may mediate interactions between RPB1 and
RNAP II subunits RPB5, RPB8, and the subcomplex RPB2-RPB3-RPB10-RPB11-RPB12. The
remaining RNAP II subunits, RPB4, RPB6, RPB7, and RPB9, are likely nonessential for RPB1
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stability and may be integrated at a later stage. Taken together, these findings show that
Hsp90 and R2TP stabilize RPB1 by mediating its interactions with other RNAP II subunits.

R2TP may also be involved in RNAP I and RNAP III assembly since RPAP3-based
purifications showed interactions with RPA1 and RPC1, the two largest subunits of RNAP
I and RNAP III, respectively [12,16]. Depletion of RPA135, the second largest subunit in
RNAP I, increased the interaction between RPA1 and RPAP3, demonstrating that RPAP3
preferentially binds to RPA1 when it is unassembled [12].

5. PIKK Complex Assembly and Stabilization

Phosphatidylinositol 3-kinase-related kinases (PIKKs) belong to the Ser/Thr kinase
family and are required for cell proliferation, metabolism, and differentiation. The PIKK
family is comprised of ATM, ATR, and DNA-PKcs, which are involved in DNA damage
sensing, signaling, and repair (Figure 4); mTOR, a central regulator of cell metabolism,
growth, and survival (Figure 4); SMG1, involved in nonsense-mediated mRNA decay;
and TRRAP, a pseudokinase that lacks catalytic activity but functions as a large protein
interaction hub. Although they have diverse functions, PIKKs share a common domain
architecture where their N-termini carry long arrays of HEAT repeats [92], and their
C-termini phosphorylate target proteins using a region related to the domain of PI3 ki-
nase [93]. The PIKKs oligomerize with other proteins to form complexes, yet none of
their binding partners or target proteins are common to all family members. During PIKK
complex assembly and function, they each depend on Hsp90, the TTT complex, and the
R2TP complex [13,94,95].Biomolecules 2022, 12, x  14 of 30 
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Figure 4. Hsp90- and R2TP-mediated PIKK, MRN, and TSC complex assembly pathways. Hsp90,
R2TP, and the TTT (brown) are involved in the assembly, stabilization, or function (green) of several
complexes (purple) involved in cell metabolism and DNA damage responses. Hsp90-R2TP stabilizes
its clients (red) and mediates interactions (dashed double-sided arrows) between its clients and other
complex subunits (blue).
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5.1. Role of Hsp90-TTT in PIKK Complex Assembly

The TTT complex, comprising of TELO2, TTI1, and TTI2, was discovered through
a large-scale proteomic analysis identifying Tel2 interactors in fission yeast [96,97]. Each
component of the TTT complex is mutually dependent on each other for their stability [98].
TTI1 provides a platform for TELO2 and TTI2 to bind to its central and C-terminal regions,
respectively [99]. Functional studies in yeast, C. elegans, and mammalian cells show that
components of the TTT complex are essential for proper PIKK signaling pathways, namely,
the DNA damage response [94,98,100–106], metabolic stress [107–113], nonsense-mediated
mRNA decay [114,115], and transcriptional regulation [116,117]. The TTT complex recog-
nizes and stabilizes PIKKs cotranslationally before mediating their assembly into larger
complexes [95,111,118].

The TTT complex functions as an Hsp90 cochaperone. Co-IP experiments coupled with
MALDI-TOF using HeLa S3 cell extracts revealed that FLAG-tagged TTT subunits associate
with PIKKs, R2TP subunits, and Hsps [118]. TTI2 was shown to associate with Hsp90 [118].
Co-IPs in HEK293 cells showed that TELO2 and TTI1 could also associate with Hsp90, and
Hsp90 ATPase activity was needed to stabilize TELO2 and TTI1 [94]. Thus, Hsp90 ATPase
activity is essential for PIKK stabilization and proper PIKK signaling [94,119]. Hsp90
inhibition in HeLa cells interfered with TELO2-ATR and TELO2-mTOR interactions, which
decreased the association of ATR with ATRIP, and mTOR with Raptor and Rictor [118].
These findings have important implications on overall cell metabolism. ATR-ATRIP interact
with RPA on ssDNA to initiate cell cycle arrest [120]. mTOR and Raptor are part of the
mTORC1 complex, which is involved in cell growth and proliferation, and mTOR and
Rictor are part of the mTORC2 complex, which is involved in cell survival (Figure 4) [121].
Hsp90 inhibition coupled with glutaminase inhibition has been shown to be an effective
therapeutic strategy against mTORC1-driven tumors [122]. Furthermore, Hsp90 inhibition
also interfered with TELO2-ATM and TELO2-DNA-PKcs interactions [118]. Similar to
ATR and mTOR, ATM and DNA-PKcs interactions with TELO2 may mediate ATM-MRN
and DNA-PKcs-Ku70/Ku80 interactions. The ATM-MRN and DNA-PKcs-Ku70/Ku80
complexes are both involved in DNA double-strand break repair (Figure 4) [123–126].

5.2. Role of R2TP-TTT in PIKK Complex Assembly

In addition to Hsp90, the RUVBL1/2 complex also functions as a TTT cochaperone.
The mechanism of RUVBL1/2-mediated mTORC1 complex assembly and activation has
recently been elucidated. The cryo-EM structure of the human R2TP-TTT complex shows
that TTT binds simultaneously with DII domains from consecutive RUVBL1 and RUVBL2
subunits of the RUVBL1/2 hexameric ring [127]. RUVBL1/2 and TTT cooperate to re-
cruit mTOR to the complex. In vitro binding experiments showed that the human TTT
complex coprecipitates with a mTOR C-terminal fragment, and the RUVBL1/2 complex
coprecipitates with an mTOR N-terminal fragment [127]. Although TTT complex binding
to RUVBL1/2 inhibited RUVBL1/2 ATPase activity in vitro [127], RUVBL1 ATPase activity
is essential for TTT complex formation and mTOR complex activation in cellulo [112]. When
endogenous RUVBL1 was knocked out in TSC2−/− MEFs, which have high mTORC1-
driven translation, and rescued with a RUVBL1 ATPase-activity deficient mutant, mTORC1
complex dimerization was inhibited [112]. RUVBL1 ATPase inhibition prevented mTOR-
TELO2, TTI1-TELO2, and RUVBL1-TELO2 interactions, indicating disassembly of the
RUVBL1/2-mTOR-TTT complex [112]. Interestingly, piperlongumine, a cancer thera-
peutic for mTORC1-addicted cells, targets RUVBL1/2 to prevent the formation of the
RUVBL1/2-TTT complex [128].

Several scaffold and adaptor proteins mediate RUVBL1/2-TTT-PIKK complex as-
sembly. WAC was identified as an adaptor between RUVBL1/2 and TTT during energy-
dependent mTORC1 dimerization [108]. Co-IPs in HeLa cell lysates showed that URI1
associates with TELO2, TTI1, TTI2, Hsp90, RUVBL1, RUVBL2, RPAP3, and PIH1D1 [94],
suggesting that it may bridge interactions between TTT, Hsp90, and R2TP. Moreover,
PIH1D1 within the R2TP complex acts as an adaptor between RUVBL1/2 and TTT. PIH1D1
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binds to two constitutively phosphorylated serine residues (S487 and S491) on TELO2 [13].
Co-IPs using TELO2 knockout MEFs rescued with TELO2 S487A and S491A mutants
showed compromised association between TELO2 with PIH1D1 and RUVBL1 [13]. In
addition, compared to MEF knockout cells rescued with WT TELO2, cells rescued with the
TELO2 substitution mutants had a complete reduction of SMG1, a significant reduction of
mTOR, and a minor reduction of ATM, ATR, and DNA-PKcs [13]. Inhibition of CK2, the
kinase that phosphorylates TELO2 [13], also reduced levels of endogenous SMG1 [114].
Further analysis of the PIH1D1 binding motif, DpSDD, on TELO2 showed that it was highly
conserved from yeast to humans, suggesting a mechanism by which PIH1D1 recognizes
its substrates [25]. As mentioned above, the DpSDD motif is present in other proteins
involved in PAQosome-mediated assembly pathways [25], including the E3 ligase UBR5,
which interacts with the H/ACA ribonucleoprotein complex and regulates ribosomal RNA
biogenesis [129]; RNAP II subunit RPB1, the largest subunit in the RNAP II complex;
EFTUD2, the splicing component of U5 snRNP; and ECD, an adaptor protein for U5 snRNP
complex assembly [130].

6. Hsp90- and R2TP-Mediated MRN Complex Stabilization

The MRN complex is involved in sensing, processing, and repairing DNA strand
breaks (DSBs). The complex is comprised of the nuclease MRE11, ATPase RAD50, and
PIKK scaffold NBS1 (Figure 4). During the DNA damage response, the MRN complex
binds to DSBs, recruits and activates the PIKKs ATM and ATR, and facilitates DNA repair
by homologous recombination and non-homologous end-joining [131–135]. Hypomorphic
mutations in MRE11, NBS1, and RAD50 cause ataxia-telangiectasia-like disease [136], Ni-
jmegen breakage syndrome [137], and Nijmegen breakage syndrome-like disorder [138],
respectively. Both ataxia-telangiectasia-like disease and Nijmegen breakage syndrome are
characterized by genomic instability, hypersensitivity to radiation, and increased suscepti-
bility to cancer.

MRE11 is a conserved 70–90 kDa dimeric protein that has endo- and exonuclease
activity against single- and double-stranded DNA [139–141]. MRE11 stability was shown
to be dependent on its interaction with PIH1D1 [142]. PIH1D1 interacts with MRE11 at
S558/S561 or S688/S689 when both serines of each site are phosphorylated, with the latter
being the major binding site [142]. Cells expressing MRE11 mutated at S688/S689 had
reduced levels of stable MRE11 compared to WT cells [142]. In addition, RPE1, U2OS, and
HCT116 cells treated with siRNA against PIH1D1 had reduced levels of MRE11 and slightly
reduced levels of RAD50 and NBS1 [142].

RAD50 is a 150 kDa protein that contains an ABC-type ATPase domain that binds
and unwinds dsDNA termini [143,144]. Hsp90 ATPase activity is essential for RAD50
expression [145]. HO-8910 ovarian cancer cells treated with 17-AAG had significantly
reduced levels of RAD50 [145]. Hsp90 is also important for RAD50-mediated BRCA1
recruitment to DSBs. BRCA1, a tumor suppressor protein linked to breast and ovarian
cancer, interacts with RAD50 in vitro and in vivo and co-localizes with RAD50, MRE11,
and NBS1 in irradiation-induced foci [146]. In MCF7 breast cancer cells, 17-AAG decreased
BRCA1 protein levels in a dose- and time-dependent manner and impaired irradiation-
induced homologous recombination and non-homologous end joining [147].

NBS1 is an 85 kDa protein containing two BRCT domains that bind pSDpTD motifs on
interacting proteins, including repair and checkpoint proteins at DSBs [148,149]. Hsp90α
stabilizes NBS1 and ATM, but not MRE11 and RAD50 [150]. Hsp90 also stabilizes the inter-
action between NBS1 and ATM and is needed for MRN translocation to nuclear foci after
irradiation [151]. Upon irradiation-induced ATM activation, ATM phosphorylates both
NBS1 and Hsp90α, and pNBS1 dissociates from pHsp90 and translocates to DSBs [150,152].
When PIKKs phosphorylate Hsp90 at Thr 7, Hsp90α also translocates to DSBs [153]. By
contrast, another study showed that when ATM phosphorylates Hsp90 at Thr 5 and Thr 7,
Hsp90α is not significantly recruited to DSBs [150]. In addition to regulating Hsp90 localiza-
tion, Hsp90 phosphorylation is essential for MRN stabilization since Cdc7-Dbf4-mediated
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phosphorylation of S164 on Hsp90 was required for stabilizing the Hsp90-TELO2-MRN
complex and resulted in enhanced ATM/ATR signaling [154].

7. Hsp90- and R2TP-Mediated TSC Complex Stabilization

The TSC complex, comprising of tumor-suppressor proteins TSC1, TSC2, and TBC1D7,
inhibits the mTORC1 complex, which controls cell growth and proliferation (Figure 4) [155].
Loss-of-function mutations in TSC1 or TSC2 have been linked to tuberous sclerosis, a
rare genetic disorder that causes tumor growth in multiple organs and neurological
symptoms [156]. Within the TSC complex, TSC1 binds and stabilizes both TSC2 and
TBC1D7 [157–159]. To inactivate mTORC1, TSC2, which contains a GAP domain, catalyzes
the conversion of Rheb-GTP to Rheb-GDP [160,161].

TSC1 was reported to be an Hsp90 cochaperone that inhibits Hsp90 ATPase activity
(Figure 4) [162]. TSC1 enables TSC2 binding to Hsp90, which prevents TSC2 ubiquitin-
mediated proteasomal degradation [162]. TSC1 binding to Hsp90 was also important for
stability and activity of kinase client proteins such as c-Src, CDK4, and Ulk1, as well as
non-kinase client proteins such as glucocorticoid receptor and folliculin [162]. In bladder
cancer cells, TSC1 facilitated Hsp90 acetylation at K407/K419, which increased its binding
affinity for Hsp90 inhibitor ganetespib [163]. In contrast to bladder cancer cells, however,
CAL-72 and PEER cells, which have a complete loss of TSC1 and reduced TSC2 expression,
were also sensitized to ganetespib with IC50 values of 22 and 3 nM, respectively [164]. In
addition, hepatocellular cancer cell lines SNU-398, SNU-878, and SNU-886, which have a
complete loss of TSC2 and normal TSC1 expression, had IC50 values of 9, 14, and 35 nM,
respectively [164]. Nevertheless, these findings show that TSC1 and TSC2 influence Hsp90
activity.

The TSC complex may be stabilized through the PAQosome. Co-IP experiments in
HeLa cells showed that FLAG-tagged URI1 and RPAP3 interacted with endogenous TSC1
and TSC2 [58]. TAP-MS of each TSC complex subunit demonstrated high confidence
interactions with RUVBL1, RUVBL2, RPAP3, PIH1D1, WDR92, and URI1 [58]. A SILAC
proteomic analysis using the N-terminal domain of PIH1D1 showed that it associated
with all three subunits of the TSC complex [59]. The significance of these interactions is
unknown. The PAQosome may act as a loading dock that stabilizes each TSC subunit
before combining them into a single complex. Moreover, the PAQosome may scaffold
TSC1, to regulate Hsp90 ATPase activity, or it may scaffold TSC2, to facilitate loading onto
Hsp90 [162].

8. Axonemal Dynein Arm Assembly

Motile cilia are small microtubule-based organelles required for fluid transport and
cell motility in many organisms. In humans, motile cilia are essential for the genera-
tion of left-right asymmetry during embryonic development, sperm motility, and the
movement of fluid in the respiratory tract, brain ventricular system, and oviducts [165].
Motile cilia contain a 9 + 2 axoneme comprised of nine outer doublet microtubules and a
pair of central microtubules. Between each outer doublet, there are several multiprotein
complexes, which include the inner dynein arms (IDA) and outer dynein arms (ODA).
Dynein is a AAA+ ATPase that mediates microtubule sliding and subsequent ciliary move-
ment [166]. Before being incorporated into the axoneme, dynein arms are preassembled in
the cytoplasm [167,168].

8.1. DNAAFs Form Complexes with Hsp90

DNAAFs were discovered through genetic analyses of families with primary ciliary
dyskinesia and mutation studies in animals [168–179]. Although most of their functions
are still being investigated, it is clear that DNAAFs work together with Hsp90 to mediate
IDA and ODA assembly [180]. DNAAF2, DNAAF4, DNAAF6, and DNAAF11 have
domains that associate with Hsp90, including PIH1, CS, and TPR domains, while DNAAF1,
DNAAF3, DNAAF5, and DNAAF7 lack Hsp90 association domains.
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In vertebrates, the PIH1 domain is present in at least four proteins: DNAAF2, DNAAF6,
PIH1D1, and PIH1D2 [181–183]. Each protein has been shown to be involved in ciliary
dynein arm assembly [182]. DNAAF2 and DNAAF6 each contain an N-terminal PIH1
domain followed by a CS domain. In mouse testis extracts, DNAAF2 coprecipitated
with Hsp70 but not Hsp90 [175], whereas DNAAF6 coprecipitated with both Hsp70 and
Hsp90 [181]. In addition, a yeast two-hybrid analysis showed that DNAAF6 interacts with
Hsp90, DNAAF2, and DNAAF4 [176].

DNAAF4 contains a C-terminal TPR domain, and a yeast two-hybrid screen showed
that it interacts with Hsp70 and Hsp90 C-termini via the EEVD motif that binds TPR
domains [184]. These interactions were confirmed through coprecipitation experiments
in mouse trachea tissues [177]. In addition, DNAAF4 coprecipitated with DNAAF2 in
HEK293 cells [177]. Based on their domains, DNAAF2 and DNAAF4 may form R2TP-
like complexes that mediate Hsp90 involvement in dynein arm assembly (Figure 5) [26].
Moreover, TTC12 has recently emerged as another dynein arm assembly factor, and it
contains a stretch of three TPR domains [185], suggesting that it may also be involved in
forming R2TP-like complexes.
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Figure 5. Hsp90- and R2TP/R2TP-like complex-mediated dynein arm assembly. During dynein arm
assembly, DNAAF7 and FKBP8 act as Hsp90 cochaperones that are required for the folding of dynein
arm clients. DNAAF11 may be needed for client release from Hsp90 to WDR92, R2TP, and R2TP-like
complexes. Other clients may not require Hsp90 for folding and may interact with WDR92, R2TP,
and R2TP-like complexes directly. R2TP-like complexes contain the RUVBL1/2 hexamer and may
have a combination of RPAP3-like (yellow) and PIH1D1-like (purple) proteins. IDA, inner dynein
arm; ODA; outer dynein arm.

DNAAF1 and DNAAF7, which lack Hsp90 binding domains, have been linked to
Hsp90. Streptavidin-II/FLAG tandem affinity purification coupled with mass spectrometry
(SF-TAP/MS) experiments using HEK293 lysates showed that DNAAF1 associates with sev-
eral Hsps, including Hsp70 and Hsp90 [186]. Although DNAAF7 lacks an Hsp90 binding
domain, endogenous DNAAF7 coprecipitations from P30 mouse testes, P7 mouse oviducts,
and primary ciliated HEK293 cells revealed the presence of Hsp90 [187]. Hsp90 may have
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an indirect interaction with DNAAF7 through FKBP8, an immunophilin belonging to the
FK506-binding protein family, thereby forming a DNAAF7-FKBP8-Hsp90 complex. FKBP8
contains a TPR domain that interacts with Hsp90 [188], and it was present in endogenous
DNAAF7 coprecipitations from P30 mouse testes and differentiating human tracheal ep-
ithelial cultures [187]. There have been no reports linking DNAAF3 and DNAAF5 to Hsp90.
Aside from it being essential for dynein arm assembly, little is known about DNAAF3
function, but it may have a role similar to DNAAF1 and DNAAF2 [168]. Coprecipitation
experiments using human bronchial epithelial tissues showed that DNAAF5 does not
interact with Hsp70 or Hsp90 [169].

DNAAF11 (formerly named LRRC6) is another essential protein for dynein arm
assembly [189,190]. HEK293T cells co-expressing DNAAF7 and DNAAF11 and treated with
protein synthesis inhibitor cycloheximide for 48 h had 44.4% of its DNAAF11 remaining,
while DNAAF11 expressed alone had 7.8% remaining [191], indicating that DNAAF7 is
needed to stabilize DNAAF11. DNAAF11 may interact with Hsp90 directly through its
CS domain, or indirectly through its interactors DNAAF7 and RUVBL2 [173,178,187,192].
To release client proteins from Hsp90, p23 binding and ATP hydrolysis is required [193].
Thus, DNAAF11 binding to Hsp90 may promote the release of dynein arms from DNAAF7-
FKBP8-Hsp90 to other chaperone complexes, including R2TP and R2TP-like complexes
(Figure 5) [187].

8.2. R2TP and R2TP-like Complexes Are Dynein Arm Assembly Factors

The R2TP complex may be involved in late-stage dynein arm assembly. Similar to
DNAAFs, the catalytic components of R2TP, RUVBL1 and RUVBL2, were demonstrated
to be involved in dynein arm assembly through mutational analyses in animal mod-
els. Inducible deletion of RUVBL1 in mouse oviducts resulted in the absence of outer
dynein arms and the appearance of undefined protein clusters [194]. Streptavidin-II/FLAG
tandem affinity purification (SF-TAP) using HEK293 cell lysates showed that DNAAF1
interacts with RUVBL1 and RUVBL2, and that the RUVBL1 interaction was reduced with
mutant DNAAF1 [186]. RUVBL1 knockdown in hTERT-RPE1 cells showed increased
co-localization between intraflagellar transport protein IFT1 and DNAAF1, suggesting
that RUVBL1 mediates DNAAF1 transport or localization [186]. In zebrafish, RUVBL1
and RUVBL2 are enriched in cytoplasmic puncta in zebrafish ciliated tissues, and cilia
motility is lost in zebrafish with either RUVBL1 or RUVBL2 mutants [192,195]. RUVBL2
interacts with DNAAF11, which has a similar domain composition to DNAAF1 [192]. The
RUVBL2-DNAAF11 complex was essential for dynein arm assembly in zebrafish [192].
Altogether, these findings suggest the presence of cytoplasmic R2TP-like complexes that
mediate dynein arm assembly.

In a conditional mouse model, loss of RUVBL1 resulted in immotile spermatozoa due
to reduced ODA components, DNAI1 and DNAI2 [195]. In mouse testes, RUVBL2 inter-
acted with Hsp90, suggesting that RUVBL2 scaffolds DNAI1 and DNAI2 to Hsp90 [195].
RUVBL1 may also scaffold IDA and ODA components to Hsp90 through the R2TP-like
complex R2SP, comprising of RUVBL1, RUVBL2, SPAG1, and PIH1D2 [196]. Both SPAG1
and RPAP3 contain RPAP3_C and TPR domains, while PIH1D1 and PIH1D2 both contain
N-terminal PIH1 and C-terminal CS domains. In zebrafish, SPAG1 null mutations resulted
in dorsal body curvature and hydrocephalus, indications of primary ciliary dyskinesia [197],
while double-null mutations in PIH1D2 and DNAAF2 resulted in abnormal sperm motil-
ity [182]. RUVBL2, SPAG1, and PIH1D2 were found to be ubiquitously expressed in all
human tissues and had moderate to high enrichment in the testes [196]. The R2SP complex
was shown to facilitate the formation of liprin-α2 complexes [196], which are involved in
synaptic vesicle release [198]. Interestingly, PIH1 domain-containing proteins DNAAF2 and
DNAAF6 were also enriched in the testes, suggesting the presence of multiple R2TP-like
complexes [196].

In addition to R2TP and R2TP-like complexes, proper dynein arm assembly requires
WDR92 (recently renamed DNAAF10), which is also highly expressed in human testes [199].
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In Chlamydomonas, experiments using insertion and truncation mutants showed that
WDR92 is needed to stabilize ODA and IDA heavy chains during preassembly [200,201]. Co-
IPs using HEK293 cells and in vitro pulldowns showed that WDR92 interacts directly with
RPAP3 [200,202], suggesting that a WDR92-R2TP complex is needed for proper dynein arm
assembly (Figure 5). In addition, Drosophila WDR92 was shown to interact with CG18472,
the closest Drosophila orthologue of human SPAG1 [197,203]. A proteomic analysis also
supports a possible interaction between human WDR92 and SPAG1 [58]. These findings
suggest the possibility of a WDR92-R2SP complex.

RUVBL1 and RUVBL2 were recently demonstrated to be involved in the synthesis
of cytoplasmic cilia, in which the axoneme is exposed to the cytoplasm [204,205]. Cyto-
plasmic cilia are found in male gametes, including human and Drosophila sperm. While
investigating Drosophila spermiogenesis, Fingerhut and colleagues identified a novel RNP
granule located at the axoneme distal end, the site of ciliogenesis [205]. The RNP granule
contained RUVBL1 and RUVBL2, as well as mRNA that encodes axonemal dynein arms.
By localizing translation, dynein arms can be integrated into the axoneme directly from the
cytoplasm. RUVBL1 and RUVBL2 were essential for dynein arm integration and subse-
quent spermatozoa motility. Similar to their involvement with other RNPs, RUVBL1 and
RUVBL2 were also essential for RNP granule formation [205].

9. Concluding Remarks

These studies demonstrate that Hsp90 and R2TP have many diverse and essential
roles in macromolecular complex assembly that often complement each other. Before
complex assembly, Hsp90 initiates subunit expression (e.g., RAD50, TERT transcription)
and regulates RNA levels (e.g., U3 snoRNA, U4 snRNA). During complex assembly, Hsp90
stabilizes clients that compose multisubunit complexes (e.g., L7Ae proteins 15.5K, NHP2,
SBP2; RNAP subunits RPA1, RPB1, RPC1; PIKK proteins ATM, ATR, DNA-PKcs, mTOR,
SMG-1, TRRAP), while R2TP mediates important interactions between Hsp90 and clients
(e.g., Hsp90-RPB1), adaptors and clients (e.g., TELO2-mTOR, TELO2-ATR), and complex
subunits (e.g., 15.5K-NOP56, 15.5K-NOP58). After complex assembly, Hsp90 is critical for
the function of some complexes (e.g., telomerase elongation, MRN-mediated recruitment of
BRCA1 to DSBs), and R2TP together with its associated prefoldin-like module are involved
in the localization of assembled protein complexes (i.e., R2TP-mediated Cajal body and
nucleolar localization of snoRNPs, URI1-mediated nuclear localization of RNAP II). Thus,
in addition to the canonical role of Hsp90 in client stabilization, these findings highlight
the additional roles of Hsp90, together with R2TP, in quaternary complex assembly. De-
termining how Hsp90 integrates its clients into multiprotein complexes may facilitate the
discovery of novel therapeutic drug targets. For example, inhibiting Hsp90-mediated
TELO2-mTOR interactions may be an effective adjuvant against mTORC1-driven tumors.
Thus, the role of Hsp90 during complex assembly and how it functions with its chaperones
and cochaperones, especially TTT and R2TP, should be further investigated.
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Abstract: The folding of the myosin head often requires a UCS (Unc45, Cro1, She4) domain-containing
chaperone. Worms, flies, and fungi have just a single UCS protein. Vertebrates have two; one (Unc45A)
which functions primarily in non-muscle cells and another (Unc45B) that is essential for establishing
and maintaining the contractile apparatus of cardiac and skeletal muscles. The domain structure
of these proteins suggests that the UCS function evolved before animals and fungi diverged from
a common ancestor more than a billion years ago. UCS proteins of metazoans and apicomplexan
parasites possess a tetratricopeptide repeat (TPR), a domain for direct binding of the Hsp70/Hsp90
chaperones. This, however, is absent in the UCS proteins of fungi and largely nonessential for the
UCS protein function in Caenorhabditis elegans and zebrafish. The latter part of this review focusses
on the TPR-deficient UCS proteins of fungi. While these are reasonably well studied in yeasts, there
is little precise information as to how they might engage in interactions with the Hsp70/Hsp90
chaperones or might assist in myosin operations during the hyphal growth of filamentous fungi.

Keywords: UCS proteins; She4; Hsp90; temperature stress; yeast; filamentous fungi

1. The UCS Protein Function

Myosin molecules need to be subject to a very precise temporal and spatial chaperon-
ing so that they acquire their affinity for actin in the proper context. This is directed, in part,
by a chaperone dedicated to the folding of the myosin head, a protein with the characteristic
UCS (UNC45, Cro1, She4) domain. This UCS chaperone function was initially identified
through the study of Caenorhabditis elegans Unc-45 (“UNCoordinated”) mutants, mutants
that display defects in both motility [1,2] and cytokinesis during embryogenesis [3]. This led
to the identification of a protein—UNC45—that associates with both Hsp90 and partially
folded myosin [4]. The C. elegans UNC45 facilitates not just the folding of myosin, but also
a regulation of myosin levels by targeting excess or damaged myosin to the proteasome
for degradation [5]. It forms linear multimers, a filament assembly scaffold for a precise
spatial organisation of the building blocks of myofilament formation and the organisation
of sarcomeric repeats [6]. Drosophila studies have also highlighted the importance of the
UCS protein function, both during late embryogenesis when the initial differentiation of
cells into muscle tissue occurs, and at later stages of Drosophila development [7–10].

Except in fungi, UNC45 proteins have a 3-domain architecture [6,11] (Figure 1A).
At their N-terminus is a tetratricopeptide repeat (TPR), a site for direct binding of the
Hsp70 and Hsp90 molecular chaperones. This TPR is dispensable for UNC45 function in C.
elegans [12] and zebrafish [13] and totally absent in the UCS proteins of fungi (Figure 1A).
At the C-terminus, an elongated UCS domain mediates myosin folding, while a central
domain aligns the TPR and UCS units to each other (Figure 1A). Direct biochemical proof
that it is the UCS domain which mediates myosin folding came from demonstrations that
the folding of muscle MHC-B myosin could be efficiently reconstituted in insect cells by
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the C. elegans UNC45, studies that revealed how the binding of the myosin substrate was
compromised by the UCS domain mutations of temperature-sensitive unc-45 mutants of
C. elegans [14]. The central domain has been associated with a reversible inhibition of the
myosin power stroke [15,16].
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cell of the X-ray crystal structure of She4, the UCS protein of the yeast Saccharomyces cerevisiae [17].

The UCS domain consists of repeats of an armadillo/beta-catenin-like motif, an ap-
proximately 40 amino acid-long sequence that was first identified in the Drosophila segment
polarity gene armadillo and the mammalian armadillo homolog beta-catenin. The X-ray
crystal structure of the Drosophila UNC45 reveals an L-shaped monomer in which a con-
tiguous series of these armadillo repeats are stacked one upon another [7]. Self-association
of these stacks causes UNC45 to exist as oligomers in vitro and in vivo [6,11], linear chains
of UNC45 units that effectively form an assembly line for the licensing of the folding of
myosin heads with a defined periodicity on myofilaments. How the conserved sequences
of the flexible UCS interact with myosin is discussed in detail elsewhere [9,14,18].
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2. Vertebrate Unc45A (UNC45-GC) and Unc45B (UNC45-SM)

While fungi, flies and worms have just a single UCS protein, vertebrates possess
two, the latter denoted as Unc45A (or UNC45-GC) and Unc45B (or UNC45-SM) (reviewed
in [9]). Unc45A is expressed in most somatic cells, where it acts upon non-muscle myosin II.
Unc45B is expressed primarily in heart and skeletal muscle, where it facilitates the assembly
and maintenance of the contractile apparatus [19,20]. Although largely not elaborated here,
much attention is now being given to how an altered functioning of Unc45A and Unc45B
might be associated with human genetic disorders [21–25].

Studies in zebrafish (Danio rerio) have revealed that Unc45A and Unc45B are not
functionally redundant [26]. During D. rerio development, Unc45B is initially found in the
myosin-containing A-band of the sarcomere. Later, in adult D. rerio, it is sequestered by the
Z-lines in the mature sarcomere, though it is still able to shuttle back to the A-band of the
muscle sarcomere in response to either eccentric exercise or damage induced by heat or
chemical stress [7,27]. Both in zebrafish [13,26] and in the amphibian Xenopus tropicalis [28],
the lack of a functional Unc45B results in paralysis, this being associated with loss of the
thick and thin filament organisation of skeletal and cardiac muscle. Unc45B is also involved
in eye development [29]. It appears essential that the levels of Unc45B should be precisely
regulated, since a Unc45B overexpression in the skeletal muscles of zebrafish embryos
causes defective myofibril organisation [13]; while in man a defective turnover of Unc45B
is associated with hereditary inclusion-body myopathy, the affected individuals having
severely disorganised myofibrils [25].

Unc45A is often elevated in tumour cells where it is thought to contribute to their
proliferation and metastasis. In ovarian cancer, this elevated Unc45A is correlated with
increases in cell motility and trafficked with its target myosin to the leading edges of the
migrating cells [30]. Furthermore, Unc45A was recently found to break microtubules (MTs)
independently of its effects on non-muscle myosin II and to destabilize MTs independently
of its C-terminal UCS domain [31].

3. The UCS Function Evolved before Animals and Fungi Diverged from a
Common Ancestor

The UCS chaperone function is generally considered vital for eukaryotic organisms
though, as described below, this may not be the case for the yeast S. cerevisiae. Despite this,
UCS proteins do not display the strong sequence conservation of many other molecular
chaperones, such as those of the Hsp70/Hsp90 families. As shown in Figure 1B, a signature
sequence central in the UCS domain has been remarkably conserved between the human
Unc45A/B and the UCS proteins of fission yeast (Schizosaccharomyces pombe) and budding
yeast (S. cerevisiae). The latter two yeast species diverged from each other more than 350
million years ago [32]. Furthermore, an expression of the human Unc45B—though not
the human Unc45A—can provide partial rescue of the loss of UCS protein function in the
yeast S. cerevisiae [33]. It is difficult to conduct meaningful phylogenetic analysis, such as
has been done for myosins [34], on the basis of this short sequence alone in view of the
considerable uncertainty as to whether any potential “hits” are functional UCS proteins.

4. Genetic Studies on the UCS Proteins of Ascomycete Fungi; UCS Function in the
Absence of the TPR

Rng3, the sole UCS protein of fission yeast (S. pombe), has been shown to exist partly in
association with polysomes [35]. This reveals that it binds co-translationally to the myosin
heavy-chain polypeptides as the latter are synthesised de novo, prior to these myosin
molecules acquiring their capacity for actin filament gliding. Compromised Rng3 action, as
in certain conditional RNG3 mutants of S. pombe, is associated with dramatically decreased
levels of myosin and cortical actin patches, as well as a block to cytokinesis [36–39]. In S.
pombe Rng3 is essential, as it is needed for the stabilisation of myosin II at the cytokinetic
contractile ring [40].
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While S. pombe has two myosin II species (Myo2 and Myp2), budding yeast (S cerevisiae)
has just one (Myo1). Furthermore, cytokinesis in S. pombe requires both the catalytic and
tail domains of this myosin II, while in S. cerevisiae just the tail of the sole myosin II (Myo1)
can support cytokinesis [41]. This may explain why the UCS protein of S. cerevisiae (She4)
is nonessential under many conditions of growth, unlike Rng3 of S. pombe. The she4∆ S.
cerevisiae gene deletant is normally moderately temperature-sensitive, but its defective
growth at high temperatures is substantially rescued by the osmotic stabilisation of the
medium (Figure 2). Thus, while the UCS chaperone is widely considered to provide a
critical function in eukaryotic organisms, this appears not to be the case for osmotically
stabilised budding yeast.
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Figure 2. Wild type (Wt) and she4∆ S. cerevisiae cells pinned on 2% (w/v) peptone, 1% yeast extract,
2% glucose (YPD), 1.5% agar, and grown 2 days at 30 ◦C immediately following a prior 48 h growth
on liquid YPD either without (−) or with (+) 1.2M sorbitol as osmotic stabiliser, this 48h growth
having been conducted under 1.25 ◦C increases in temperature (left to right 30, 31.25, 32.5, 33.75, 35,
36.25, 37.5, 38.75. 40 and 41.25 ◦C).

In S. cerevisiae She4 acts on the two myosin-I forms (Myo3 and Myo5) and one
of two myosin-V isoforms (Myo4) so as to enhance their folding and to reduce their
turnover [39,42]. Its function is evidently more important as temperature is increased, since
the phenotypes of the S. cerevisiae she4∆ mutant are most marked at higher temperatures.
At 37–39 ◦C, she4∆ mutant cells exhibit severe defects in the organisation of the actin cy-
toskeleton (a functional Myo5-green fluorescent protein (GFP) fusion becoming dispersed
through the cytosol and displaying an almost total loss of patch-like localisation to actin
cortical patches), as well as defective endocytosis (apparent from a relatively weak FM4-64
staining of the vacuole) [42–46]. At slightly higher temperatures (45 ◦C), these she4∆ cells
lyse [46]. It is still unclear why the loss of She4 should lead to a defect in cell wall integrity
at high temperature (Figure 2). Cells of the she4∆ mutant are also defective in mating-type
switching during haploid cell divisions, a reflection of the requirement for She4 in the
formation of the functional cytoskeleton that can allow the asymmetric localisation of ASH1
mRNA to daughter cells [47].

The filamentous ascomycete Podospora anserina is yet a third fungus in which the UCS
protein function has been studied [48]. In this species, it is essential for sexual reproduction,
the defective UCS function of the cro1-1 mutant causing fruiting bodies to contain few asci
and giant plurinucleate cells instead of dikaryotic cells after fertilisation. Karyogamy is not
impaired, but the resultant polyploid nuclei generally undergo abortive meiosis, the cro1-1
mutant being compromised in its inability to form septa between the daughter nuclei after
each mitosis [48].

5. Myosins in Fungal Growth

In the budding yeast S. cerevisiae, a short period of polarised apical growth is followed
by an extended isotrophic growth. The latter allows for the delivery of cell wall material
over the entire bud surface, thereby leading to an almost spherical daughter cell. In
contrast, filamentous fungi generally form hyphae that consist of chains of elongated cells
that expand at the apex of the tip cell. During hyphal tip growth, cytoplasmic expansion
forces are thought to push the cytoplasm against the flexible apical wall to power the
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expansion of the plastic apex. Hyphal extension involves the long-distance, polar delivery
of Golgi-derived exocytic transport vesicles to this hyphal tip by MT-based kinesin motors
(kinesins are not present in S. cerevisiae). At the hyphal apex, the fibres of the cell wall, such
as chitin or glucan chains, are also synthesised, but as they are not yet cross-linked, the wall
is still flexible at this point. Then, as the tip expands, the subapical chitin crystallises and
becomes covalently bound to β-1,3-glucans, thereby solidifying the cell wall in the older
parts of the growing hyphae.

At the hyphal apex, a forward-moving structure termed the Spitzenkörper determines
the direction and rate of hyphal growth. Besides being the destination of exocytic transport
vesicles, it also plays a role in endocytosis and membrane recycling (reviewed in [49]).
Hyphal tip growth requires not just Spitzenkörper-directed polarised exocytosis at the
expanding cell tip, but also the F-actin- and myosin-based transport of secretory vesicles
along microfilaments. Actin-binding formin proteins anchor actin filaments to the growing
tip and support actin assembly at the plus ends (barbed end) of these actin filaments.

Studies in S. cerevisiae [50–52] and S. pombe [53–55] have revealed that it is myosin-V
motors that move exocytic vesicles towards the F-actin plus ends at plasma membrane
regions of growth, whereas myosin-I motors support endocytosis [56]. A similar situation
appears to apply in filamentous fungi. In Aspergillus nidulans, myosin-V interacts with
vesicle transport proteins [57], while in the plant pathogen Ustilago maydis, a functional
myosin-V-GFP fusion localises to the apical dome of hyphae [58]. In both A. nidulans [59–61]
and Candida albicans [62], myosin-I is essential for hyphal growth and the endocytotic
uptake of the endocytic marker dye FM4-64 into the vacuole [61,62]. Interestingly, a mutant
form of the A. nidulans myosin-I that is almost devoid of ATPase activity can still support
hyphal growth, indicating that myosin-I does not “walk” along actin filaments to mediate
endocytosis [63]. One can surmise that UCS proteins are probably critical for these myosin-I
and myosin-V operations in fungal hyphae, but in the absence of hard data this is still
conjecture.

6. Hsp90 in UCS Protein Function

Pioneering in vitro studies on the folding of the myosin motor domain first revealed
that mouse Unc45A and Unc45B can both dramatically enhance the Hsp90-dependent
folding of a smooth muscle myosin motor domain-GFP fusion, Unc45A being more effective
than Unc45B in this regard [64]. Striated muscle Unc45B was also shown to form a stable
complex with Hsp90, a complex that selectively bound the partially folded conformation of
the myosin motor domain synthesised in a reticulocyte lysate [65].

Unc45A and Unc45B differ in their associations with Hsp90α and Hsp90β, the two
forms of cytosolic Hsp90 in vertebrate cells [66]. In many tissues, it is Hsp90β that is
expressed constitutively at a high level, whereas Hsp90α is induced primarily in response
to stress [66]. These two isoforms of Hsp90 have some distinct functional roles. In mice,
Hsp90β [67] is essential for embryonic development [68,69], while a total loss of Hsp90α
is fully compatible with viability but causes a block to spermatogenesis [70]. Zebrafish
Hsp90α is highly expressed in striated muscle [67], its selective association with Unc45B
being essential for the skeletal muscle organisation of embryos [68]. In contrast, it is
Hsp90β and Unc45A that predominate in the other tissues of zebrafish [69]. These apparent
preferences of Hsp90α for Unc45B and of Hsp90β for Unc45A are an indication of an
evolutionary divergence of the respective Hsp90/UCS systems for the folding of non-
muscle myosins versus cardiac and skeletal muscle myosins.

Except in fungi, UCS proteins have a TPR domain for direct interaction with the
Hsp70/Hsp90 chaperones. Hsp90/Hsp70 binding by C. elegans UNC45 is abolished with
the loss of this TPR [14]. Nevertheless, an expression of the UCS of this UNC45 alone
can rescue unc-45 null mutants of C. elegans arrested in embryonic muscle development,
revealing the TPR to be dispensable for UNC45 function in vivo [12]. Tantalisingly, it
is thought that the TPR/Hsp90 interaction may be actually inhibitory for the action of
UNC45 since titration experiments show that, on a per molecule basis, the UCS alone has a

213



Biomolecules 2022, 12, 1028

greater activity in vivo in C. elegans muscle than the full-length UNC45 protein [12]. Also
in zebrafish, loss of the TPR domain of Unc45B has no disruptive effect on myosin thick
filament organisation [13]. This Unc45B of zebrafish undergoes an Hsp90-independent
interaction with a protein-Apo2 that is required for the integrity of the myosepta and
myofiber attachment [71].

Despite the absence of a TPR domain in the UCS proteins of fungi, there is evidence
that the latter still associate with Hsp90 although the precise molecular details of these
interactions remain unresolved. The S. pombe Rng3 binds Hsp90, loss of this interaction
being suggested as the reason that a temperature-sensitive mutant of fission yeast Hsp90
(swo1-w1) is defective in actomyosin ring assembly at the restrictive temperature [38].
Certain temperature-sensitive Hsp90 mutants of S. cerevisiae also display a defective Myo5-
GFP localisation (S.H.M., unpublished). The interactions of the S. cerevisiae She4 in the yeast
two-hybrid system reveal that in vivo the Hsp90-She4 interaction strengthens dramatically
as temperature is raised [46,72,73]. This may be correlated with She4 having a much
more prominent role in S. cerevisiae at higher temperatures, as mentioned above. Elevated
temperature acting to reinforce the Hsp90-She4 interaction might be a consequence of
the UCS domain undergoing dramatic topology changes as temperature is increased, as
previously observed for the UCS domain of Unc45B [74]. It may also reflect Hsp90/UCS
interaction being required, not just for the assembly of a cytoskeleton, but also for the
actions of Hsp90 and UFD-2 (ubiquitin fusion degradation 2) in repair of the myofibrillar
disorganisation of stress [75].

7. Conclusions

Computational phylogenetics has revealed that fungi are more closely related to
animals than plants, with animals and fungi diverging from a common ancestor more than
a billion years ago [76]. The conservation of UCS domain structure—animals to fungi—
(Figure 1A) suggests that the UCS function evolved prior to this divergence, possibly at the
same time as a primordial myosin. The TPR may have been lost subsequently in fungi, as
it is still present in the UCS proteins of the apicomplexan parasites Toxoplasma gondii and
Plasmodium falciparum [77]. Apicomplexans are—based on small subunit ribosomal RNA
sequencing—older than the three multicellular kingdoms of animals, plants, and fungi.

In this article we highlight the paucity of knowledge as to UCS protein function in
fungi, apart from yeasts. The earliest fungi were unicellular marine, flagellated organ-
isms [78]. Animals and fungi both possess uniflagellated reproductive stages (the sperm of
animals and the zoospores of chytrid fungi). Flagellar movement is MT-based rather than
myosin-dependent, but it is noteworthy that Unc45A was recently found to destabilise MTs
in human and rat cells [31], indicating that UCS proteins may influence the functioning of
MTs in other species as well. Some unicellular organisms can switch between a flagellar
motility and an amoeboid motility [79]. While amoeboid motility is generally considered an
animal cell property, it would appear not to have been totally lost in fungi, as it is apparent
in a mutant Neurospora crassa which is defective in the synthesis of the (1,3)-β-d-glucan
needed for cell wall assembly and which cannot form hyphae [80].

Multiple activities contribute to the expression, folding, assembly and interplay of
actin and myosin, as well as in maintaining the functionality of actomyosin filaments
during situations of stress. While UCS proteins are key in this regard, their interplay with
many of the other chaperones and activities for protein turnover is still poorly understood.
Screens have identified a number of other chaperones required for muscle integrity in
C. elegans, including CeHop, CeAha1 and Cep23 [81]. Enabling Hsp70/Hsp90, their ac-
cessory components and the systems for protein turnover to establish and maintain the
intricate myosin-actin interplay clearly presents a major challenge for the cellular chaperone
machinery.
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Abstract: Molecular chaperones such as Hsp70 and Hsp90 help fold and activate proteins in impor-
tant signal transduction pathways that include DNA damage response (DDR). Previous studies have
suggested that the levels of the mammalian APE2 exonuclease, a protein critical for DNA repair, may
be dependent on chaperone activity. In this study, we demonstrate that the budding yeast Apn2
exonuclease interacts with molecular chaperones Ssa1 and Hsp82 and the co-chaperone Ydj1. Al-
though Apn2 does not display a binding preference for any specific cytosolic Hsp70 or Hsp90 paralog,
Ssa1 is unable to support Apn2 stability when present as the sole Ssa in the cell. Demonstrating
conservation of this mechanism, the exonuclease APE2 also binds to Hsp70 and Hsp90 in mammalian
cells. Inhibition of chaperone function via specific small molecule inhibitors results in a rapid loss of
APE2 in a range of cancer cell lines. Taken together, these data identify APE2 and Apn2 as clients of
the chaperone system in yeast and mammalian cells and suggest that chaperone inhibition may form
the basis of novel anticancer therapies that target APE2-mediated processes.

Keywords: Hsp70; Hsp90; APE2; Apn2; cancer; chaperone inhibition

1. Introduction

The well-conserved Hsp70 and Hsp90 molecular chaperones are critical for the folding,
maturation and activity of a large number of “client” proteins [1]. Client proteins are found
in diverse cellular pathways, and consequently, chaperones support the maintenance of
apoptotic signaling, angiogenesis, autophagy, senescence [1–3]. Although prokaryotes
possess a single prototypical Hsp70 and Hsp90 (DnaK and HtpG, respectively), eukary-
otes possess several paralogs that differ in their subcellular localization and expression
profile [4–6]. In budding yeast, the main cytosolic forms of Hsp70 are Ssa1–4, which arose
from multiple gene duplication events. Ssa1 and 2 are constitutively expressed at high
levels, whereas Ssa3 and 4 are highly heat inducible [7–9]. The Ssa paralogs are semi-
redundant, evidenced by the fact that yeast remain viable as long as they have one paralog
expressed at constitutively high levels [7–9]. Despite their relatedness, recent studies
suggest that the Ssa paralogs have slightly different client binding profiles [4]. Similarly, hu-
mans encode 13 isoforms of Hsp70s from a multigene family with major cytosolic paralogs
being HspA8 (constitutive) and HspA1A/HspA1L (inducible) [10–12]. Hsp90 also exists
in various forms in cells. In mammalian cells, the inducible Hsp90a and constitutively
expressed Hsp90b are the major species in the cytosol, equivalent to yeast Hsp82 and Hsc82,
respectively [5,13]. A major stress that cells must deal with to survive are challenges to
genome integrity in the form of DNA damage [14]. The sensing of DNA damage and its
repair are mediated by an array of proteins that together form the DNA damage response
(DDR) pathway [15]. While chaperones support many key signal transduction pathways
in the cell, evidence is building to support a particularly critical role for chaperones in
the detection and repair of DNA damage. Hsp70 and Hsp90 support DDR by activating
and stabilizing a huge number of DDR proteins including p53, CHK1, FANCA, FANCD2,
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BRCA1/2, MRN and RNR complexes [16–18]. A common type of DNA damage is the loss
of a base from genomic DNA, known as apurinic/apyrimidinic (AP) sites. The repair of
such sites involves the recruitment of the related APE1 and APE2 exonucleases (Apn1 and
Apn2 in yeast) [19–24]. Although APE1 and APE2 display functional overlap, APE2 pos-
sesses an extra C-terminal domain that is absent in APE1 and lacks any redox activity [22].
A recent study examined global protein abundance and epigenetic changes in response
to Hsp90 inhibition. Several DDR proteins were among those found to decrease upon
ganetespib and AUY922 treatment, including XRCC1, XPC and APE2 [25]. While APE1
becomes associated with Hsp70 during DNA repair to augment endonuclease activity, no
such mechanistic connection between chaperones and APE2 has been identified [26]. In
this study, we demonstrate a novel interaction between APE2/Apn2 and the Hsp70–Hsp90
system in yeast and mammalian cells. Although there appears to be no preference for which
Hsp90 or Hsp70 paralog APE2/Apn2 bind, yeast Apn2 is destabilized in yeast lacking Ssa2,
3 and 4. Inhibition of Hsp90 via ganetespib or Hsp70 via JG-98 triggered a surprisingly
rapid reduction of APE2 in a range of cancer cell lines. Understanding the intricacies of
chaperone–endonuclease interactions could lead to more targeted and less toxic cancer
therapeutics that exploit the genomic instability often seen in tumor cells.

2. Materials and Methods
2.1. Yeast Strains and Growth Conditions

Yeast cultures were grown in either YPD (1% yeast extract) US Biological Life Sciences,
Swampscott, MA, USA, 2% glucose (VWR, Radnor, PA, USA), 2% peptone (Thermo Fisher
Scientific, Waltham, MA, USA) or in SD (0.67% yeast nitrogen base without amino acids
and carbohydrates (US Biological Life Sciences), 2% glucose), supplemented with the
appropriate nutrients to select for plasmids and tagged genes. Escherichia coli DH5α was
used to propagate all plasmids. E. coli cells were cultured in Luria broth medium (1% Bacto
tryptone, 0.5% Bacto yeast extract, 1% NaCl) and transformed to ampicillin resistance by
standard methods. Hsp70 isoform plasmids were transformed into yeast strain ssa1–4∆ [27]
using PEG/lithium acetate. After restreaking onto media lacking leucine, transformants
were streaked again onto media lacking leucine and containing 5-fluoro-orotic acid (5-FOA)
(US Biological Life Sciences), resulting in yeast that expressed Hsp70 paralogs as the sole
cytoplasmic Hsp70 in the cell. For a full description of yeast strains see Table 1 and for
plasmids see Table 2.

2.2. Purification of HA-Tagged Apn2 from Yeast

The protocol followed for HA-IP was taken from [28] with slight modifications. Cells
transformed with control pRS316 plasmid or the plasmid-expressing HA-tagged Apn2 [26]
were grown overnight in SD-URA media and then re-inoculated into a larger culture of
selectable media and grown to an OD600 of 0.800. Cells were harvested, and HA-tagged
proteins were isolated as follows. Protein was extracted via bead beating in 500 µL protein
extraction buffer (50 mM Na-phosphate pH 8.0, 300 mM NaCl, 0.01% Tween-20). Then,
1000 µg of protein extract was incubated with 25 µL anti-HA magnetic beads (Thermo
Fisher Scientific) at 30 ◦C for 30 min. Anti-HA beads were collected by magnet and then
washed 3 times with TBS-T and 2 times with protein extraction buffer. After the final wash,
the buffer was aspirated, and beads were incubated with 75 µL protein extraction buffer,
and 25 µL 5× SDS-PAGE sample buffer sample was denatured for 5 min at 95 ◦C and boiled
for 10–15 min. Next, the beads were collected via magnet, and the supernatant-containing
purified HA-Apn2 was transferred to a fresh tube. Then, 20 µL of each sample was analyzed
on SDS-PAGE.

2.3. Mammalian Cell Culture and Drug Treatment

The protocol used for transfection and drug treatment was taken from [22] with slight
modifications. HEK293T cells were cultured in Dulbecco’s modified Eagle’s minimal essen-
tial medium (DMEM; Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine

220



Biomolecules 2022, 12, 864

serum (FBS; Invitrogen), 100 U/mL penicillin (Invitrogen) and 100 µg/mL streptomycin
(Invitrogen). L-GlutaMAX nutrient mixture (Gibco, Waltham, MA, USA, Cat#31765-035)
(10% FBS, 100 units of penicillin and 100 units of streptomycin) was used to culture PC3,
RPMI 1640 based medium (10% FBS, 100 units of penicillin and 100 units of streptomycin,
1% L-GlutaMAX-I) for LNCaP and DMEM-based medium (10% FBS, 100 units of peni-
cillin and 100 units of streptomycin, 1% L-GlutaMAX-I) for MCF7. All cell lines were
incubated at 37 ◦C in a 5% CO2 containing atmosphere. Cells were seeded in 6-well plates
at 1 × 106/2 mL per well one day prior to transfection. Cells were transfected by APE2
expression plasmid pcDNA-APE2-HA-BCP [29] with Lipofectamine3000 transfection kit
(Invitrogen, Cat#L3000-015), and 2.5 µg of DNA and 7.5 µL of Lipofectamine3000 were used
for each well. Briefly, diluted Lipofectamine3000 and DNA plus P3000 with Opti-MEM
I (Gibco, Cat#31985-070) were mixed and incubated at room temperature for 15 min and
then added to cell culture dropwise. The cells were treated for 0, 2, 4, 8 and 16 h post 48 h
transfection with 10 µM JG-98, which is a Hsp70 inhibitor or 10 µM ganetespib (STA-9090,
Selleckchem, Houston, TX, USA, Cat#S1159) for Hsp90 inhibition.

2.4. Transfections and Co-Immunoprecipitation in Mammalian Cells

The protocol used for transfection and drug treatment was adapted from [28] with
slight modifications. HEK293T cells or specific cancer cells such as PC3, LNCaP and MCF7
were either untransfected (mock) or transfected with plasmids for expression of HA-tagged
and/or V5-tagged proteins for constitutive HSPA8 and inducible HSPA1L and HSPA1A
using Lipofectamine 3000 (Thermo Fisher Scientific). After 48 h, the cells were washed with
1X PBS, and total cell extract was prepared from the cells using M-PER (Thermo Fisher
Scientific) containing EDTA-free protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific) according to the manufacturer’s recommended protocol. Protein was
quantitated using the Bradford Assay. HA-tagged proteins were purified as follows. First,
200 µg of protein extract was incubated with 25 µL anti-HA magnetic beads (Thermo Fisher
Scientific) at 30 ◦C for 30 min. Anti-HA beads were collected by magnet and then washed
3 times with TBS-T and 2 times with protein extraction buffer. After the final wash, the
buffer was aspirated, and beads were incubated with 75 µL protein extraction buffer, and
25 µL 5× SDS-PAGE sample buffer sample was denatured for 5 min at 95 ◦C and boiled
for 10–15 min. Next, the beads were collected via magnet, and the supernatant-containing
purified HA-APE2 was transferred to a fresh tube. Finally, 20 µL of each sample was
analyzed on SDS-PAGE.

2.5. Western Blotting

First, 20 µg of protein was separated by 4–12% NuPAGE SDS-PAGE (Thermo Fisher
Scientific). Proteins were detected using the following antibodies; anti-HA tag (Thermo
Fisher Scientific), Anti-FLAG tag (Sigma-Aldrich, St. Louis, MO, USA, USA #F1365),
anti-PGK (Thermo Fisher Scientific, #MA5-15738), anti-Ydj1 (Stressmarq Biosciences Inc.,
Victoria, BC, Canada, #SMC-166D), anti-HDJ2 (Thermo Fisher Scientific, #MA512748).
Blots were imaged on a ChemiDoc MP imaging system (Bio-Rad, Hercules, CA, USA).
After treatment with Super Signal West Pico Chemiluminescent Substrate (GE Healthcare,
Piscataway, NJ, USA). Blots were stripped and reprobed with the relevant antibodies using
Restore Western Blot Stripping Buffer (Thermo Fisher Scientific).

3. Results
3.1. Apn2 Interacts with Ydj1, Hsp82 and Ssa1 in Yeast

Previous studies suggested that inhibition of Hsp90 may lead to loss of APE2 in blad-
der cancer [25]. To determine whether there was a connection between yeast APE2 (Apn2)
and chaperones, we purified HA-tagged Apn2 from yeast and probed the complex with
anti-HA, anti-Hsp82, anti-Ssa1, and anti-Ydj1 antibodies. We observed a clear association
with Ssa1, Hsp82 and Ydj1 (Figure 1A). There are four cytosolic Hsp70s in yeast, Ssa1,
2, 3 and 4, which are highly similar to the amino acid sequence that arose from multiple
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yeast gene duplication events [4]. While these paralogs have clear functional overlap, they
also display differential client preferences [4]. To determine whether all Ssa paralogs can
interact with Apn2, we performed co-immunoprecipitation experiments in WT BY4742
yeast cells (Table 1) expressing plasmids-HA-Apn2 and exogenous Flag-Ssa1, 2, 3 or 4
(Figure 1B). In this context, Apn2 bound equally to all Ssa paralogs (Figure 1B). To query
whether all four Ssa paralogs could support Apn2 stability, we examined the levels of
constitutively expressed HA-Apn2 in ssa1–4∆ yeast, expressing only one of the four Ssa
proteins (Table 1). The levels of Apn2 were significantly decreased in yeast-expressing Ssa1
as the sole Ssa paralog in the cell (Figure 1C,D). Co-chaperones of Hsp70 play an important
role in regulating chaperone activity and specificity [30]. We wondered whether Ydj1, a
major co-chaperone of Ssa1–4, may support Apn2 levels in a similar way to its chaperoning
of the ribonucleotide complex [28]. To test this possibility, we compared the abundance of
Apn2 in WT yeast and those lacking Ydj1 (Table 1). In contrast to the regulation of RNR,
the lack of Ydj1 had minimal impact on Ape2 levels (Figure 1E,F).
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Figure 1. Apn2 interacts with Hsp82, Hsp70 and Ydj1 in yeast. (A) Yeast cells expressing Apn-
HA were grown to mid-log phase at 30 ◦C. Lysate from these cells were analyzed by Western
blotting with an anti-HA, anti-Ssa1, anti-Ydj1 and anti-Hsp82 antibody. Pgk1 was used as a loading
control. Immunoprecipitation was performed using anti-HA magnetic beads, and the interaction
was studied. (B) WT cells were co-transformed with Apn2-HA and individual Ssa isoforms. Yeast
cells were grown to mid-log phase at 30 ◦C. Lysates were analyzed by Western blotting with HA and
FLAG specific antibody. Immunoprecipitation was performed using anti-HA magnetic beads, and
interaction between FLAG-Ssa and Apn2-HA was checked using anti-HA and anti-FLAG antibodies
on Western blot. (C) Yeast expressing the indicated FLAG-Ssa (on a constitutive promoter) in a
ssa1–4∆ background transformed with Apn2-HA were grown to mid-log phase at 30 ◦C. Lysates
were analyzed by Western blotting with HA- and FLAG-specific antibodies. (D) Relative abundance
of Apn2-HA was quantitated by taking the ratio of Apn2-HA/PGK1. Data are the mean and SD
of three replicate experiments and compared to Ssa2 (** p < 0.001) (E) WT BY4742 and Ydj1∆ cells,
were transformed with HA-Apn2 plasmid. Transformants were grown to mid-log phase at 30 ◦C.
Lysate from these cells was analyzed by Western blotting with an anti-HA and anti-Ydj1 antibody.
(F) Relative abundance of Apn2-HA was quantitated by taking the ratio of Apn2-HA/PGK1. Data
are the mean and SD of three replicate experiments and compared to WT.
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3.2. Apn2 Interacts with Both Hsp82 and Is a Client of Hsp90 in Yeast

Our previous results suggested that Apn2 may also be a direct client of Hsp90. To test
this hypothesis, we examined Apn2 in yeast expressing a well-characterized temperature
sensitive point mutation in Hsp90 [31]. Cells expressing HA-Apn2 in either Hsp82G170D

(Table 1) or WT (Table 1) were grown at 25 ◦C until early mid-log phase and were split into
two flasks, one of which was shifted to 39 ◦C. Cells were lysed after 90 min, and HA-Apn2
levels were examined by Western blot. Incubation at 39 ◦C caused a significant decrease in
HA-Apn2 levels in Hsp82G170D cells, while HA-Apn2 levels remained unchanged in WT
cells, confirming Apn2 as a client of Hsp90 (Figure 2A). There are two Hsp90 paralogs in
yeast, the heat-inducible Hsp82 and constitutive Hsc82 (Table 1). To assess Apn2 binding
preferences for the two Hsp90s, we purified Apn2 from yeast expressing tagged versions of
Hsp82 or Hsc82 using anti-HA magnetic beads. Consistent with our results in Figure 1B
(above), the binding of Apn2 was equal to both heat-inducible Hsp82 and constitutive
Hsc82 (Figure 2C).
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3.3. Mammalian APE2 Interacts with the Hsp90–Hsp70 Chaperone System 

Figure 2. Apn2 interacts with Hsc82 and Hsp82. (A) Yeast G170D and P82a cells expressing Apn2-HA
were grown to mid-log phase at 30 ◦C. Cells were stressed at 39 ◦C, and lysates from unstressed
and heat shocked cells were analyzed for Apn2 levels using Western blot with anti-HA antibodies.
Pgk1 was used as a loading control. (B) Relative abundance of Apn2-HA was quantitated by taking
the ratio of Apn2-HA/PGK. Data are the mean and SD of three replicate experiments, and further,
unstressed cells were compared to heat shocked cells (** p < 0.001). (C) Hsc82-Glu and Hsp82-His
yeast cells were transformed with Apn2-HA. Cells were grown to mid-log phase at 30 ◦C. Lysate from
these cells was analyzed by SDS-PAGE and Western blotting using anti-HA and yeast anti-Hsc82-
specific antibodies. Pgk1 was used as a loading control. Immunoprecipitation was performed using
anti-HA magnetic beads, and the interaction was studied.

3.3. Mammalian APE2 Interacts with the Hsp90–Hsp70 Chaperone System

Mammalian APE2 plays a variety of roles in key cellular processes involving the
response to a multitude of stressors, including DNA single- and double-strand breaks,
base excision repair, and oxidative stress, leading to the activation of DDR complexes
and pathways, including ATR and Chk1 [16,18]. The abundance of several DDR proteins,
including APE2, decreased in bladder cancer cells treated with Hsp90 inhibitors [25]. To
determine if there was a physical interaction between chaperones and APE2, we took a
similar approach to that of Figure 1. HEK293 cells were grown to mid-confluence and
were transfected with a construct expressing HA-APE2 (Table 2). After 48 h, cells were
lysed, and APE2 complexes were purified using anti-HA magnetic beads. SDS-PAGE
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analysis and Western blotting of APE2 complexes revealed the presence of Hsp70 and
Hsp90, which were not observed in the immunoprecipitation from cells lacking HA-APE2
(Figure 3A). Despite the robust interaction of APE2 with the chaperones, the major DNAJA1
co-chaperone was not observed in the APE2 complex (Figure 3A).
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Figure 3. Mammalian APE2 interacts with the Hsp90–Hsp70 chaperone system. (A) HEK293 cells
were grown to mid-confluence and were transfected with a construct expressing HA-APE2 from
a constitutive CMV promoter. After 48 h, cells were lysed, and APE2 complexes were purified
using anti-HA-magnetic beads. Lysates from these cells were analyzed by SDS-PAGE and Western
blotting using anti-HA, anti-Hsp70, anti-DNAJA1 and anti-Hsp90 specific antibodies. Beta-actin
was used as a loading control. Immunoprecipitation was performed using HA beads, and the
interaction was studied. (B) HEK293 cells were co-transfected with V5-tagged Hsp70 and APE2-HA.
Immunoprecipitation was performed using anti-HA-magnetic beads, and the interaction was studied
using anti-V5 and anti-HA antibody.

There are a variety of Hsp70 family members expressed in mammalian cells. Although
they are highly conserved, they vary in their client selectivity, cellular localization and
expression pattern in tissues [11,12,32]. Our previous results suggested that APE2 interacts
with HSPA8, the major constitutively expressed isoform of Hsp70 in cells. To determine
whether APE2 might be able to bind other HSPA family members, we co-transfected
HEK293 cells with plasmids (Table 2) expressing HA-APE2 and V5-tagged HSPA family
members that included inducible HSPA1A, HSPA1L and non-inducible HSPA8. After
48 h, we purified HA-APE2 from these cells and subjected the complex to analysis by SDS-
PAGE/Western blotting (Figure 3B). Consistent with our results in yeast, APE2 binding was
observed between both the constitutive and heat-inducible expressed HSPs in mammalian
cells (Figure 3B).

The stability of APE2 in epithelial cells is dependent on Hsp70 and Hsp90 func-
tion. Molecular chaperones regulate the folding, maturation and stability of their client
proteins [33]. Our previous results implied that APE2 may be a bona fide client of the
Hsp90–Hsp70 system. To examine this possibility, we assessed the impact of chaperone
inhibition on APE2 abundance. HEK293 cells expressing HA-APE2 were treated with
either an inhibitor of Hsp90 (ganetespib) or Hsp70 (JG-98). Cells were harvested at the
indicated time points, and APE2 abundance was determined by Western blotting. HEK293
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cells treated with ganetespib showed a decrease in APE2 abundance after only 8 h of
treatment (Figure 4A). Even more impressive was the rapid decrease in APE2 levels after
only 2 h of treatment of JG-98 (Figure 4B). We queried whether this dependence extended
to other cancer cell lines including breast cancer (MCF-7) as well as androgen-dependent
and androgen-independent prostate cancer (LNCaP and PC-3, respectively). As with our
previous experiments, these cell lines were treated with ganetespib, and APE2 levels were
assessed through Western blotting at 2 h intervals. In the case of PC-3, MCF7 and LNCaP,
the APE2 levels significantly decreased after 2 h of treatment of JG-98 (Figure 5A–F). To
similarly understand whether Hsp70 contributed toward APE2 stability, we treated MCF-7,
LNCaP and PC-3 cells with the Hsp90 inhibitor and measured APE2 abundance via Western
blotting. APE2 levels started to decline significantly after 2 h of treatment with maximum
inhibition seen at 16 h (Figure 6A–F).
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Figure 4. Inhibition of Hsp90 or Hsp70 promote a rapid reduction in APE2 levels. (A) HEK293
cells expressing HA-APE2 were treated with either an inhibitor of Hsp90 (ganetespib) or (C) Hsp70
(JG-98). Cells were harvested at the indicated time points, and APE2 abundance was determined by
SDS-PAGE and Western blotting using anti-HA antibody. Beta-actin was used as a loading control.
(B,D) The relative abundance of APE2-HA was quantitated by taking the ratio of Apn2-HA/Beta-
actin from 3 replicate experiments and compared to untreated HEK293 cells. Data are the mean and
SD of three replicate experiments and are compared to untreated. Statistical significance is indicated
as (** p < 0.001) (* p < 0.05).
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(** p < 0.001).
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4. Discussion

The ability of cells to repair and maintain their genome is critical for their survival.
The response to DNA damage is highly complex and relies on several different signaling
cascades comprising multiple proteins [14,15]. The Hsp70–Hsp90 chaperone system binds
and regulates several important proteins in this process, including APE1 and P53. Recent ef-
forts in understanding the role of chaperones in DDR have included large-scale proteomics
analysis, such as that of Li et al., which examined the abundance of proteins in 5637 bladder
cancer cells after treatment with the Hsp90 inhibitors ganetespib (STA9090), or luminespib
(AUY-922) [25]. In that study, over 800 proteins were downregulated, including XRCC1,
XPC, RAD50, 53BP1 and notably, APE2 [25]. In this study, we have identified a role for the
Hsp70 and Hsp90 chaperones in regulating the activity of the APN2/Ape2 exonuclease in
yeast and mammalian cells.

4.1. APE2 and Apn2 Display Binding Preferences for Chaperone and Co-Chaperone Paralogs

An unresolved question in chaperone biology is why cells express many highly similar
chaperone proteins. In yeast, the four Ssa proteins are highly conserved with over 80%
similarity in amino acids sequence [4]. Ssa1 and Ssa2 represent the major cytosolic Hsp70s
present under basal conditions, while Ssa3 and Ssa4 are highly heat induced. Several
studies have suggested that these chaperone paralogs have overlapping but unique inter-
actomes [34]. Recently, work using the model substrate ribonucleotide reductase (RNR)
showed a clear preference for this client in binding Ssa1 and Ssa2 [35]. Although Apn2
binds cytosolic Hsp70 and Hsp90 paralogs equally, cells expressing Ssa1 as their sole cytoso-
lic Ssa1 are unable to support WT levels of Ape2 as depicted by compromised stability in
Figure 1B,C. The difference in Apn2 abundance in Ssa2 vs. Ssa1-expressing yeast is particu-
larly interesting considering how similar the two proteins are. However, previous studies
have shown that even a single divergent amino acid between Ssa1 and Ssa2 can produce
differences in their ability to modulate prion propagation and protein degradation [36]. A
recent study observed a parallel defect in septin levels in Ssa1-expressing yeast [37]. Future
research, possibly involving a comparative interactome study of Ssa proteins, may shed
light on this issue [34].

Cells express a variety of co-chaperones that are critical for stimulation of chaperone
ATPase activity and for loading clients onto chaperones for folding [3,30,38]. We show here
that Apn2 co-purifies with Ydj1, a major Hsp70 co-chaperone (Figure 1A). In contrast to
ribonucleotide reductase whose stability depends on Ydj1 function, loss of Ydj1 does not
impact Apn2 stability [28]. It is possible that Apn2 stability in yeast is additionally regulated
by other semi-redundant co-chaperones such as Sis1, which has similar yet distinct roles in
the cell as Ydj1 [39–42]. This may also explain why in our studies, DNAJA1 the mammalian
homologue of Ydj1 does not appear to interact with APE2 (Figure 3A). Going forward, it
would be interesting to identify and understand the major co-chaperones responsible for
regulating APE2 and Apn2 function in mammalian and yeast cells, respectively.

4.2. Novel Anticancer Strategies Based on Fine-Tuning Chaperone Function

Molecular chaperones are required for the stability and activity of many proteins,
including oncoproteins that are critical for cancer progression [43–46]. Recently, APE2
has been revealed to be an important player in regulating genome integrity and cancer
progression [20,22,23,29,47,48]. Our study suggests that targeting APE2 activity through
inhibition of chaperone function may be a viable anticancer therapy. While in vitro studies
such as those presented here clearly show the value of manipulating chaperone function,
studies in vivo suggest that complete abolishment of Hsp70 or Hsp90 results in severe
toxicity for patients [25,49]. Several alternative approaches to bypass the toxicity issue
are currently being pursued [49–51]. The first has been to identify key co-chaperones
that regulate oncogenic clients and to develop drugs that inhibit them, such as 116-9e
and C-86 [52–54]. While DNAJA1 is not observed in complex with APE2, it is possible
that drugs such as 116-9e and C-86 may have a broad enough specificity to be target
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regulatory co-chaperones of APE2 in cancer. An alternative method for fine-tuning of
chaperones may be to manipulate their post-translational modifications (PTMs) [55–57].
Future studies examining the Hsp70/Hsp90-APE2 structure may allow for specific targeting
of this interaction via small molecules that bind the interaction interface or alter critical
PTMs required for chaperone–exonuclease interaction.

Table 1. Yeast strains used in this study.

Strain Genotype Reference/Source

yAT 685
Hsc82 (PP30-HSC82-GLU (MAT a, trp1-289, leu2-3112,
his3-200, ura3-52, ade2-101, lys2-801, hsc82::KANMX4,

hsp82::KANMX4 LEU2-GPD-HSC82-GLU)
[51]

yAT 686
Hsp82 PP30-HSP82-HIS (MAT a, trp1-289, leu2-3112,

his3-200, ura3-52, ade2-101, lys2-801, hsc82::KANMX4,
hsp82::KANMX4 LEU2-GPD-HSP82-HIS)

[51]

yAT01 P82a W303–1a hsc82::LEU2 hsp82::LEU2 HIS3-GPD-HSP82a [31]

yAT05 G170D W303–1a hsc82::LEU2 hsp82::LEU2
HIS3-GPD-hsp82(G170D)a [31]

yAT38 MATα S288c (BY4742) his3∆1 leu2∆0 lys2∆0 ura3∆0 Euroscarf

yAT414 MATa (MH272) ssa1∆::trp1 ssa2::HisG ssa3::HisG
ssa4::HisG (ssa1–4) [YCPlac33 SSA1] [27]

yAT28 MATα S288c (BY4742) ydj1∆::KanMX4 Euroscarf

Table 2. Plasmids used in this study.

Plasmids Description Reference

pNK229 GPD2-Apn2-HA [18]
pAT778 pRS315PSsa2-Flag-SSA1 (LEU2) Vector Builder
pAT779 pRS315PSsa2-Flag-SSA2 (LEU2) Vector Builder
pAT780 pRS315PSsa2-Flag-SSA3 (LEU2) Vector Builder
pAT781 pRS315PSsa2-Flag-SSA4 (LEU2) Vector Builder

APE2-HA [23]
pAT758 HSPA1A-V5 pcDNA5/FRT/TO Harm Kampinga
pAT759 HSPA1L-V5 pcDNA5/FRT/TO Harm Kampinga
pAT763 HSPA8-V5 pcDNA5/FRT/TO Harm Kampinga

Overall, this work identifies a new client of the Hsp70–Hsp90 axis, the Apn2/APE2
exonuclease. The rapid loss of APE2 in cancer cells upon inhibition of either Hsp90 or
Hsp70 provides a path forward for novel therapies that jointly target chaperones and the
DNA damage response.
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Abstract: Photoreceptors are sensitive neuronal cells with great metabolic demands, as they are
responsible for carrying out visual phototransduction, a complex and multistep process that requires
the exquisite coordination of a large number of signalling protein components. Therefore, the
viability of photoreceptors relies on mechanisms that ensure a well-balanced and functional proteome
that maintains the protein homeostasis, or proteostasis, of the cell. This review explores how the
different isoforms of Hsp90, including the cytosolic Hsp90α/β, the mitochondrial TRAP1, and the
ER-specific GRP94, are involved in the different proteostatic mechanisms of photoreceptors, and
elaborates on Hsp90 function when retinal homeostasis is disturbed. In addition, several studies
have shown that chemical manipulation of Hsp90 has significant consequences, both in healthy
and degenerating retinae, and this can be partially attributed to the fact that Hsp90 interacts with
important photoreceptor-associated client proteins. Here, the interaction of Hsp90 with the retina-
specific client proteins PDE6 and GRK1 will be further discussed, providing additional insights for
the role of Hsp90 in retinal disease.
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1. Phototransduction and Protein Folding in Photoreceptors (PR)

Photoreceptor cells are highly specialized sensory neurons in the retina, and are
essential for converting light into a neural signal, a fundamental process which initiates
vision. In the mammalian retina, there are two types of photoreceptor cells, the rods
and the cones. Both rods and cones are adjacent to the retinal pigment epithelium (RPE),
a monolayer of pigmented cells which is vital for the normal function and survival of
photoreceptors [1]. Morphologically, photoreceptors consist of a synaptic terminal, a
nuclear region, and an inner segment (IS) and outer segment (OS) which are connected by
a connecting cilium (CC). The OS of both cell types consists of closely spaced membranous
discs containing photopigment molecules, called opsins, which are coupled to a light-
absorbing chromophore (retinal, an aldehyde of vitamin A). Opsins are responsible for
tuning the absorption of light to a specific wavelength of the light spectrum. The rod OS
contains the rod-specific photopigment rhodopsin, whereas the cone OS contains one of
the three cone-opsins, S-opsin, M-opsin, or L-opsin. Rhodopsin, with a peak absorption
(λmax) of ~500 nm, functions during dim light conditions allowing scotopic vision, whereas
cone opsins are responsible for processing wavelengths ranging from ~350 to 560 nm, thus
allowing colour vision [2]. Rods and cones share the same cellular mechanism of light
detection, a process known as phototransduction.

Phototransduction is a complex mechanism in which light is converted into an electri-
cal signal through the sequential activation of signalling proteins. In rods, phototransduc-
tion is activated by the photoisomerization of the rhodopsin-bound chromophore 11-cis-
retinal to all-trans retinal, inducing a conformational change in rhodopsin to its activated
form metarhodopsin II. Metarhodopsin II stimulates the trimeric G-protein transducin by
catalysing the exchange of GDP for GTP on the α-subunit. The GTP-associated α-subunit of
transducin dissociates from the β and γ subunits and activates PDE6, a phosphodiesterase
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that hydrolyses cGMP. The decreased concentration of cGMP in the OS results in the closure
of cGMP-gated channels in the plasma membrane, and the cessation of sodium and calcium
influx, which, in turn, leads to the hyperpolarisation of the rod cell and the inhibition of glu-
tamate release at the synaptic terminal [3]. A series of biochemical reactions is required for
photoreceptors to return to their inactive state. This involves another network of proteins
which restore the various activated components to their inactive state. G-protein-coupled
receptor kinase 1 (GRK1) phosphorylates metarhodopsin II, inducing a conformational
change that enables the binding of arrestin, leading to its inactivation. PDE6 is inacti-
vated upon GTP hydrolysis of the transducin α-subunit, a process that is facilitated by
the GTPase-activating protein (GAP) complex, consisting of RGS9 (regulator of G-protein-
signalling isoform 9) and G-protein β-subunit or G-protein β-subunit-like protein [4]. As
a result, free cGMP concentration returns to normal levels (depolarised state) due to the
activation of guanylyl cyclase activating proteins (GCAP) and the cGMP-synthesizing
enzyme guanylate cyclase (GC). The phototransduction cascade in cone photoreceptors is
similar to that in rods and is mediated by homologous phototransduction proteins [5,6].
However, while rods generate a detectable single photon response for maximal sensitivity
in dim light conditions, cones are less sensitive than rods and require the simultaneous
activation of tens to hundreds of opsin molecules in bright light conditions to generate a
detectable response. The high spatial and temporal resolution of cone-mediated vision is
made possible by the rapid kinetics of activation and inactivation, the trade-off of which is
low amplification and sensitivity. In contrast, the trade-off of the high amplification gain of
rods in dim light is their slow kinetics [5,6]. The adaption of rods and cones that shift their
dynamic range towards dim and bright light detection respectively places a great metabolic
demand on photoreceptors, as the visual cycle requires high amounts of energy for the
phototransduction components to coordinate and function together. Moreover, constant
triggering of phototransduction causes photooxidative stress to the OS components which
need to be constantly replaced to avoid permanent damage. This is achieved by synthesis
of new OS disks at the base of the OS and shedding of the OS tips which are phagocytosed
by the RPE [7]. Interestingly, RPE cells have the highest phagocytic activity in the body,
highlighting the intense metabolic demands of OS renewal [8,9]. To maintain this ability
while performing their normal biological function, photoreceptors rely on high levels of
protein synthesis, and the correct folding, assembly, trafficking, and degradation of various
protein components. High levels of protein synthesis of the phototransduction components
occur in the IS which must be continuously translocated through the connecting cilium
to their site of action in the OS. The balance of these processes in the photoreceptor cell is
called protein homeostasis or “proteostasis”.

2. The Importance of Hsp90 Isoforms in Retinal Proteostasis

Proteostasis is maintained and controlled by an extensive network of molecular chap-
erones, proteolytic systems, and their regulators, termed the proteostasis network (PN).
To ensure the correct folding and degradation of misfolded proteins, the PN includes
sophisticated protein quality control (PQC) mechanisms, of which the chaperone Hsp90
is a vital component. Hsp90 is an ATP-dependent protein that is universally found in
various cellular compartments, such as the cytosol, the ER, and the mitochondria. There are
five Hsp90 members, which according to published guidelines for HSP nomenclature are
categorised under the HSPC family and include the cytosolic HSPC1 (HSP90AA1), HSPC2
(HSP90AA2), HSPC3 (HSP90AB1), the endoplasmic reticulum (ER) HSPC4 (GRP94), and
the mitochondrial HSPC5 (TRAP1) isoforms [10]. These isoforms participate in different
PQC systems in the various compartments of the cell with a common aim to support the
folding or refolding and stability of client proteins. Hsp90 functions as a dimer, with each
protomer within the Hsp90 dimer comprising an N-terminal ATP-binding domain, a mid-
dle domain, and a constitutively dimerised C-terminal domain. Hsp90 chaperone activity is
coupled with ATP hydrolysis, wherein ATP binds to an open conformation of Hsp90, which
induces the transient dimerisation of the N-terminal domains and ATP hydrolysis with
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subsequent release of the client protein (reviewed by [11,12]). The Hsp90 cycle facilitates
the folding, maturation, or assembly of near-native client proteins, of which there are
several hundred (https://www.picard.ch/downloads/Hsp90interactors.pdf accessed on
3 July 2022). Hsp90 co-chaperones interact non-covalently with Hsp90 to modulate the
Hsp90 cycle or specifically target client proteins to Hsp90 (reviewed by [11,12]).

2.1. Cytosolic Hsp90

The cytosolic isoforms of Hsp90 participate in protein folding as a part of the heat
shock response (HSR) and the Hsp90/Hsp70 protein folding machinery (Figure 1). The
HSR is an orchestrated process that leads to the rapid transcription of selective genes
encoding cytosolic molecular chaperones, also known as heat shock proteins (HSPs). The
transcriptional activation of HSPs is regulated by transcription factors known as heat shock
factors (HSFs) [13]. HSF1 is the key regulator of the HSR leading to HSP induction in
response to stress. In the absence of stress, monomeric HSF1 is maintained in an inactive
state by interaction with molecular chaperones in the cytosol, including Hsp90 [14]. In the
presence of stress, HSF1 is converted from an inactive monomer to an active DNA-binding
trimer, and this trimerization process involves the dissociation of Hsp90 and co-chaperones
from its regulatory domain [15]. The trimerized HSF1 translocates to the nucleus and
binds to heat shock elements (HSE) in the promoters of target genes that promote the
transcription of Hsp90 and other HSPs [16].

In addition to its role in the HSR, cytosolic Hsp90 also functions as part of the
Hsp90/Hsp70 protein folding machinery, in which Hsp90 targets client proteins, early
folding intermediates in a near native state, and in concert with Hsp70, facilitates the ther-
modynamically favourable maturation of these clients [17]. In mammalian cells, including
photoreceptors, there are two major cytosolic Hsp90 isoforms, the stress-inducible Hsp90α
(HSPC1) and the constitutively expressed Hsp90β (HSPC3), which share 85% sequence
identity [18] (Figure 1). The less abundant Hsp90α A2 (HSPC2) isoform is identical to
Hsp90α with the exception of an N-terminal extension in Hsp90α. A recent study showed
that Hsp90α deficiency in mice can cause rhodopsin retention in the IS and eventually lead
to retinal degeneration. Further investigation revealed that microtubule-associated protein
1B (MAP1B), which is important for microtubule stabilization, was associated with Hsp90α
and significantly reduced in Hsp90-deficient mice by proteasomal degradation. The au-
thors suggested that Golgi organisation and vesicle transportation, which both rely on
stable microtubules, are disrupted and this could be the underlying cause of photoreceptor
degeneration [19].

2.2. ER-Associated GRP94

The ER has its own network of molecular chaperones which ensure that correctly
folded proteins are produced and exit from the organelle for further processing. The
glucose-regulated protein 94 (GRP94) (HSPC4) is a key regulator of the ER quality control
mechanism and its residence in the ER is facilitated by its distinct C-terminal sequence
KDEL, which serves as an ER retrieval signal for the KDEL receptor [20] (Figure 1). GRP94,
together with BiP (GRP78), are two of the most abundant proteins in the ER [21] and play a
significant role in regulating the ER unfolded protein response (UPR). The UPR involves
the activation of a well synchronised set of signalling pathways directed by ER-resident
transmembrane proteins that include inositol-requiring protein-1 (IRE1), the protein kinase
RNA (PKR)-like ER kinase (PERK), and the activating transcription factor 6 (ATF6) [22]
(Figure 1). During stress overload, the UPR branches respond by stimulating the expres-
sion of UPR-targeted genes which encode proteins, such as molecular chaperones, folding
catalysts, subunits of the translocation machinery (Sec61 complex), ER-associated degrada-
tion (ERAD) molecules, and antioxidants. This activation leads to the upregulation of the
protein folding and degradation capacity and the inhibition of protein synthesis in order
to alleviate the stress and restore the equilibrium in the ER. Specifically in photoreceptors,
GRP94 has been shown to be involved in opsin quality control as it forms a complex with
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mutant opsins and other chaperones (BiP) [23]. Apart from protein folding, ER quality
control involves ERAD, a mechanism to detect misfolded proteins and tag them for protea-
somal degradation (Figure 1). Evidence from Christianson et al. (2008) [24] showed that
GRP94 actively participates in ERAD, when α1-antitrypsin, an ERAD substrate, failed to
degrade in GRP94-depleted cells. Misfolded rhodopsin is also subjected to ERAD [25,26],
and it has been suggested that GRP94 and BiP might be involved in the recognition of the
non-glycosylated ER-retained misfolded opsins [26]. Another important feature of GRP94
is its ability to bind calcium and maintain calcium homeostasis in the ER. The ER quality
control machinery is coupled to the storage and utilization of calcium [27]. Most calcium in
the ER is stored bound to proteins and GRP94 is one of the most important calcium-binding
proteins [20]. A reduction in total calcium levels can strongly affect protein folding and
change the molecular chaperone selection in the ER [28–30].

2.3. Mitochondrial TRAP1

The tumour necrosis factor receptor associated protein 1 (TRAP1) is the mitochondria-
specific Hsp90 isoform (HSPC5) and has distinct structural and functional properties
(Figure 1). Structurally, TRAP1 is similar to the cytosolic Hsp90 isoforms, with the ex-
ception of a cleavable N-terminal mitochondrial localization signal and an N-terminal
extension or ‘strap’ that provides stability in its ‘closed’ conformation [31]. Functionally,
TRAP1 participates in the maintenance of mitochondrial integrity, protein folding and
response to proteotoxic stress in mitochondria, and protection from oxidative stress dam-
age [31,32]. Similarly to the ER, mitochondria are particularly vulnerable to the disturbance
of proteostasis due to their high intrinsic protein folding demands. Hence, they have
developed their own protective mechanism to overcome proteotoxic stress, known as
the mitochondrial unfolded protein response (UPRmt) [33]. Similar to the HSR and ER-
specific UPR, UPRmt is a transient transcriptional change in response to proteotoxic stress
that is regulated by mitochondria. It was first described by Martinus et al. (1996) [34]
as the transcriptional activation of mitochondria-specific chaperones and depends on
mitochondrial-nuclear communication. The activation of UPRmt promotes protein folding,
limits protein import, and reduces the translation of mitochondrial proteins. The UPRmt has
been most extensively studied in C. elegans and there is only a small number of studies that
have attempted to characterise it in mammalian cells [34–36]. Similarly to the ER-specific
UPR, studies have shown that UPRmt elicits a multi-axis response that is regulated by
several proteins and leads to distinct molecular outcomes (reviewed by [37]). However,
the exact molecular mechanisms and regulators of the different UPRmt pathways remain
largely unexplored, especially in disease. A study in Drosophila showed that modulation of
TRAP1 expression led to the nuclear translocation of the transcription factor Dve which
induced the expression of the mitochondrial chaperonin Hsp60, mitochondrial Hsp70,
and a putative protease, CG5045, suggesting that TRAP1 is able to activate the UPRmt.
The same study found that TRAP1 modulation could significantly improve health span,
potentially by activation of the UPRmt [38]. In recent years, a functional interaction between
ER and mitochondria during stress has been the focus of scientific interest. TRAP1 has been
shown to have an important role in this ER–mitochondria interaction since it can potentially
regulate the ER-associated UPR [39]. In photoreceptors, the elongated mitochondria extend
almost the entire length of the IS, and are critical in meeting the high energy demands of
photoreceptors for protein synthesis and phototransduction in the OS as well as serving as
a calcium store. The photoreceptor TRAP1 is therefore likely to play a critical role in the
maintenance of photoreceptor homeostasis and the UPRmt (Figure 1).
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Figure 1. The roles of Hsp90 in photoreceptor proteostasis. (A) PDE6 and GRK1 are important
components of phototransduction activation and deactivation, respectively. PDE6 and GRK1 are
synthesised in the photoreceptor inner segment and translocated to the outer segment via the
connecting cilium. Both PDE6 and GRK1 are Hsp90 client proteins. (B) The mitochondrial isoform
TRAP1 is involved in protein folding and the mitochondrial unfolded protein response (UPRmt).
(C) The cytosolic isoforms Hsp90α/Hsp90β participate in protein folding in association with the
Hsp70 folding machinery, and as a part of the heat-shock response (HSR) by regulating the activation
of heat-shock transcription factor 1 (HSF1). During stress, Hsp90 together with other chaperones
dissociate from HSF1, which then trimerizes and is activated via phosphorylation. Activated HSF1
translocates to the nucleus and stimulates the expression of molecular chaperones. (D) ER-associated
GRP94 is important in protein folding and ER protein quality control mechanisms, the UPR, and
ER-associated degradation (ERAD). The UPR involves three signalling pathways mediated via ER
transmembrane protein folding sensors, the inositol-requiring protein-1 (IRE1), the protein kinase
RNA (PKR)-like ER kinase (PERK), and the activating transcription factor 6 (ATF6). Activation
of the UPR branches leads to the increased expression of proteins, such as molecular chaperones,
folding catalysts, subunits of the translocation machinery (Sec61 complex), ERAD molecules, and
antioxidants. Created with BioRender.com.

3. The Role of Hsp90 in Retinal Disease
3.1. Hsp90 and the Stress Response in Retinal Disease

Evidently, Hsp90 is of high importance in the retina because of the many vital roles it
has in the different PQC mechanisms of proteostasis. Its importance in retinal homeostasis
can be further highlighted by exploring its role in retinal disease paradigms. Currently,
280 genes (316 genes and loci) are associated with inherited retinal degeneration (IRD)
(https://sph.uth.edu/retnet/home.htm, accessed on 3 July 2022). The inheritance of IRDs
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can be autosomal recessive, autosomal dominant, or X-linked, and IRDs can furthermore
be progressive or stationary, as well as non-syndromic or part of a wider syndrome. Non-
syndromic retinal dystrophies are further classified as macular dystrophies, cone and cone–
rod dystrophies, rod–cone dystrophies, or chorioretinopathies [40]. Retinitis pigmentosa
(RP) describes a group of retinal degenerative rod–cone dystrophies that are primarily
characterized by the loss of rod photoreceptors, as well as the subsequent degeneration
of cones. Mutations in rhodopsin are the most common cause of autosomal dominant
retinitis pigmentosa (adRP) [2]. The photoreceptor stress machinery has been found to be
induced in various models of rhodopsin misfolding. For example, the upregulation of the
UPR and of the HSR, including increased levels of Hsp90 and Hsp70, has been observed
in the P23H-1 transgenic rat, in which mutant rhodopsin Pro23His (P23H) is misfolded
and retained in the ER [41]. Upon treatment with arimoclomol, an HSR co-inducer, Hsp90
and Hsp70 levels were further elevated, and this was associated with decreased rhodopsin
aggregation, photoreceptor rescue, and improved visual responses [41]. The role of Hsp90
in the upregulation of the UPR and HSR is likely to be important in other retinal diseases
caused by protein misfolding, in which the maintenance and regulation of the vast array of
structural and functional proteins is critical for normal photoreceptor homeostasis.

3.2. Hsp90 Inhibition in Retinal Disease

Additional evidence of the significance of Hsp90 in retinal dystrophies, including
RP, arise from the consequences of its pharmacological inhibition. Hsp90 inhibition can
elicit a dual effect, leading to the proteasome-mediated degradation of its client proteins
or the disruption of the chaperone complex with HSF1 and the activation of the HSR,
leading to the upregulation of molecular chaperones. Therefore, the potential of Hsp90
inhibitors to manipulate the photoreceptor stress machinery has been explored in various
studies. A list of Hsp90 inhibitors that have been used in models of retinal disease is
summarized in Table 1. The Hsp90 inhibitor 17-N-allylamino-17-demethoxygeldanamycin
(17-AAG), also known as tanepsimycin, has been shown to protect against rhodopsin
aggregation and toxicity in a cell model of P23H rhodopsin [42]. Two other Hsp90 inhibitors,
geldanamycin (GA) and radicicol, also showed a similar effect on alleviating the toxic
gain-of-function mechanisms of P23H rhodopsin in vitro, although this effect was less
potent compared to 17-AAG [42]. The amelioration of P23H rhodopsin aggregation was
not observed in mouse embryonic fibroblasts from HSF-1 knock-out mice, suggesting
that the protection depends on HSF1 and the activation of the HSR [43]. In accordance
with these findings, the systemic administration of 2-amino-7,8-dihydro-6H-pyrido[4,3-
D]pyrimidin-5-one NVPHSP990 (HSP990), a blood brain barrier permeable Hsp90 inhibitor,
activated HSF-1 and induced the upregulation of molecular chaperones in the retina of
P23H transgenic rats [43]. This HSP990-mediated stimulation of the stress machinery
was associated with reduced rhodopsin aggregation and mislocalisation, improved visual
function, and photoreceptor survival several weeks after a single drug dose [43]. Hsp90
inhibition has also been reported to be protective in another form of adRP, RP10, which is
caused by mutations in the inosine 5′-monophosphate dehydrogenase type 1 (IMPDH1)
gene [44]. Systemic delivery of 17-AAG, facilitated by the RNA interference-mediated
modulation of the inner blood–retina barrier, protected against photoreceptor degeneration
in the Arg224Pro (R224P) mutant IMPDH mouse model, by promoting the expression of
HSPs, including Hsp90, which, in turn, reduced the formation of IMPDH aggregates [45].
These studies highlight the potential neuroprotective effects of Hsp90 inhibition in retinal
protein misfolding disorders via upregulation of the HSR.

It has also been shown, however, that prolonged inhibition of Hsp90 in the retina
may also play a detrimental role in photoreceptor proteostasis as a consequence of the
degradation of key Hsp90 client proteins. The rhodopsin mutant Arg135Leu (R135L) is
hyperphosphorylated and constitutively bound to arrestin, thereby disrupting vesicular
traffic in photoreceptors. 17-AAG enhanced the vectorial transport of R135L rhodopsin
to the OS by suppressing the endocytosis defect that characterises this mutation, thereby
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restoring R135L rhodopsin localization to the WT phenotype in rat retinae [43]. In an
in vitro cell model of R135L rhodopsin, Hsp90 inhibition by 17-AAG similarly blocked
the recruitment of arrestin to R135L rhodopsin and led to a reduction in the aberrant
endocytosis of R135L rhodopsin [43]. Interestingly, this effect was HSF1-independent
as 17-AAG rescued the intracellular accumulation of R135L rhodopsin and restored the
cytosolic localization of arrestin in HSF-1 knock-out mouse embryonic fibroblasts [43]. It
was hypothesized that Hsp90 inhibition may instead mediate its effect on R135L rhodopsin
by client-mediated degradation. Indeed, prolonged Hsp90 inhibition with HSP990 in vivo
led to a post-translational reduction in GRK1 and PDE6 protein levels, identifying them
as Hsp90 clients. Hsp90 inhibition in cells led to the rapid proteasomal degradation of
newly synthesised GRK1 confirming a requirement for Hsp90 for GRK1 maturation and
function. The effect of Hsp90 inhibition on R135L rhodopsin was therefore attributed
to the fact that GRK1 was identified as an Hsp90 client protein, and Hsp90 inhibition
decreased GRK1 levels resulting in reduced R135L phosphorylation and subsequently,
reduced arrestin binding.

Table 1. List of Hsp90 inhibitors used in models of retinal degeneration.

Compound Study Outcome Reference

Geldanamycin Reduced P23H aggregation and cell
death in vitro Mendes & Cheetham, 2008 [42]

Tanepsimycin
17-AAG

Reduced P23H aggregation and cell
death in vitro Mendes & Cheetham, 2008 [42]

Reduced protein accumulation in
R135L rats Aguilà et al., 2014 [43]

Radicicol Reduced P23H aggregation and cell
death in vitro Mendes & Cheetham, 2008 [42]

Alvespimycin
17-DMAG

Prolonged treatment causes
photoreceptor cell death in rats Zhou et al., 2013 [46]

Induced photoreceptor apoptosis
and rhodopsin retention in the IS in

wild-type mice
Wu et al., 2020 [19]

HSP990

Reduces P23H aggregation,
improves visual function and

delays photoreceptor cell death in
P23H-1 rats

Aguilà et al., 2014 [43]

Protects photoreceptors from
degeneration caused by aggregating

mutant IMPDH1 protein
Tam et al., 2010 [45]

3.3. Ocular Toxicities in Clinical Trials of Hsp90 Inhibition

These findings have important implications for the pharmacological manipulation of
molecular chaperones as a therapeutic approach for retinal disease. Despite the plethora
of evidence that Hsp90 inhibition can provide protection in the diseased retina as de-
scribed above, reports from clinical trials in oncology highlight ocular toxicities that have
emerged as an important clinical concern (Table 2). Hsp90 N-terminal inhibitors, including
ansamycin derivatives (17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-
DMAG)), resorcinol derivatives (AT13387, AUY922), and benzamide derivatives (SNX-5422
(PF-04929113)), have been associated with visual disturbances, such as blurred vision,
photopsia, night blindness, photophobia, and retinopathy [47–57]. In addition, some
preclinical studies have reported that severe retinal degeneration occurred in rats and
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beagle dogs after treatment with Hsp90 inhibitors [46,58,59].The oral administration of
the Hsp90 scaffold N-terminal inhibitor CH5164840 led to a loss of pupillary light reflex,
abnormal electroretinographic (ERG) responses, and histological changes in the photore-
ceptor outer nuclear layer, including photoreceptor degeneration, in beagle dogs [58].
Similarly, intravenous administration of 17-DMAG or AUY922 promoted photoreceptor
cell death in Sprague Dawley (SD) rats in addition to the upregulation of the HSR [46], and
AUY92-induced abnormal ERG responses, and photoreceptor OS disorganization in Brown
Norway and Wistar rats [59]. However, while ocular effects have been widely reported
in preclinical and clinical studies of certain Hsp90 inhibitors, visual disturbances have
not been reported for all Hsp90 inhibitors, including 17-AAG and the resorcinol deriva-
tive ganetespid. Preclinical studies comparing the ocular toxicity of 17-DMAG, 17-AAG,
AUY922, and ganetespid suggest that the extent of ocular toxicity correlates with the retinal
biocompatibility and clearance rate of the compound, with high levels of accumulation
and prolonged inhibition of Hsp90 in the retina, leading to photoreceptor cell death [46].
Therefore, the inhibition of Hsp90 as a therapeutic approach in the retina is clearly a double-
edged sword, whereby Hsp90 inhibition can both induce a neuroprotective response but
also lead to ocular toxicity upon prolonged retinal accumulation. The mechanism of retinal
toxicity as a consequence of Hsp90 inhibition is poorly understood; however, a possible
explanation is that the ocular toxicity observed upon prolonged Hsp90 inhibition might
be mediated by the disruption caused to important Hsp90 client proteins in the retina. As
described previously, GRK1 biosynthesis requires Hsp90, and prolonged Hsp90 inhibition
via systemic administration of HSP990 reduced GRK1 and PDE6 levels post-translationally,
suggesting that the Hsp90 client list includes important components of the phototrans-
duction cascade. More recently, Transient Receptor Potential cation channel subfamily M
member 1 (TRPM1) has been identified as another potential Hsp90 client protein in the
retina [57]. TRPM1 is a constitutively open calcium entry channel primarily expressed in
skin melanocytes and retinal ON-bipolar cells in the inner nuclear layer. The treatment
of mice with AUY922 resulted in increased apoptosis in the photoreceptor outer nuclear
layer, disorganization of the photoreceptor outer segments, disruption of RPE cells, and a
dose-dependent decrease in TRPM1 via disruption of the interaction with Hsp90 [57].

Table 2. List of Hsp90 inhibitors used in clinical trials in oncology and their ocular effects. * The
observed ocular effects were transient or resolved after treatment discontinuation.

HSP90 Inhibitor Drug Trial ClinicalTrials.gov
Identifier Ocular Effect Reference

Alvespimycin
17-dimethylaminoethylamino-
17-demethoxygeldanamycin

(17-DMAG)

Phase I trial of 17-DMAG in patients
with advanced malignancies NCT00088868 • blurred vision * Kummar et al., 2010 [47]

Phase I trial of 17-DMAG in patients
with advanced solid tumors NCT00248521

• blurred vision
• dry eye
• keratitis
• conjunctivitis or ocular

surface disease

Pacey et al., 2011 [50]

Onalespid
AT13387

Phase I trial of AT13387 in patients
with refractory solid tumors. NCT00878423

• blurred vision *
• flashes *
• delayed light

dark/accommodation *
Shapiro et al., 2010 [49]

Phase I study of onalespib in
combination with AT7519, a pan-CDK

inhibitor, in patients with advanced
solid tumors

NCT02503709
• blurry vision and

“floaters” * Do et al., 2020 [56]
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Table 2. Cont.

HSP90 Inhibitor Drug Trial ClinicalTrials.gov
Identifier Ocular Effect Reference

Luminespid
AUY922

NVP-AUY922

Phase I trial of AUY922 in combination
with capecitabine in patients with

advanced solid tumors
NCT01226732 • vision darkening *

• night blindness *
Bendell et al., 2015 [52]

Phase I-IB/II trial of NVP-AUY922 as
monotherapy or in combination with

bortezomib in patients with relapsed or
refractory multiple myeloma

NCT00708292

• night blindness
• photopsia
• visual impairment
• retinopathy
• blurred vision
• cataract
• reduced visual acuity

Seggewiss-Bernhardt et al.,
2015 [53]

Phase II trial of AUY922 in patients
with refractory gastrointestinal stromal

tumors
NCT01404650

• blurred vision *
• flashing lights *
• delayed light/dark

adaptation *
• night blindness *
• floaters *

Bendell et al., 2016 [54]

Phase II trial of AUY922 in patients
with metastatic gastrointestinal stromal

tumor
NCT01389583

• night blindness
• blurred vision
• flashing light

Chiang et al., 2016 [55]
Shen et al., 2021 [57]

SNX-5422
PF-04929113

Phase I study of SNX-5422 in patients
with refractory solid tumor

malignancies and lymphomas
NCT00644072

• blurred vision
• bilateral cataracts Rajan et al., 2011 [51]

4. Hsp90 Client Proteins in the Retina

Whilst PDE6, GRK1, and TRPM1 have been identified as Hsp90 client proteins in
the retina, only PDE6 and GRK1 are specifically expressed in photoreceptor cells and are
important components of the phototransduction cascade. An in-depth understanding of
the mechanisms underlying the specific recruitment of PDE6 and GRK1 to Hsp90 is crucial
to understand the biogenesis of these important phototransduction proteins, not only in
the healthy retina but also in retinal diseases associated with these Hsp90 clients, and the
review will henceforth focus on mechanistic and structural insights into PDE6 and GRK1
as Hsp90 client proteins. Whilst the Hsp90-PDE6 chaperone complex has been investigated
in depth, less is known regarding GRK1 as a specific client for Hsp90 and the role of this
association in disease.

4.1. The Hsp90-PDE6 Chaperone Complex

PDE6, a member of the class I family of phosphodiesterases [60], is a heterotetrametric
complex, which in rod photoreceptors, comprises the catalytic PDE6α and PDE6β subunits
together with two inhibitory PDE6γ subunits. Cone PDE6 comprises two catalytic PDE6α’
subunits and two inhibitory PDE6γ’ subunits. In the phototransduction cascade, activated
transducin relieves the inhibition of the PDE6 catalytic subunits imposed by the inhibitory
subunits, leading to cGMP hydrolysis. Mutations in rod PDE6α, PDE6β, and PDE6γ
cause autosomal recessive RP and mutations in PDE6β can also cause autosomal dominant
congenital stationary night blindness (https://sph.uth.edu/retnet/, accessed on 3 July
2022). In contrast, mutations in cone PDE6α’ and PDE6γ’ are associated with autosomal
recessive cone or cone–rod dystrophy, or achromatopsia (https://sph.uth.edu/retnet/,
accessed on 3 July 2022). Interestingly, whilst mutations in the PDE6 subunits cause
relatively milder forms of inherited retinal degeneration, mutations in the reported co-
chaperone for PDE6, the photoreceptor-specific aryl hydrocarbon receptor interacting
protein-like 1 (AIPL1), cause Leber congenital amaurosis (LCA), a severe early onset
and rapidly progressive disease leading to photoreceptor degeneration and the loss of
vision within the first few years of life [61]. An early observation in Aipl1 knockout and
knockdown mice was the post-transcriptional loss of all three subunits of rod PDE6 prior
to the onset of retinal degeneration [62,63]. Cone PDE6 levels were also substantially
reduced in cone photoreceptors lacking AIPL1 [64]. In the absence of AIPL1, the rod PDE6
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subunits were stably synthesized but subsequently misassembled and targeted for rapid
proteasomal degradation [65]. Similarly, whilst the loss of AIPL1 had no effect on the
synthesis of the cone PDE6 subunits, the translated subunits were unstable and could not
assemble into the holoenzyme [66]. These studies confirmed that AIPL1 is important for
the post-translational stability and assembly of both rod and cone PDE6.

4.1.1. AIPL1 Structure

AIPL1 was first identified as a possible Hsp90 co-chaperone due to its homology to
the Hsp90 tetratricopeptide repeat (TPR) domain co-chaperone aryl hydrocarbon receptor
interacting protein (AIP), with which it shares 49% identity and 69% similarity [61]. AIPL1
and AIP comprise a C-terminal TPR domain and a N-terminal FK506 binding protein
(FKBP)-like domain, similar to larger members of the FKBP family of immunophilins,
including the Hsp90 TPR domain co-chaperones FKBP51 and FKBP52. The AIPL1 TPR
domain consists of three consecutive TPR motifs, and the crystal structure of the human
AIPL1 TPR domain revealed that, similar to other Hsp90 TPR domain co-chaperones, the
AIPL1 TPR domain adopts a typical TPR fold [67] (Figure 2). Each TPR motif consists of a
pair of anti-parallel α-helices such that the consecutive TPR motifs form a series of six anti-
parallel α-helices connected by short loops followed by a seventh α-helix, which all together
forms a right-handed amphipathic groove. The AIPL1 FKBP-like domain shares the typical
FKBP fold comprising a five stranded β sheet forming a half β-barrel surrounding a short
α helix and creating a hydrophobic cavity (Figure 2). However, unlike other members of
the FKBP family, the FKBP-like domain of AIP and AIPL1 lack peptidyl prolyl isomerase
activity and cannot bind immunosuppressant drugs [68,69]. Moreover, the FKBP-like
domain of both AIP and AIPL1 uniquely include an extensive insert region linking the
last two β strands in the FKBP-like domain [69–71]. In AIP, the insert regions consist of
a 19 residue long helical segment followed by a mostly random coil structure and an α-
helix [69]. In contrast, the crystal structure of the human AIPL1 FKBP-like domain revealed
that the insert region in AIPL1 (residues 90–146) is well structured and comprises three
consecutive α-helices (α2, α3 and α4) connected by short loops [71] (Figure 2). Additional
differences between the AIP and AIPL1 FKBP-like domains include the absence of an
N-terminal α-helix in AIPL1 that is thought to structurally stabilize the AIP FKBP-like fold;
and a loop between β4 and α1 that adopts a ‘looped-out’ conformation in AIPL1 but a
‘looped-in’ conformation in AIP, wherein a critical hinge residue Trp72 is either flipped in
or out, respectively, thus modulating access to a hydrophobic cavity [71] (Figure 2). Finally,
the AIPL1 TPR domain is followed by a C-terminal 56 amino acid proline rich domain
(PRD), an unstructured random coil that is imperfectly conserved in primates and absent
in non-primates [61,72,73] (Figure 2).

Biomolecules 2022, 12, x FOR PEER REVIEW 10 of 20 
 

4.1.1. AIPL1 Structure 
AIPL1 was first identified as a possible Hsp90 co-chaperone due to its homology to 

the Hsp90 tetratricopeptide repeat (TPR) domain co-chaperone aryl hydrocarbon receptor 
interacting protein (AIP), with which it shares 49% identity and 69% similarity [61]. AIPL1 
and AIP comprise a C-terminal TPR domain and a N-terminal FK506 binding protein 
(FKBP)-like domain, similar to larger members of the FKBP family of immunophilins, in-
cluding the Hsp90 TPR domain co-chaperones FKBP51 and FKBP52. The AIPL1 TPR do-
main consists of three consecutive TPR motifs, and the crystal structure of the human 
AIPL1 TPR domain revealed that, similar to other Hsp90 TPR domain co-chaperones, the 
AIPL1 TPR domain adopts a typical TPR fold [67] (Figure 2). Each TPR motif consists of a 
pair of anti-parallel α-helices such that the consecutive TPR motifs form a series of six anti-
parallel α-helices connected by short loops followed by a seventh α-helix, which all to-
gether forms a right-handed amphipathic groove. The AIPL1 FKBP-like domain shares 
the typical FKBP fold comprising a five stranded β sheet forming a half β-barrel surround-
ing a short α helix and creating a hydrophobic cavity (Figure 2). However, unlike other 
members of the FKBP family, the FKBP-like domain of AIP and AIPL1 lack peptidyl prolyl 
isomerase activity and cannot bind immunosuppressant drugs [68,69]. Moreover, the 
FKBP-like domain of both AIP and AIPL1 uniquely include an extensive insert region 
linking the last two β strands in the FKBP-like domain [69–71]. In AIP, the insert regions 
consist of a 19 residue long helical segment followed by a mostly random coil structure 
and an α-helix [69]. In contrast, the crystal structure of the human AIPL1 FKBP-like do-
main revealed that the insert region in AIPL1 (residues 90–146) is well structured and 
comprises three consecutive α-helices (α2, α3 and α4) connected by short loops [71] (Fig-
ure 2). Additional differences between the AIP and AIPL1 FKBP-like domains include the 
absence of an N-terminal α-helix in AIPL1 that is thought to structurally stabilize the AIP 
FKBP-like fold; and a loop between β4 and α1 that adopts a ‘looped-out’ conformation in 
AIPL1 but a ‘looped-in’ conformation in AIP, wherein a critical hinge residue Trp72 is 
either flipped in or out, respectively, thus modulating access to a hydrophobic cavity [71] 
(Figure 2). Finally, the AIPL1 TPR domain is followed by a C-terminal 56 amino acid pro-
line rich domain (PRD), an unstructured random coil that is imperfectly conserved in pri-
mates and absent in non-primates [61,72,73] (Figure 2). 

 
Figure 2. Model of AIPL1. The TPR domain (PDB 6PX0, cyan) and the FKBP-like domain (PDB 
5U9A, magenta, yellow, and green) of AIPL1 were superimposed onto FKBP51 (1KT0). The PRD 
(brown) of AIPL1 was modelled using the I-TASSER server [74,75]. Helices 2, 3, and 4 of the unique 
insert region of the AIPL1 FKBP51-like domain (yellow) and the loop between β4 and α1 that adopts 
a ‘looped-out’ conformation in AIPL1 (green) are shown. The PRD is required for the intrinsic chap-
erone activity of AIPL1. The TPR domain mediates the interaction with Hsp90/Hsp70 and the PDE6 
inhibitory subunits, whilst Hsp90 may also make contact with the α3 helix in the unique insert re-
gion. The FKBP-like domain constitutes a ligand-binding site for isoprenyl groups. Figure courtesy 
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Figure 2. Model of AIPL1. The TPR domain (PDB 6PX0, cyan) and the FKBP-like domain (PDB 5U9A,
magenta, yellow, and green) of AIPL1 were superimposed onto FKBP51 (1KT0). The PRD (brown) of
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AIPL1 was modelled using the I-TASSER server [74,75]. Helices 2, 3, and 4 of the unique insert
region of the AIPL1 FKBP51-like domain (yellow) and the loop between β4 and α1 that adopts
a ‘looped-out’ conformation in AIPL1 (green) are shown. The PRD is required for the intrinsic
chaperone activity of AIPL1. The TPR domain mediates the interaction with Hsp90/Hsp70 and the
PDE6 inhibitory subunits, whilst Hsp90 may also make contact with the α3 helix in the unique insert
region. The FKBP-like domain constitutes a ligand-binding site for isoprenyl groups. Figure courtesy
of C. Prodromou, Genome Damage and Stability Centre, University of Sussex.

4.1.2. The Interaction of AIPL1 with Hsp90

Hidalgo-de-Quintana et al. (2008) first provided experimental evidence for the TPR-
mediated interaction of full length human AIPL1 with both Hsp90 and Hsp70, with pref-
erential binding to Hsp90 [76]. The TPR consensus residues required for the packing of
adjacent α-helices in the TPR motifs and residues involved in tight electrostatic interactions
with the C-terminal EEVD TPR acceptor sites of Hsp90 and Hsp70 are conserved in AIPL1.
The deletion of the Hsp90 MEEVD pentapeptide or the Hsp70 TIEEVD heptapeptide sig-
nificantly reduced the interaction of AIPL1 with Hsp90 and Hsp70, respectively, and the
MEEVD peptide competitively reduced the interaction of AIPL1 with Hsp90 in quanti-
tative binding assays [76,77]. Moreover, the mutation of lysine 265 to alanine (K265A),
a carboxylate clamp residue critical for the tight electrostatic interaction of TPR domain
co-chaperones with the C-terminal EEVD motif, significantly reduced the interaction of
AIPL1 with Hsp90 and Hsp70 [76,78]. The AIPL1 TPR domain alone can interact with
Hsp90 in the absence of the FKBP-like domain, and the disruption of the TPR domain
by LCA-associated missense mutations, deletions, insertions, duplications, or C-terminal
truncations significantly reduced or abolished the interaction with Hsp90 [77,79]. Therefore,
the TPR domain is critical for the interaction of AIPL1 with Hsp90 and features directing the
prototypical core TPR domain co-chaperone–chaperone interaction are conserved in AIPL1.
Accordingly, Sacristan-Reviriego et al. (2017) showed that human AIPL1 preferentially
interacts with Hsp90 in the nucleotide-bound closed conformation and that this interaction
is reduced by both apyrase treatment or HSP990 inhibition, indicating that productive
Hsp90 ATPase cycles are required for efficient AIPL1 interaction [77]. Moreover, AIPL1
stabilized rod PDE6α to proteasomal degradation in the cytosol and this function was signif-
icantly reduced by Hsp90 inhibition with HSP990, GA, or 17-AAG [77]. Similarly, biolayer
interferometry (BLI) binding assays recently reported the preferential binding of mouse
AIPL1 to adenylyl-imidodiphosphate (AMP-PNP)-bound Hsp90 in a 1:2 stoichiometry [78].
In this study, DMAG treatment significantly impacted the ability of AIPL1 to chaperone
cone PDE6α’ activity. Altogether, the data point to the preferential interaction of AIPL1
with Hsp90 in the closed conformation and the importance of a functional AIPL1-Hsp90
interaction for PDE6 stability and activity.

In addition to the role of the core TPR domain contacts in mediating the interaction of
AIPL1 with the chaperone TPR acceptor site, additional requirements for this interaction
have been investigated. In the case of FKBP51 and FKBP52, a region C-terminal to the
TPR domain comprising a seventh α-helical extension (α-helix 7) mediates differential
binding to Hsp90 and the truncation of FKBP51 and FKBP52 within this α-helical extension
at Asn404 and Asn406, respectively, largely abrogated Hsp90 interaction [80]. Interestingly,
the removal of the α-helical extension C-terminal to the core TPR domain of human AIPL1
by truncation at the topologically equivalent residue, Glu317 (AIPL1 1-317), reduced but did
not abolish the interaction of AIPL1 with Hsp90 and Hsp70 [76]. Similarly, the truncation of
the 12 C-terminal residues of mouse AIPL1 (AIPL1 1-316) did not abrogate the binding of
AIPL1 to Hsp90 but moderately reduced the affinity for Hsp90 in BLI assays [78]. Notably,
this region was however critical for the ability of AIPL1 to chaperone PDE6 in an in vitro
heterologous assay for cone PDE6α’ function. This suggests that in addition to the core
TPR domain contacts, residues within the TPR α-helical extension may be important for
functional chaperone complex assembly, although several residues thought to mediate
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contact of the α-helical extension of FKBP51 with Hsp90 are missing or not conserved in
mouse or human AIPL1.

Other regions implicated in the interaction of AIPL1 with Hsp90 include the primate-
specific PRD and the α3 helix in the unique insert region of the FKBP-like domain. The dele-
tion of the PRD, whilst having no effect on the structure or thermostability of AIPL1 [68,73],
was reported to modestly increase the interaction of AIPL1 with Hsp90 in surface plasmon
resonance (SPR) spectroscopy assays. On the other hand, the interaction of AIPL1 with
Hsp90 following deletion of the PRD was reported to be comparable to that of full length
AIPL1, although a significantly increased interaction was observed with the TPR domain
alone in the absence of the PRD [79]. Finally, disease-associated mutations in the AIPL1
PRD had no effect on the interaction with Hsp90 [79]. Whilst the PRD may therefore not
play a significant role in the interaction with Hsp90, it does appear to play a critical role in
the intrinsic chaperone activity of AIPL1 [68]. AIPL1 was first shown to efficiently suppress
the formation of intracellular inclusions comprising misfolded fragments of the AIPL1 in-
teracting partner, NUB1, in a concentration-dependent manner [81]. AIPL1 also suppressed
the thermal aggregation of citrate synthase (CS) and protected CS from thermal inactiva-
tion, and this effect was lost upon the deletion of the PRD [68]. The AIPL1 suppression of
aggregation of the NUB1 fragments was not dependent on Hsp90, as GA had no effect in
this assay, but was additive with Hsp70 dependent on AIPL1 C-terminal sequences [76].
Overall, the data suggest that the PRD is critical for AIPL1 intrinsic chaperone activity in
association with Hsp70.

A number of studies have also investigated the contribution of the AIPL1 FKBP-like
domain to Hsp90 interaction. The AIPL1 FKBP-like domain and TPR domain expressed
alone can each fold stably to acquire the native conformation [67,70,71,82]. It has been
reported that the AIPL1 FKBP-like domain alone, however, cannot interact with Hsp90
in the absence of the TPR domain [77]. Indeed, the LCA-associated patient mutation,
Glu163Stop, which leads to the loss of the entire TPR domain and PRD, completely abol-
ished the interaction of AIPL1 with Hsp90, confirming the critical role of the TPR domain
in Hsp90 interaction [77]. However, patient-associated mutations in the FKBP-like domain,
including missense mutations and in-frame deletions, diminished the interaction of AIPL1
with Hsp90 and impacted rod PDE6 activity in an indirect assay of cGMP hydrolysis [77,79],
suggesting that whilst the FKBP-like domain alone cannot bind Hsp90, it is important
for stable ternary chaperone complex formation with full length AIPL1. Interestingly, a
very weak but transient interaction of Hsp90 with the N-terminal FKBP-like domain of
AIP has been reported, and this interaction was reduced by the deletion of the FKBP-like
domain unique insert region [69]. Similarly, the replacement of the α3 helix in the AIPL1
FKBP-like unique insert region with five glycine residues modestly affected the interac-
tion with Hsp90, but critically impacted the activity of cone PDE6α’ [78]. A model of the
Hsp90-AIPL1 complex based on the cryo-EM structure of the Hsp90-FKBP51 complex
placed the α3 helix of the insert region in close proximity to Hsp90, suggesting a moderate
contribution of the insert region to the AIPL1–Hsp90 interface [78]. As the TPR acceptor
site of Hsp90 can competitively bind a multitude of TPR domain co-chaperones, it has been
suggested that contacts with the α3 helix may contribute to the specificity of the interaction
of AIPL1 with Hsp90.

4.1.3. The AIPL1-Mediated Targeting of PDE6 to Hsp90

The binding interface between the PDE6 client and Hsp90 has not been investigated.
However, several mechanisms have been proposed wherein AIPL1 could specifically target
PDE6 to Hsp90. Ramamurthy et al. (2003) first reported that AIPL1 could interact with and
facilitate the processing of farnesylated proteins [83]. Notably, the PDE6 catalytic subunits
are isoprenylated at the cysteine residue of their C-terminal CAAX box, with the identity
of the CAAX box C-terminal residue suggesting that rod PDE6α is farnesylated whilst
rod PDE6β and cone PDE6α’ are geranylgeranylated. A general role for AIPL1 in protein
farnesylation was suggested, since several interactors in a Y2H screen were farnesylated,
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and mutation of the CAAX box cysteine to induce the loss of farnesylation or promote
geranylgeranylation led to the loss of these interactions [83]. Accordingly, AIPL1 was found
to interact with rod PDE6α in the mouse retina, and the AIPL1 interaction with PDE6β was
reported to be dependent on that with PDE6α [65]. FRET assays with an AMCA conjugated
farnesylated cysteine probe, S-farnesyl-L-cysteine methyl ester, revealed a high affinity
interaction with the purified FKBP-like but not the TPR domain [70]. Mutation of Cys89 or
Leu147 flanking the unique FBKP insert region or the deletion of the insert region (residues
96-143) abolished the interaction with the probe. Similarly, FRET assays confirmed a potent
interaction of AIPL1 with an AMCA-conjugated peptide mimic of the PDE6α C-terminus
with the cysteine residue modified by S-farnesylation and carboxymethylation [73]. Interest-
ingly, competition assays with an excess of N-acetyl-S-geranylgeranyl-L-cysteine suggested
for the first time that AIPL1 may also bind geranylgeranyl. Indeed, the crystal structure
of the AIPL1 FKBP-like domain (residues 2-161) in the apo state and in the presence of
either S-farnesyl-L-cysteine methyl ester or geranylgeranyl pyrophosphate confirmed the
interaction of AIPL1 with these isoprenoid moieties that bind deep within the hydrophobic
cavity [71]. There were no significant differences between the apo and isoprenoid-bound
structures, with isoprenoid binding inducing only minor conformational changes in the
ligand binding domain. Molecular dynamics simulations supported a model wherein the
β4-α1 loop adopts a ‘looped-in’ conformation in the apo structure with the critical Trp72
residue thus occluding the hydrophobic ligand-binding pocket, which then rotates to the
‘flipped-out’ conformation upon isoprenoid binding [71]. The α2 side chains of the insert
region were found to contribute significantly to isoprenoid binding [71], explaining the
previous observation that the deletion of the insert region abrogated interaction with a
farnesyl probe [70]. Moreover, the mutation of residues in the β4-α1 loop also markedly
attenuated isoprenoid binding [71]. These studies thus confirmed the direct interaction of
the AIPL1 FKBP-like domain with either farnesyl or geranylgeranyl, suggesting that AIPL1
might specifically target PDE6 to Hsp90 through these interactions. Notably, the mutation
of the PDE6α’ CAAX-box cysteine to favour either farnesylation or geranylgeranylation
had no impact on the ability of AIPL1 to chaperone functional cone PDE6 in in vitro heterol-
ogous activity assays, suggesting that the role of AIPL1 is indiscriminate with respect to the
identity of the isoprenoid moiety [84]. More recently, a PDE6α Cys857Ser knockin mouse
model has been generated that abrogates the farnesylation of rod PDE6α [78]. Interestingly,
the levels and targeting of PDE6α and PDE6β to the photoreceptor OS, as well as both the
basal and maximal PDE6 activity, were comparable to control mice, in addition to which
there was no change in either ERG or optical coherence tomography (OCT) measurements.
Moreover, the deletion of the C-terminal 28 residues of cone PDE6α’, including the CAAX
motif or the loss of isoprenylation by Cys855Ser mutation, had no effect in in vitro assays of
AIPL1 chaperoned PDE6 activity. Finally, steric occlusion of the AIPL1 prenyl binding site
in an Ile61Phe/Ile151Phe double mutant had no effect on the ability of AIPL1 to chaperone
PDE6α’ or the Cys855Ser mutant in the heterologous assay. Hence, overall, whilst it is clear
that the interaction of the AIPL1 FKBP-like domain with the PDE6 isoprenoid moieties
contributes to the formation of the ternary chaperone complex, the exact role of this in-
teraction in PDE6 biogenesis remains unclear. It is noteworthy that whilst the FKBP-like
domain of AIPL1 appears to bind either farnesyl or geranylgeranyl groups indiscriminately,
only PDE6 is affected in the Aipl1 knockout and knockdown mouse models (in addition
to soluble retinal guanylate cyclase in Aipl1 knockout cones), despite the wide range of
phototransduction components that are isoprenylated, thus suggesting that features other
than the interaction of AIPL1 with the PDE6 isoprenoid groups must facilitate the specific
recruitment of PDE6 to Hsp90 by AIPL1.

One such possibility is the interaction of AIPL1 with the inhibitory subunits of rod
and cone PDE6. The rod PDE6γ subunit was reported to interact with AIPL1 using FRET
assays [73]. Subsequently, a conserved C-terminal peptide of rod PDE6γ and cone PDE6γ’
was shown to bind the AIPL1 TPR domain but not the AIPL1 FKBP-like domain with
association and dissociation kinetics consistent with a 1:1 binding model [67]. More-
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over, molecular modelling suggested that the C-terminal 25 residues of the rod and cone
inhibitory subunits encompass most, if not all, of the contact with the TPR domain over-
lapping with the Hsp90 binding site, such that the inhibitory subunits and Hsp90 bind in
a mutually exclusive manner [67]. This suggests a model in which the interaction of the
PDE6γ/PDE6γ’ subunits with the AIPL1 TPR domain impart specificity toward the PDE6
client, as the AIPL1 FKBP-like domain can bind isoprenyl moieties indiscriminately and
the Hsp90 TPR acceptor site is bound competitively by TPR domain co-chaperones. This
has important implications for modelling the role of AIPL1 and Hsp90 in PDE6 biogenesis
in retinal photoreceptors, though it is noteworthy that AIPL1 failed to interact with either
rod PDE6γ or cone PDE6γ’ in co-immunoprecipitation assays of AIPL1 from mouse retinal
explants [65,66].

Overall, these studies highlight the structural and mechanistic basis of PDE6 recruit-
ment to Hsp90 via the PDE6-specific Hsp90 co-chaperone AIPL1. Misfolded PDE6 subunits
that cause autosomal recessive retinal disease likely undergo unproductive folding cycles
with Hsp90, leading to their post-translational degradation and loss of function.

4.2. The Hsp90-GRK1 Chaperone Complex

In comparison to the Hsp90-PDE6 chaperone complex, the interaction and maturation
of GRK1 with Hsp90 as a client protein in retinal photoreceptors is poorly characterised.
Mutations in GRK1 are associated with the Oguchi subtype of recessive congenital sta-
tionary night blindness (https://sph.uth.edu/retnet/, accessed on 3 July 2022). In the
retina, GRK1 is expressed in rod photoreceptors whilst GRK7 is expressed in cone pho-
toreceptors. Both GRK1 and GRK7 are members of the G protein-coupled receptor kinase
(GRK) family, serine/threonine-specific protein kinases that mediate the agonist-dependent
phosphorylation of G protein-coupled receptors.

GRK1 and GRK7 specifically target the activated state of the G protein-coupled re-
ceptors rhodopsin and cone opsin, respectively, and play a key role in the deactivation
of the phototransduction cascade and photorecovery after light onset. GRK1 and GRK7
are tethered to the photoreceptor OS phospholipid membranes in close proximity to their
substrate by C-terminal isoprenylation. In the dark, GRK1 and GRK7 are bound to and
inhibited by recoverin. The activation of the phototransduction cascade leads to the release
of calcium from recoverin, which induces a conformational change involving the rotation
of a ‘myristoyl switch’ that results in the calcium-dependent dissociation of recoverin from
the membrane and release from GRK, thus enabling GRK to phosphorylate rod and cone
opsin [85]. The GRK-mediated phosphorylation of the opsins induces a conformational
change in the receptor that in turn allows the binding of arrestin and receptor deactiva-
tion through sterically blocking the binding of transducin, effectively switching off the
cascade [85].

The GRK family, in addition to the visual kinase subfamily (GRK1, GRK7), includes
the β-adrenergic receptor (β-AR) kinase subfamily (GRK2, GRK3) and the GRK4 subfamily
(GRK4, GRK5, GRK6). All GRK family members are composed of a short highly conserved
~16 residue N-terminal element unique to this family of kinases [86]. This is followed
by a regulator of G protein signalling homology domain (RH) that is interrupted by a
highly conserved serine/threonine kinase domain. The catalytic domain of the GRK family,
including that of GRK1 and GRK7, has a highly conserved architecture comprising a small
N-terminal lobe and a large C-terminal lobe connected by a flexible hinge region that
forms a deep nucleotide binding cleft between them, followed by a C-terminal extension
(C-tail). The N-terminal lobe comprises a five-stranded β-sheet with a conserved αC helix,
whereas the C-terminal lobe comprises six α-helices. A loop within the C-tail forms an
active site tether that contributes to the ATP binding site. The substrate mainly interacts
with the surface of the C-terminal lobe. The RH domain folds into a bi-lobed helical
bundle that bridges the small and large kinase domains [86]. Kinase activation involves
a conformational change in which the N-terminal lobe moves towards C-terminal lobe
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to form a closed state, with the αC-β4 loop thought to act as a hinge point for inter-lobe
movement, enabling the rotation between open and closed conformations [87].

Hsp90 has been shown to play a role in the maturation and stabilization of the GRK
family members GRK1, GRK2, GRK3, GRK5, and GRK6, with the inhibition of Hsp90
by GA or 17-AAG, leading to rapid proteasomal degradation of the newly synthesized
GRKs [43,88]. Similar to GRK1, cone GRK7 is also likely to be an Hsp90 client protein.
Hsp90 is known to bind directly to the kinase catalytic domain with Hsp90 binding deter-
minants widely distributed in both lobes. The kinase catalytic domain is one of the most
abundant structures in the human proteome, present in more than 500 protein kinases, and
has a highly conserved architecture common to serine/threonine and tyrosine kinases. The
kinase domain is thus regarded as a universal acceptor site mediating kinase interaction
with Hsp90, and it is highly likely, therefore, that the kinase domain of GRK1 and GRK7
similarly directs the interaction with Hsp90. Considerable effort has been invested in iden-
tifying the specific features that mediate the recognition of client kinases by Hsp90 [89–94].
Interestingly, no global sequence determinants have been identified for the interaction of
kinases with Hsp90, despite the high level of conservation in the kinase domain. Instead, a
consensus has emerged in which the intrinsic stability of the kinase domain is an impor-
tant determinant for Hsp90 interaction. Hsp90 kinase clients were reported to be more
thermodynamically unstable than non-clients, with the small-molecule stabilization of the
kinase domain reducing the client interaction and mutation of the kinase domain, leading
to stronger Hsp90 client binding [89,90,93,94].

Finally, it is well known that cell division cycle 37 (Cdc37) is a ubiquitous kinase-
dedicated co-chaperone that is universally employed to direct kinase clients to Hsp90,
thereby providing selective recognition of the kinase family [93,94]. Cdc37 has been shown
to directly bind the kinase catalytic site, overlapping with the Hsp90 binding. Cdc37
binds to kinase clients in the absence of Hsp90, whereas Hsp90 interacts only weakly
without Cdc37. Therefore, Hsp90 and Cdc37 are thought to act in concert in chaperoning
client kinases with Hsp90-mediated maturation of kinases strictly dependent on the Cdc37-
dependent recruitment of the kinase to Hsp90 [93,94]. Whilst not experimentally tested,
it is highly likely that the co-chaperone for GRK1 and GRK7 is Cdc37. Experimental
investigation of GRK1 and GRK7 interaction with Hsp90 and Cdc73 will provide further
insights and evidence that the features directing client kinase assembly with Cdc73 and
Hsp90 are conserved amongst the visual GRKs.

5. Conclusions

In summary, retinal photoreceptors are amongst the most metabolically active cells
in the human body. Consequently, high levels of reactive oxygen species accumulate in
the photoreceptors, leading to membrane and protein damage. Approximately 10% of the
photoreceptor outer segments are turned over daily to replace damaged membranes and
proteins. There is therefore an extremely high demand on protein synthesis and turnover
in retinal photoreceptor cells requiring high levels of proteostasis. There are currently
280 genes associated with inherited retinal disease, many of which code for proteins of the
visual cycle and phototransduction cascade that require high levels of protein synthesis in
the photoreceptor inner segment and translocation to the outer segment. Protein quality
control is therefore of vital importance in photoreceptor cells and many inherited retinal
diseases are protein misfolding disorders. Hsp90 is centrally important to protein folding
and quality control in the retinal photoreceptors, including in the cytosol, ER, and in the
mitochondria. Indeed, the induction of the HSR via short-term Hsp90 inhibition has been
shown to be neuroprotective in in vitro and in vivo models of inherited retinal disease.
However, longer term inhibition of Hsp90 in the retina may in fact be detrimental due to
the resultant degradation of specific Hsp90 client proteins in the photoreceptors, including
PDE6 and GRK1. Mutations in these Hsp90 client proteins themselves lead to retinal
disease. Whilst the precise role of Hsp90 in the folding, maturation, or assembly of these
retina-specific client proteins is not fully elucidated, this raises the possibility that small
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molecule manipulation of the Hsp90 cycle to promote the favourable maturation of these
client proteins may be a potential therapeutic approach for diseases associated with these
clients. In addition, the induction of the HSR in the absence of Hsp90 inhibition might be
another favourable avenue for treating protein misfolding disorders in the retina.
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Abstract: Recent experimental studies suggest that ATP-driven molecular chaperones can stabilize
protein substrates in their native structures out of thermal equilibrium. The mechanism of such
non-equilibrium protein folding is an open question. Based on available structural and biochemical
evidence, I propose here a unifying principle that underlies the conversion of chemical energy from
ATP hydrolysis to the conformational free energy associated with protein folding and activation.
I demonstrate that non-equilibrium folding requires the chaperones to break at least one of four
symmetry conditions. The Hsp70 and Hsp90 chaperones each break a different subset of these
symmetries and thus they use different mechanisms for non-equilibrium protein folding. I derive
an upper bound on the non-equilibrium elevation of the native concentration, which implies that
non-equilibrium folding only occurs in slow-folding proteins that adopt an unstable intermediate
conformation in binding to ATP-driven chaperones. Contrary to the long-held view of Anfinsen’s
hypothesis that proteins fold to their conformational free energy minima, my results predict that
some proteins may fold into thermodynamically unstable native structures with the assistance of
ATP-driven chaperones, and that the native structures of some chaperone-dependent proteins may
be shaped by their chaperone-mediated folding pathways.

Keywords: chaperones; Hsp70; Hsp90; non-equilibrium; protein folding

1. Introduction

A commonly accepted view on protein folding is Anfinsen’s thermodynamic hypothe-
sis [1]: the native structure of a protein is uniquely determined by its amino acid sequence,
and it is the conformation of the lowest free energy. According to this view, a free energy
gap separates the native structure and the denatured conformations, and protein folding is
accompanied by a negative free energy change [2]. A protein, left to its own device and
given sufficient time, will fold spontaneously to its native structure.

We now know that many proteins depend on the assistance of molecular chaperones
for folding into their functional structures inside cells [3–5]. ATP-driven chaperones
such as GroEL/GroES [6–8], Hsp70 [9,10], and Hsp90 [11–17] represent an important
class of chaperones that consume chemical energy in their functions. Biochemical and
structural studies have established that these chaperones undergo a cycle powered by
ATP hydrolysis through open and closed conformations [10,18–22]. These chaperones can
rescue their protein substrates from misfolded or aggregated structures and accelerate
their refolding to their native structures [23–27]. This role of ATP-driven chaperones does
not contradict Anfinsen’s thermodynamic hypothesis: proteins still fold into the most
thermodynamically stable structures, but the chaperones enable them to do so within a
physiologically reasonable time [28].

Recent experimental studies suggest that ATP-driven chaperones may play a thermo-
dynamic role besides the kinetic one: they may stabilize proteins in their native structures
out of thermal equilibrium, converting the chemical energy of ATP hydrolysis into the
conformational free energy of their substrates [26,29]. Coincidental to these experimental
studies, theoretical models were published around the same time that predicted such
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non-equilibrium stabilization [29–31]. In addition to quantitatively recapitulating the exper-
imentally observed acceleration in folding kinetics, these models suggest that ATP-driven
chaperones can maintain their protein substrates in their native structures at higher concen-
trations than thermodynamically permitted in the chaperone-free equilibrium. They explain
why ATP hydrolysis is indispensable to the cellular functions of these chaperones, and in
the case of Hsp70 [30] and Hsp90 [31], the critical roles of their respective cochaperones.

Here, I define non-equilibrium protein folding to be the phenomenon in which the
native fraction of a protein is elevated by an energy-consuming process above its value in
thermal equilibrium. Let fN = [N]/P0 be the steady state fraction of the protein substrate in
its native structure in the presence of ATP-driven chaperones, and fN,eq = [N]eq/P0 be the
native fraction in the chaperone-free equilibrium, where P0 is the total protein concentration
and [N] is the concentration of the protein in its native structure. Non-equilibrium protein
folding occurs if fN > fN,eq, which of course requires energy consumption. I will introduce
the gain factor of non-equilibrium folding

g ≡ fN
fN,eq

=
[N]

[N]eq
(1)

which measures the extent of out-of-equilibrium stabilization of the native structure. A pro-
tein that primarily occupies the non-native structures in equilibrium (i.e., fN,eq < 0.5) but
its native structure in the presence of ATP-driven chaperones (i.e., fN > 0.5) would contest
Anfinsen’s hypothesis.

Note that the native fraction in my definition of non-equilibrium folding includes only
the free (i.e., not chaperone-bound) native protein because chaperones primarily bind to
proteins that are at least partially unfolded [9,32]. There are, however, examples in which
chaperone-bound proteins retain some native activity. For instance, glucocorticoid receptor
(GR) can bind to its ligand when it is in complex with Hsp90 [33]. In this case, however, GR
may still need to dissociate from Hsp90 to function as an active transcription factor. Thus,
in this work, I will only consider non-equilibrium folding to a free, native protein.

Many mechanistic models have been proposed for chaperone-mediated protein fold-
ing [27,28,32,34–36]. One prevalent hypothesis regards the chaperones as unfoldases or
holdases [37], in that their primary function is to rescue a misfolded or aggregated protein
substrate and to hold it in an unfolded state. Upon release from the chaperones, the protein
molecule has a certain probability of folding into its native structure [38]. Models based
on this hypothesis provide an explanation of how ATP-driven chaperones accelerate the
folding of the substrates to their inherently stable native structures, but they do not pro-
vide an explicit mechanism for the chaperones to transfer the chemical energy from ATP
hydrolysis into the folding free energy of the substrate protein. It has been proposed that
the ATP energy is used by the chaperones to achieve ultra-affinity in substrate binding [36].

It is often unclear whether a model will imply non-equilibrium protein folding
(i.e., g > 1), when microscopic reversibility [31,39] is rigorously enforced. Based on ther-
modynamic principles, I have previously established one requirement of non-equilibrium
protein folding: the substrate protein must undergo a conformational change when it is
bound to the chaperone [31]. Supported by biochemical and structural evidence [40–42],
this is a key assumption in my models of chaperone-mediated protein folding that couple
the conformational dynamics of the protein substrate with the ATP-driven, open-close cycle
of the chaperones (Figure 1).

In this work, I introduce an additional requirement that an ATP-driven chaperone must
satisfy to perform non-equilibrium protein folding. Specifically, I demonstrate mathemati-
cally that an ATP-driven chaperone must break at least one of the four kinetic symmetry
conditions (Conditions 1–4 in Section 3.1) to use the energy from ATP hydrolysis for out-
of-equilibrium stabilization of substrate proteins in their native structures. As discussed
below, Hsp70, Hsp90, and GroEL/GroES each break a different subset of the symmetry
conditions, thus they use different mechanisms to perform non-equilibrium folding. De-

254



Biomolecules 2022, 12, 832

spite the difference in their mechanistic details, I present a unifying principle by which
symmetry breaking translates into non-equilibrium folding to the native structures.

A "D T P
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A "T D P

Aggregated

Misfolded Misfold-tending Native-tending Native

Substrate conformation
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Figure 1. A mechanistic model of chaperone-mediated non-equilibrium protein folding that couples
the state cycle of the chaperone and the conformational dynamics of its substrate. The chaperone
undergoes a cycle of open and closed conformations, driven by ATP hydrolysis and nucleotide
exchange. The protein substrate can transition among four classes of conformations: Misfolded (M),
Misfold-tending (U), Native-tending (F), and Native (N). The lengths of the reaction arrows signify
the corresponding reaction rates. The red arrows indicate the predominant folding pathway.

In addition, I derive an upper bound on the extent to which an ATP-driven chaperone
can elevate the native fraction of a substrate above its chaperone-free equilibrium value
(Equation (56)). My results suggest that, for substantial non-equilibrium protein folding
(i.e., g � 1) to occur, the chaperone—with the possible exception of chaperonins such
as GroEL/GroES—must bind to an unstable intermediate conformation of the substrate,
and the substrate protein must fold slowly on its own.

Whether Anfinsen’s hypothesis holds true for an individual protein can be experi-
mentally tested by comparing the protein’s activity in the presence and in the absence of
functional ATP-driven chaperones; I have previously proposed new experiments that may
provide such tests on Hsp70- and Hsp90-mediated folding [30,31]. In this work, I propose
a potential proteomics-level experiment that may help identify proteins that depend on
ATP-driven chaperones for maintenance of their native structures.

My models of non-equilibrium protein folding imply that the native structures of
some proteins may be shaped by the chaperone-mediated folding pathways. They raise the
possibility of discovering natural proteins—and engineering novel proteins—that adopt
different conformations in the presence and absence of the chaperones.

Assumptions and Notations

To facilitate the exposition, I summarize the assumptions and notations in my model
as follows:

• The substrate protein can convert among a set of conformations S, both when it is
free in solution and when it is bound to the chaperone. I will use M to denote the
misfolded/aggregated conformation and N the native conformation. In addition, I will
consider two classes of intermediate conformations: the unfolded and misfold-tending
(or aggregation-tending) conformation U, and the non-native but native-tending
conformation F. To avoid a proliferation of symbols and to underscore the mechanistic
commonality shared by protein folding and activation, in the discussion of kinase
activation, I will use M to denote the inactive conformation, N the active conformation,
U the inactive-tending conformation, and F the active-tending conformation.
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• The chaperone can transition among a set of states I, each state i characterized by its
conformational state (e.g., open or closed) and the numbers and the types (ATP vs
ADP) of bound nucleotides.

My model includes the following reactions:

• The substrate in conformation S binds to the chaperone in state i with the association
rate constant ka,Si and the dissociation rate constant kd,Si:

S + Hi
ka,Si−−⇀↽−−
kd,Si

SHi (2)

• The free substrate in solution converts between conformation S and conformation S′:

S
kS→S′−−−⇀↽−−−
kS′→S

S′ (3)

The corresponding conformational equilibrium constant is

KSS′ =
kS→S′

kS′→S
(4)

• The substrate bound to the chaperone in state i converts between conformation S and
conformation S′:

SHi

kS→S′ ,i−−−⇀↽−−−
kS′→S,i

S′Hi (5)

• The chaperone transitions between state i and state j when it is bound to a substrate
in conformation S:

SHi
kS,i→j−−−⇀↽−−−
kS,j→i

SHj (6)

2. Materials and Methods
2.1. Proof That Symmetry Breaking Is Required for Non-Equilibrium Protein Folding

I will show that, under the symmetry conditions (Conditions 1–4 in Section 3.1),
the steady state concentrations of the substrate satisfies, for any pair of conformations S
and S′,

kS→S′ [S] = kS′→S[S
′] ⇐⇒ [S′]

[S]
=

kS→S′

kS′→S
= KSS′ (7)

where [S] (or [S′]) is the concentration of the free substrate in conformation S (or
S′). Thus, the steady state ratio [S′]/[S] is unchanged from that in the chaperone-
free equilibrium [S′]eq/[S]eq = KSS′ for any pair of conformations S and S′, including
[N]/[M] = [N]eq/[M]eq, and the chaperone is unable to increase the native concentration
of the substrate above that in the equilibrium.

Letting [Hi] be the concentration of the chaperone in state i and [SHi] the concentration
of the substrate in conformation S bound to the chaperone in state i, the steady state
condition for the reactions in Equations (2), (3), (5) and (6) is

0 =
d[S]
dt

= ∑
i
(kd,Si[SHi]− ka,Si[Hi][S]) + ∑

S′

(
kS′→S[S

′]− kS→S′ [S]
)

0 =
d[SHi]

dt
= ka,Si[Hi][S]− kd,Si[SHi] + ∑

j 6=i

(
kS,j→i[SHj]− kS,i→j[SHi]

)
(8)

+ ∑
S′

(
kS′→S,i[S

′Hi]− kS→S′ ,i[SHi]
)
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According to Condition 1, the ratio ka,S′i/ka,Si does not depend on i. I denote this
ratio as

ka,S′i
ka,Si

= γSS′K
−1
SS′ (9)

where γSS′ is a number that does not depend on i.
Consider a hypothetical, restricted system in which the substrate bound to the chaper-

one cannot change conformations (i.e., setting kS→S′ ,i = 0 for all i and all pairs of S and S′

in Equation (8)). Because the reaction S 
 S′ is not part of any energy consuming cycle
in this restricted system, [S′]/[S] = KSS′ [31]. Let {[S]}⋃{[SHi]|i ∈ I} be the steady state
concentrations of the substrate in conformation S in this restricted system, I will show that

[S′] = KSS′ [S] (10)

[S′Hi] = γSS′ [SHi] (11)

are the steady state concentrations of the substrate in conformation S′, and that [SHi] and
[S′Hi] satisfy

kS→S′ ,i[SHi]− kS′→S,i[S
′Hi] = 0 ∀i ∈ I (12)

for the original kS→S′ ,i > 0 and kS′→S,i > 0. Thus, the steady state concentrations of the
restricted system are also the solution to the original steady state condition in Equation (8),
and Equation (7) holds (it is equivalent to Equation (10)).

To prove Equation (12), consider first an open state i. Thermodynamic cycle closure
in the following reaction cycle (which does not consume chemical energy because the
chaperone does not change state),

S
kS→S′−−−⇀↽−−−
kS′→S

S′

S′ + Hi

ka,S′ i−−⇀↽−−
kd,S′ i

S′Hi

S′Hi

kS′→S,i−−−⇀↽−−−
kS→S′ ,i

SHi

SHi
kd,Si−−⇀↽−−
ka,Si

S + Hi

(13)

implies that
kS′→S,i
kS→S′ ,i

ka,S′ i
kd,S′ i

kd,Si
ka,Si

KSS′ = 1 (14)

⇐⇒ kS→S′ ,i = kS′→S,iKSS′
ka,S′ i
ka,Si

kd,Si
kd,S′ i

= kS′→S,iγSS′ (∵ Equations (9) and (37))

=⇒ kS′→S,i[S′Hi]− kS→S′ ,i[SHi]
= [SHi]

(
kS′→S,iγSS′ − kS→S′ ,i

)
(∵ Equation (11))

= 0

(15)

If i is a closed state such that ka,Si = ka,S′i = kd,Si = kd,S′i = 0, Equation (14) no
longer holds. According to Condition 4, however, the chaperone can reversibly transition
between i and an open state j without the consumption of chemical energy, and, according
to Condition 3, the transition rates between i and j do not depend on the conformational
state of the bound substrate, i.e.,

kS′ ,i→j

kS,i→j
=

kS′ ,j→i

kS,j→i
= 1 (16)
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Thus, thermodynamic cycle closure in the following reversible reaction cycle

S
kS→S′−−−⇀↽−−−
kS′→S

S′

S′ + Hj

ka,S′ j−−⇀↽−−
kd,S′ j

S′Hj

S′Hj

kS′ ,j→i−−−⇀↽−−−
kS′ ,i→j

S′Hi

S′Hi

kS′→S,i−−−⇀↽−−−
kS→S′ ,i

SHi

SHi
kS,i→j−−−⇀↽−−−
kS,j→i

SHj

SHj

kd,Sj−−⇀↽−−
ka,Sj

S + Hj

(17)

implies
kS′→S,i
kS→S′ ,i

kS,i→j
kS,j→i

kS′ ,j→i
kS′ ,i→j

ka,S′ j
kd,S′ j

kd,Sj
ka,Sj

KSS′ = 1 (18)

=⇒ kS′→S,i
kS→S′ ,i

ka,S′ j
ka,Sj

kd,Sj
kd,S′ j

KSS′ = 1 (∵ Equation (16))

=⇒ kS′→S,i
kS→S′ ,i

γSS′ = 1 (∵ Equations (9) and (37))

=⇒ kS′→S,i[S′Hi]− kS→S′ ,i[SHi]
= [SHi]

(
kS′→S,iγSS′ − kS→S′ ,i

)
(∵ Equation (11))

= 0

(19)

Thus, Equation (12) is true for both open and closed states.
To prove that {[S′]}⋃{[S′Hi]|i ∈ I} in Equations (10) and (11) satisfy the steady state

condition Equation (8) (swapping S′ and S), I only need to show that, for the reactions in
Equations (2) and (6), the flux in each reaction involving the substrate in conformation S′ is
γSS′ times the flux of the corresponding reaction involving the substrate in conformation S
because {[S]}⋃{[SHi]|i ∈ I} satisfies Equation (8) and the reactions in Equations (3) and (5)
have zero flux (Equations (10) and (12)).

Let JS,ij = kS,i→j[SHi]− kS,j→i[SHj] be the reactive flux of the state transition for the
chaperone bound to a substrate in conformation S (Equation (6)) and Ja

Si = ka,Si[Hi][S]−
kd,Si[SHi] be the reactive flux of the substrate in conformation S binding to the chaperone
in state i (Equation (2)). The corresponding reactive fluxes for the substrate in conformation
S′ are

JS′ ,ij = kS′ ,i→j[S
′Hi]− kS′ ,j→i[S

′Hj]

= γSS′
(
kS,i→j[SHi]− kS,j→i[SHj]

)
(∵ Equation (11) and Condition 3) (20)

= γSS′ JS,ij

and

Ja
S′i = ka,S′i[Hi][S′]− kd,S′i[S′Hi]

= ka,S′i[Hi]KSS′ [S]− kd,SiγSS′ [SHi] (∵ Equations (10), (11) and (37))
= γSS′(ka,Si[Hi][S]− kd,Si[SHi]) (∵ Equation (9))
= γSS′ Ja

Si

(21)

Q.E.D.
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2.2. Derivation of the Upper Bound of the Native Concentration at the Steady State of
Non-Equilibrium Folding

To derive the upper bound in Equation (51), consider the reactions in Table 1. These
are simplifications of the reactions in Equations (2), (3), (5) and (6): only a substrate in
intermediate conformations S = U, F can bind to the chaperone (see Section 3.2.1), and only
two chaperone states, open (O) and closed (C), are considered. The results hold as long as
the substrate binds to all chaperone open states with the same association and dissociation
rate constants, i.e.,

ka,Si = ka,S
kd,Si = kd,S ∀ open state i

(22)

Table 1. The reactions in chaperone-mediated protein folding. These reactions are depicted in Figure 1.
ATP hydrolysis and nucleotide exchange occur and inject chemical energy in the chaperone cycle.

U
kU→M−−−⇀↽−−−
kM→U

M Misfolding and aggregation; KM = kU→M/kM→U

U
kU→F−−−⇀↽−−−
kF→U

F Transition between intermediate conformations; KF = kU→F/kF→U

F
kF→N−−−⇀↽−−−
kN→F

N Folding to native structure; KN = kF→N/kN→F

S + O
ka,S−−⇀↽−−
kd,S

SO Substrate in S = U, F conformations binding to the open chaperone

SO
kS,O→C−−−⇀↽−−−
kS,C→O

SC Transition of chaperone between open and closed states

UH
kU→F,H−−−−⇀↽−−−−
kF→U,H

FH Conversion of protein bound to chaperone in H = C, O states

Let
JFU = kF→U [F]− kU→F[U] (23)

be the reactive flux from F to U. At the steady state, there is no net flux into or out of any
molecular species, implying

JFU = ka,U [U][O]− kd,U [UO]
= kd,F[FO]− ka,F[F][O]

(24)

Because no external chemical energy is consumed in the reaction cycle of

U + O
 UO
 FO
 F + O
 U + O, (25)

we have
kF→U,O

kU→F,O
· ka,F

kd,F
· kd,U

ka,U
· kU→F

kF→U
= 1 (26)

Thus,

kF→U,O[FO]

kU→F,O[UO]
=

kF→U,O

kU→F,O
· ka,F

kd,F
· kd,U

ka,U
· kU→F

kF→U

· kd,F[FO]

ka,F[F][O]
· ka,U [U][O]

kd,U [UO]
· kF→U [F]

kU→F[U]
(27)

=
kd,F[FO]

kd,F[F][O]
· ka,U [U][O]

kd,U [UO]
· kF→U [F]

kU→F[U]
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If JFU in Equations (23) and (24) is positive, all three ratios on the right-hand side
of Equation (27) are greater than 1; if JFU < 0, they are all smaller than 1. Thus, the
reactive flux

JUF,O = kU→F,O[UO]− kF→U,O[FO] (28)

must be of the opposite sign of JFU .
If the chaperone drives the substrate toward the native structure, we have [F]/[U] >

KF = kU→F/kF→U , implying JFU > 0 and JUF,O < 0. Because the flux from conformation F
to U in free substrates must balance the total flux from conformation U to F in chaperone-
bound substrates, the steady state reactive flux of the reaction UC
 FC

JUF,C = kU→F,C[UC]− kF→U,C[FC] (29)

satisfies
JFU = JUF,C + JUF,O < JUF,C (30)

Thus,

kF→U [F]− kU→F[U] < kU→F,C[UC]− kF→U,C[FC]

=⇒ kF→U [F] < kU→F

(
[U] +

kU→F,C

kU→F
[UC]

)
≡ kU→F([U] + α[UC]) (31)

=⇒ [F] < KF ·max(1, α) · ([U] + [UC])

We also have, per Equations (23) and (24),

JFU = kF→U [F]− kU→F[U] = ka,U [O][U]− kd,U [UO] < ka,U [O][U]
=⇒ (kU→F + ka,U [O])[U] > kF→U [F]

(32)

At the steady state, there is no net flux in M
 U or in F
 N, thus

[M] = KM[U]

[N] = KN [F] (33)

Because
[M] + [U] + [UC] + [F] + [N] < P0 (34)

we have

P0 > (K−1
F max(1, α)−1 + 1)[F] + [M] + [N] (∵ Equation (31))

= (K−1
F max(1, α)−1 + 1)[F] + KM[U] + KN [F] (35)

> (K−1
F max(1, α)−1 + 1)[F] + KM

kF→U
kU→F + ka,U [O]

[F] + kN [F] (∵ Equation (32))

Thus,

[F] <

(
KMK−1

F

(
1 +

ka,U [O]

kU→F

)−1

+ K−1
F max(1, α)−1 + 1 + KN

)−1

P0 (36)

and plugging in Equation (33) yields the upper bound in Equation (51).

3. Results
3.1. Non-Equilibrium Folding Requires Kinetic Symmetry Breaking

I present a set of four symmetry conditions that, if all satisfied, forbids an ATP-
driven chaperone from elevating the native concentration [N] of its substrate above the
chaperone-free equilibrium concentration [N]eq. A chaperone must break at least one of
these symmetry conditions to be able to convert chemical energy into non-equilibrium
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stabilization of the native structure of the substrate. As I discuss below, different chap-
erones break different symmetry conditions, corresponding to different mechanisms of
non-equilibrium protein folding and activation. The symmetry conditions are as follows:

1. The ratio of association rate constants ka,S′i/ka,Si does not depend on the chaperone
state i for all pair of substrate conformations S and S′ and for all open state i.

2. The dissociation rate constant kd,Si does not depend on the substrate conformation
S, i.e.,

kd,Si = kd,i (37)

for all open state i and for all conformation S.
3. The transition rates between chaperone states are independent of the conformation of

the bound substrate, i.e., kS,i→j does not depend on S for all pair (i, j).
4. For every closed state i of the chaperone, there is an open state j, such that the

chaperone can reversibly transition between states j and i without consuming chemi-
cal energy.

In Section 2.1 of Materials and Methods, I prove that, if these four symmetry con-
ditions are all satisfied, the ratio between the concentrations of the free substrate in any
two conformations—say, S and S′—at the chaperone-mediated steady state is unchanged
from that in the chaperone-free equilibrium, i.e., [S′]/[S] = [S′]eq/[S]eq, which implies
[N]/[M] = [N]eq/[M]eq. Because chaperone-binding reduces the total concentration of the
free substrate, the native concentration of the free substrate will be lower in the presence of
chaperones than in the absence of chaperones, i.e., g < 1. (As noted in the Introduction, I
only consider non-equilibrium folding to a free native protein.)

The above results regarding symmetry conditions hold for an arbitrary number of
substrate conformations. For simplicity, I will assume only four representative conforma-
tions in the substrate, S = {M ≡ misfolded, U ≡ misfold-tending, F ≡ native-tending,
N ≡ native}, in the following discussion.

3.1.1. Requisites for Breaking the Binding and Unbinding Symmetries (Conditions 1 and 2)

The binding symmetry, Condition 1, is trivially satisfied if there is only one open
chaperone state to which the substrate binds, or if the substrate binding rate does not
depend on the chaperone state, i.e., ka,Si = ka,S. Note that the substrate in different
conformations S may bind to the chaperone at different rates ka,S, e.g., the substrate in an
unfolded structure may bind to the chaperone faster than the substrate in a near-native
structure, which is a common assumption in models of chaperone-mediated folding [34],
but this conformation-selective binding alone does not permit non-equilibrium folding
(defined by g > 1).

Condition 1 is approximately satisfied if the substrate in different conformations and
the chaperone in different states bind using the same interface. In this case, the association
rate constant is approximately

ka,Si = pS × fi × ka (38)

where pS is the probability that the binding surface on the substrate becomes accessible in
conformation S, fi is the probability that the binding surface on the chaperone is accessible
in state i, and ka is the intrinsic binding rate between the two binding surfaces once exposed
(Equation (38) assumes that the conformational fluctuations exposing and occluding the
binding surfaces are fast compared to the overall binding). The ratio

ka,S′i
ka,Si

=
pS′

pS
(39)

thus satisfies Condition 1.
Condition 1 is violated if the substrate binds to different binding surfaces on the

chaperone depending on both the substrate conformation and the chaperone (open) state.
This requires that the chaperone possesses multiple open states in which different binding
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surfaces are exposed. There has not been experimental demonstration of any ATP-driven
chaperone breaking this symmetry condition.

The unbinding symmetry, Condition 2, is approximately satisfied if the chaperone
binds to the substrate in different conformations using the same binding interface. The sym-
metry is broken if the substrate in different conformations form different protein–protein
interactions with the chaperone.

In one limit of such binding interface change, the substrate in the misfold-tending
conformation U with a slow dissociation rate kd,U may bind to the open chaperone and,
after the chaperone closes, change to the native-tending conformation F in which its
chaperone-binding surface is lost, so that, when the chaperone opens again after the ATP-
driven cycle, the substrate unbinds rapidly with a fast dissociation rate kd,F � kd,U . This
may happen in chaperones that can retain a substrate without a contact interface while
allowing the bound substrate to change conformation from U to F. Hsp90 and GroEL/ES
are two such examples: Hsp90 clamps its client kinase between its closed homo dimer
with a central hole that may accommodate substantial conformational changes in the
client [31,42], and GroEL/ES holds the substrate in its cavity, inside which the substrate
may fold [43]. These two chaperones may break Condition 2 by this mechanism and thus
perform non-equilibrium protein folding.

Cochaperones that simultaneously bind to the chaperone and to the misfold-tending,
but not the native-tending, conformation of the substrate may help break Condition 2.
When the substrate in the misfold-tending conformation is bound to the cochaperone,
the substrate–cochaperone complex together has an extended chaperone-binding surface
with contributions from both the substrate and the cochaperone, which decreases the
substrate’s dissociation rate from the chaperone. Binding to and unbinding from the
cochaperone, a substrate in the misfold-tending conformation has, in effect, a slower
dissociation rate than the substrate in the native-tending conformation. One case in point
may be that of Cdc37-assisted kinase activation by Hsp90, as discussed in the following.

3.1.2. Cdc37 Enables Hsp90 to Differentiate between the Active-Tending and
Inactive-Tending Conformations of a Client Kinase

Cdc37 is a cochaperone that specializes in assisting Hsp90 to activate client
kinases [32,44,45]. Experimental evidence suggests that Cdc37 binds to a locally unfolded
conformation of the client kinase [46], and that Cdc37 can simultaneously bind to a client
kinase and Hsp90 [42,47,48]. Based on the cryo-EM structure of the Hsp90-kinase-Cdc37
complex [42] (Figure 2A), I have previously proposed a simple mechanism for Cdc37 to
distinguish between the inactive-tending (U) and active-tending (F) kinase conformations,
binding to the former with higher affinity than to the latter: in the inactive-tending con-
formation, the disordered DFG-loop of the kinase does not interfere with Cdc37 binding,
whereas, in the active-tending conformation, the DFG-loop may be ordered into a config-
uration that results in steric clashes with Cdc37 [31] (Figure 2B,C). Thus, Cdc37 can help
Hsp90 retain an inactive-tending client more than an active-tending client, and the effective
rate of dissociation from Hsp90 is higher for a client in the active-tending conformation
than for a client in the inactive-tending conformation (Figure 2D,E), breaking symmetry
Condition 2.
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Figure 2. Cochaperone Cdc37 enables a client kinase in different conformations to unbind from
Hsp90 at different rates. (A) the Hsp90-Cdk4-Cdc37 complex structure (PDB: 5FWM). The closed
Hsp90 homo dimer clamps a partially unfolded Cdk4 kinase, and Cdc37 simultaneously binds to
Cdk4 and Hsp90; (B) Cdc37 can bind to the kinase in the inactive-tending conformation; (C) steric
clashes prevent Cdc37 from binding to the kinase in the active-tending conformation, due to its
DFG-loop configuration and other conformational features; (D) Cdc37 helps to retain an inactive-
tending kinase molecule inside the open Hsp90, resulting in slow unbinding of the kinase from
the Hsp90. The bipartite interaction by NTD and CTD of Cdc37 with the kinase may result in the
encirclement of a Hsp90 protomer by the Cdc37-kinase complex, preventing the latter from slipping
off Hsp90. (E) Without Cdc37, an active-tending kinase molecule unbinds rapidly from the open
Hsp90. (F) Alternatively, the loss of the interaction between the NTD of Cdc37 and the C-lobe of an
active-tending kinase breaks the bipartite interaction between Cdc37 and the kinase, resulting in the
release of the Cdc37-kinase complex from Hsp90.

This mechanism implies the following reaction path of Hsp90-mediated kinase activa-
tion:

U
+Cdc37−−−−⇀↽−−−− U ·Cdc37

+Hsp90open−−−−−−⇀↽−−−−−− Hsp90open ·U ·Cdc37
 Hsp90closed ·U ·Cdc37

−Cdc37−−−−⇀↽−−−− Hsp90closed ·U 
 Hsp90closed · F
ATP→ADP+Pi−−−−−−−−⇀↽−−−−−−−− Hsp90open · F

−Hsp90open−−−−−−⇀↽−−−−−− F

(40)

Clearly, this mechanism requires that Cdc37 can dissociate from the Hsp90-kinase
complex after Hsp90 closes. This requirement is indeed consistent with the observed
structure of the Hsp90-kinase-Cdc37 complex: the closed Hsp90 clamps the client kinase
between its N- and C-lobes to prevent the kinase from unbinding, but Cdc37 wraps around
the exterior of Hsp90 so that it can disengage from the closed Hsp90 (Figure 2A).

Both the N-terminal domain (NTD) and the C-terminal domain (CTD) of Cdc37 bind
to the partially unfolded kinase [49,50]. Individually, NTD and CTD bind to the kinase
with low affinities [50] (on the order of 100 µM), but the bipartite interaction between the
complete Cdc37 and the kinase results in sub-micromolar affinity. Based on the cryo-EM
structure of the Hsp90-kinase-Cdc37 complex, the bipartite interaction may lead to the
encirclement of a Hsp90 protomer by the kinase-Cdc37 binary complex, thus preventing
the kinase from slipping off Hsp90 (Figure 2D). As discussed above, the NTD of Cdc37
may not bind to the active-tending conformation of the kinase. This not only substantially
diminishes the affinity of Cdc37 to the kinase (CTD alone binds with over two-hundred-fold
lower affinity), it also breaks the encirclement of the Hsp90 protomer by the Cdc37-kinase
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binary complex, potentially allowing the latter to dissociate rapidly from Hsp90 (Figure 2F),
followed by the conversion of the kinase to the active conformation.

A puzzling observation is that Cdc37 binds to both the inactive B-Raf kinase and the
active B-Raf mutant B-RafV600E (which has the valine at position 600 mutated to a glutamate)
with similar affinities [51]: KD = 1.0 µM for the wild-type B-Raf and KD = 0.4 µM for the
mutant B-RafV600E [50]. This can be explained by the above proposal that Cdc37 binds with
high affinity to the inactive-tending conformation of the kinase but with comparatively
negligible affinity to the other conformations. Consider the conformational equilibrium
among the inactive (M), the inactive-tending (U), the active-tending (F), and the active (N)
conformations:

M
K−1

M−−⇀↽−− U
KF−⇀↽− F

KN−⇀↽− N (41)

If Cdc37 binds to the inactive-tending conformation U with a conformation-specific
dissociation constant K∗D, the apparent experimentally measured dissociation constant of
Cdc37 binding to the kinase is

KD =
[P][Cdc37]
[U ·Cdc37]

=
[P]
[U]
· [U][Cdc37]
[U ·Cdc37]

(42)

=
KMK−1

F + K−1
F + 1 + KN

K−1
F

· K∗D

where P represents the kinase in any conformation.
The equilibrium active fraction, on the other hand, is

[N]eq/P0 =
KN

KMK−1
F + K−1

F + 1 + KN
(43)

Thus, it is possible for the wild-type and the mutant kinase to have very different
active fractions [N]eq/P0 yet similar KD’s. For example, the hypothetical sets of equilibrium
constants in Table 2 would be consistent with the observed Cdc37 affinities of the wild-type
B-Raf and the V600E mutant and with the mechanistic hypothesis [52] that the mutation
destabilizes the inactive and—less so—the inactive-tending conformation (thus decreasing
KM and increasing KF).

Table 2. A hypothetical set of equilibrium constants that are consistent with the measured Cdc37
affinities of the wild-type B-raf and the V600E mutant. The dissociation constants are similar between
the inactive wild-type and the active mutant.

KM KF KN K∗
D (µM) [N]eq/P0 KD (µM)

wild-type 100 0.1 80 0.0092 0.07 1.0
V600E 10.24 0.4 80 0.0092 0.73 0.4

3.1.3. Cochaperone Hsp40 Enables Differential ATP Hydrolysis by Hsp70 Bound to a
Substrate in Different Conformations

Hsp70-mediated protein folding is an example of breaking symmetry Condition 3.
The Hsp70 chaperones, such as the bacterial DnaK, adopts an open conformation when
its nucleotide binding domain (NBD) is occupied by ATP. Upon ATP hydrolysis, Hsp70
changes to a closed conformation [53,54] (Figure 3A). By itself, Hsp70 has a low basal
ATP hydrolysis rate, but the J domain from the Hsp40 cochaperones—also known as J
proteins—can stimulate Hsp70 and drastically increase its ATP hydrolysis rate [55,56].

Both Hsp40 and Hsp70 bind to exposed hydrophobic sites on a substrate protein [57,58]
(Figure 3A–C). Consequently, a substrate with multiple exposed hydrophobic sites may
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simultaneously bind to an Hsp70 and an Hsp40. This induces the proximity between the
chaperone and the cochaperone, resulting in accelerated ATP hydrolysis in Hsp70 and its
transition to the closed state. Because a substrate in the misfold-tending conformation often
exposes more hydrophobic sites than a substrate in the native-tending conformation [59],
an Hsp70 bound to the former is more likely to be stimulated by a nearby Hsp40 bound
to the same substrate molecule than an Hsp70 bound to the latter. By recruiting Hsp40 to
accelerate the ATP hydrolysis in Hsp70, a substrate in the misfold-tending conformation
induces a higher rate of transition by Hsp70 from the open state to the closed state than a
substrate in the native-tending conformation, i.e., kU,open→closed > kF,open→closed, breaking
symmetry Condition 3 (Figure 3D,E).
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Figure 3. Cochaperone Hsp40 enables Hsp70 to change the balance between its open and closed
states in response to the conformation of a bound substrate. (A) the ATP-bound, open state of Hsp70,
which allows rapid binding and unbinding of the substrate; (B) the ADP-bound, closed state of
Hsp70, with slow binding and unbinding of the substrate. SBD: substrate binding domain. (C)
the structure of the Hsp40 cochaperone, including CTD that can bind to exposed hydrophobic sites
on a substrate and the J domain that can stimulate the ATP hydrolysis of Hsp70. (D) An Hsp70
bound to a misfold-tending substrate molecule with many exposed hydrophobic sites is likely to be
in proximity to an Hsp40 bound to the same substrate molecule, thus the Hsp70 will be stimulated in
ATP hydrolysis, which drives the Hsp70 to its ADP-bound, closed state. (E) An Hsp70 bound to a
native-tending substrate molecule with few exposed hydrophobic sites is unlikely to have a nearby
Hsp40 and thus unlikely to be stimulated in ATP hydrolysis, and nucleotide exchange drives the
Hsp70 toward its ATP-bound, open state.

As a result of this symmetry breaking, an Hsp70 bound to a substrate in the misfold-
tending conformation is more likely to be closed than one bound to a substrate in the
native-tending conformation. Thus, a substrate is on average more quickly released from
the Hsp70 if it is in the native-tending conformation than if it is in the misfold-tending
conformation. This difference biases the substrate toward the native conformation [30].

3.1.4. Hsp70 and Hsp90 Perform Non-Equilibrium Folding by Preferentially Releasing
Substrate Proteins in Native-Tending Conformations

The cochaperone Cdc37 helps break symmetry Condition 2 in Hsp90-mediated kinase
activation. The cochaperone Hsp40 helps break symmetry Condition 3 in Hsp70-mediated
protein folding. Despite breaking different symmetries, Hsp70 and Hsp90 share the same
kinetic consequence: both chaperones release a bound substrate in the native-tending (F)
conformation faster than a bound substrate in the misfold-tending (U) conformation.
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To see how this kinetic asymmetry promotes the native concentration, consider first a
system in which the symmetry conditions are satisfied (Figure 4A). A substrate in the U
conformation binds to the chaperone faster than a substrate in the F conformation. As a
result, the reactive flux through the ATP-driven cycle of a chaperone bound to a substrate
in the U conformation is higher than that through the cycle of a chaperone bound to a
substrate in the F conformation. However, kinetic symmetry ensures that, at the steady
state, the flux of U binding to the chaperone is the same as the flux of U unbinding from
the chaperone; the same holds true for F binding to and unbinding from the chaperone,
and there is no net flux between U and F. Under the symmetry conditions, there are two
parallel, independent chaperone cycles with respective reactive fluxes:

JS+Hsp = (S→ S ·Hsp→ S · {states of Hsp · · · } → S ·Hsp→ S) for S = U, F, (44)

and
JU+Hsp > JF+Hsp (45)
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Figure 4. Reactive flux in chaperone-mediated non-equilibrium protein folding. (A) Under the
symmetry conditions, there are two independent ATP-driven chaperone cycles: one with a higher
reactive flux for a substrate in the misfold-tending (U) conformation (left) and one with a lower
reactive flux for a substrate in the native-tending (F) conformation (right). There is no net flux
between the substrate’s two conformations, and the ratio [F]/[U] is the same as its chaperone-free
equilibrium value. (B) Cochaperones break the kinetic symmetry. The release of a substrate in the U
conformation from the chaperone is inhibited: Cdc37 assists Hsp90 with retaining the substrate and
Hsp40 stimulates ATP hydrolysis and closure of Hsp70. This restricts the reactive flux to release a
substrate in the U conformation, forcing a partial diversion of the flux to the conformation conversion
from U ·Hsp to F ·Hsp and resulting in a net reactive flux of U → U ·Hsp→ F ·Hsp→ F → U (red
cycle), which elevates the ratio [F]/[U] above its chaperone-free equilibrium value.

However, there is no net flux between U and F:

JUF = kU→F[U]− kF→U [F] = 0 (46)

266



Biomolecules 2022, 12, 832

Thus, the ratio between F and U is unchanged from the chaperone-free equilibrium:

[F]
[U]

=
kU→F
kF→U

= KUF =
[F]eq

[U]eq
(47)

Symmetry breaking disrupts the independence between this pair of chaperone cycles.
The release of a substrate in the U conformation from the chaperone is inhibited: in the
case of Hsp90, Cdc37 helps the chaperone retain the bound client kinase; in the case of
Hsp70, Hsp40-stimulated ATP hydrolysis and closure in Hsp70 diminish the reactive flux
to re-open the chaperone (Figure 4B). This forces part of the reactive flux in JU+HSP after
the binding of the substrate to be diverted into the reactive flux of conformation conversion
in the bound substrate:

JU·Hsp→F·Hsp > 0 (48)

This in turn leads to a corresponding increase in the reactive flux of the chaperone’s
release of the substrate in the F conformation, which increases [F] such that

[F]
[U]

>
[F]eq

[U]eq
(49)

Thus, symmetry breaking biases the substrate toward the native-tending conformation
and elevates the native concentration.

3.1.5. The Potential Role of Sequential Hydrolyses of Multiple ATPs in the Chaperone Cycle

Breaking symmetry Condition 4 permits a net reactive flux along the following path
that promotes the native-tending conformation F over the misfold-tending conformation U:

U
+Hspopen−−−−−→ U ·Hspopen|closed

ATP→ADP+Pi−−−−−−−−→ U ·Hspclosed → F ·Hspclosed

ATP→ADP+Pi−−−−−−−−→ F ·Hspopen

−Hspopen−−−−−→ F
(50)

A non-zero net flux of U · Hspclosed → F · Hspclosed does not violate thermody-
namic cycle closure in this case because the reaction cycle in Equation (17) is no longer
reversible—ATP hydrolysis occurs and chemical energy is consumed in that cycle—and
thus Equations (18) and (19) no longer hold.

To break symmetry Condition 4, at least one closed state of the chaperone must be
separated from all the open states by ATP hydrolysis. This requires at least two ATP to
be hydrolyzed sequentially—not synchronously—per chaperone cycle, and the substrate
has to change conformation between two ATP hydrolyses. Examples include Hsp90 that
hydrolyzes two ATP molecules sequentially in its cycle [60] and the group II chaperonins
in eukaryotes—such as TRiC/CCT—that hydrolyzes up to eight ATPs sequentially [61,62].
The role of such sequential ATP hydrolysis—and the consequent symmetry breaking of
Condition 4—in non-equilibrium protein folding is an open question.

3.2. An Upper Bound of Non-Equilibrium Protein Folding and Its Implications

Having established the symmetry breaking requirements for non-equilibrium folding,
I now derive an upper bound on the folding capacity of an ATP-driven chaperone. The key
result is

[N] <
KN

KMK−1
F

(
1 + ka,U [O]

kU→F

)−1
+ K−1

F max(1, α)−1 + 1 + KN

P0 (51)

where [O] is the concentration of free chaperone in the open state, the equilibrium constants
KN , KM, and KF, the kinetic rate constants kU→F and ka,U , and their corresponding reactions
are summarized in Table 1, and

α ≡ kU→F,C

kU→F
(52)
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is an acceleration factor to indicate any potential rate change in conformation conversion
when the substrate is bound to the closed chaperone. The proof of Equation (51) is given in
Section 2.2 of Methods and Materials.

Equation (51) gives a general upper bound applicable to any ATP-driven chaperone.
The folding capacity of a specific type of chaperone needs to be calculated by detailed
models [30,31], but it cannot exceed that given by Equation (51). This result allows an
analysis of the common key factors in non-equilibrium folding without considering the
mechanistic details of specific chaperones.

Introducing a combined equilibrium constant for the reaction U
K̃F−⇀↽− (F + N)

K̃F ≡
[F]eq + [N]eq

[U]eq
= (1 + KN)KF (53)

The upper bound in Equation (51) can be written as

[N] <
1

KMK̃−1
F

(
1 + ka,U [O]

kU→F

)−1
+ K̃−1

F max(1, α)−1 + 1
· KN

1 + KN
P0 (54)

Compare this to the native concentration in the chaperone-free equilibrium

[N]eq = KN
KMK−1

F +K−1
F +1+KN

P0

= 1
KMK̃−1

F +K̃−1
F +1

· KN
1+KN

P0
(55)

The non-equilibrium gain factor is thus bounded by

g =
[N]

[N]eq
<

KMK̃−1
F + K̃−1

F + 1

KMK̃−1
F

(
1 + ka,U [O]

kU→F

)−1
+ K̃−1

F max(1, α)−1 + 1
(56)

3.2.1. Chaperones Bind to Unstable Intermediate Conformations of Substrates to Drive
Non-Equilibrium Folding

An implication of Equation (56) is that ATP-driven chaperones must bind to an inter-
mediate unfolded conformation (U) of the substrate, not to the misfolded conformation
(M) itself, to perform non-equilibrium folding, unless the conformation conversion of a
substrate is accelerated when bound to the chaperone (i.e., kU→F,C > kU→F hence α > 1).
This can be demonstrated by contradiction. If the substrate does not have an interme-
diate misfold-tending conformation and the chaperone directly binds to the misfolded
conformation, i.e., M and U are the same, Equation (51) reduces to (by setting KM = 0)

[N] <
(

K̃−1
F max(1, α)−1 + 1

)−1
· KN

1 + KN
P0 (57)

and the upper bound of the non-equilibrium gain factor becomes

g <
K̃−1

F + 1

K̃−1
F max(1, α)−1 + 1

(58)

In the absence of a mechanism for the substrate to accelerate its conformation conver-
sion when it is bound to the chaperone (α ≤ 1), g ≤ 1, the chaperone cannot elevate the
native concentration.

To my knowledge, accelerated folding of protein substrates when bound to a chaper-
one has only been reported for the GroEL/GroES chaperonins [43,63–67]. In general, steric
hindrance from the chaperone is more likely to impede rather than to accelerate confor-
mation conversions in a bound substrate; this impedance was observed for the rhodanese
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protein trapped in GroEL/GroES by a single-molecule experiment [68]. For Hsp90 and
Hsp70, there has not been any experimental demonstration that a substrate exhibits faster
conformation conversions when bound to the chaperone than when free in the solution.
This suggests that chaperones, with the potential exceptions of chaperonins, must bind to
intermediate unfolded conformations of the substrate proteins to drive non-equilibrium
protein folding.

Assuming α ≤ 1, the upper bound on the non-equilibrium gain factor becomes

g < gmax =
KM
(
K̃F + 1

)−1
+ 1

KM
(
K̃F + 1

)−1
(

1 + ka,U [O]
kU→F

)−1
+ 1

(59)

For the gain factor to substantially exceed 1, the following must be true:

KM
(
K̃F + 1

)−1 � 1 =⇒ KM � 1 (60)

Equation (60) implies that the intermediate conformation U to which the chaperone
binds must be intrinsically unstable, and it will predominantly convert to the misfolded
conformation M in the absence of the chaperone. This result is intuitive: if the chaperone
binds to a dominant conformation of the substrate, it will trap a substantial fraction of the
substrate and hinder its folding to the native structure. As a result, the chaperone will be
unable to elevate the native concentration. The difficulty to observe the chaperone-binding
conformations in biophysical experiments [69] attests to their transiency.

3.2.2. Chaperones Stabilize the Native Structures of Slow-Folding Proteins

Non-equilibrium folding also requires, as implied by Equation (59) and g� 1,

ka,U [O]

kU→F
� 1 ⇐⇒ kU→F � ka,U [O] (61)

Taken together, Equations (60) and (61) suggest that chaperones stabilize the native
structures of slow-folding proteins. Assuming the binding rate constant to be on the order
of ka,U ∼ 106 /M/s, the spontaneous (i.e., without chaperones) refolding rate of the protein,
which is approximately K−1

M kU→F, should be much slower than 1 /s to admit effective
non-equilibrium folding by chaperones at a concentration of [O] ∼ 1 µM.

3.2.3. ATP-Driven Chaperones Buffer Destabilizing Mutations

About 18% of protein molecules in the cell harbor at least one missense mutation due
to errors in translation [70]. In addition, proteins incur mutations due to germline and
somatic gene polymorphism [71]. Given that about 30–40% of random substitutions disrupt
protein functions [72,73], most probably by loss-of-folding [74,75], it is likely that many
cellular protein molecules have compromised thermal stability and the native structures
of some will not be the free energy minima. ATP-driven chaperones may buffer such
destabilizing mutations [76,77] and maintain the native concentrations of these proteins by
non-equilibrium folding [30].

The missense mutations may alter one or more of the transition rates and the equi-
librium constants in protein folding dynamics: e.g., it may decrease the thermal stability
of the protein by increasing KM, decreasing kU→F or increasing kF→U (hence decreasing
KF = kU→F/kF→U), or decreasing KN . Assuming α ≤ 1 as discussed above, the maximum
native concentration mediated by a chaperone is

[N]max = gmax[N]eq

= 1

KM(K̃F+1)−1
(

1+ ka [O]
kU→F

)−1
+1

1
1+K̃−1

F

KN
1+KN

P0
(62)
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Equation (62) suggests that the capacity of ATP-driven chaperones to buffer a destabi-
lizing mutation depends on both the wild-type substrate’s folding kinetics and how the
mutation alters the kinetic parameters (Figure 5). For instance, chaperones may be more
effective in buffering mutations that slow down the transition from the misfold-tending
conformation (U) to the native-tending conformation (F)—i.e., decreasing kU→F by e.g., sta-
bilizing the U conformation—than mutations that destabilize the native state by decreasing
KN . Such differential buffering may play a role in selecting tolerated genetic variations and
shaping their consequences in human disease [78].

Figure 5. The capacity of ATP-driven chaperones to maintain elevated native fractions in response to
destabilizing mutations in a protein substrate. The kinetic parameters of the wild-type protein are
KM = 102, KF = 10, KN = 102, kU→F = 0.1 s−1, and ka = 106 M−1 · s−1; the concentration of the
open chaperone is set to [O] = 1 µM.

4. Discussion

Breaking the symmetry Conditions 1–4 is necessary but on its own is insufficient
for non-equilibrium folding. g > 1 often requires both substantial deviation from the
symmetry conditions and other enabling kinetic conditions, as exemplified by Equation (56).
Detailed mechanistic models [30,31] are needed to quantitatively predict the extent of non-
equilibrium folding. Nonetheless, these symmetry conditions can help assess whether a
proposed mechanism of chaperone function will imply non-equilibrium folding.

Unlike equilibrium protein folding, the native yield of non-equilibrium protein folding
depends not only on the equilibrium constants but also on the kinetic parameters of the fold-
ing reactions and the chaperone cycle. The native concentration of a substrate may change
in response to the modulation of the step-wise kinetics of the chaperone cycle [30,31,79] by
cochaperones [80], by mutations [81,82] and post-translational modifications [83,84] in the
chaperones, and by pharmacological molecules [85]. Such modulations may be used by the
cell to regulate proteostasis. They may also offer therapeutic opportunities.

Given both the theoretical models and the experimental evidence suggesting that
ATP-driven chaperones can stabilize the native or active structures of substrate proteins
out of the thermal equilibrium, Anfinsen’s hypothesis does not need to be true for protein
folding in cells. ATP-driven chaperones may not only kinetically accelerate the folding of
proteins to thermodynamically stable native structures, but also actively fold some proteins
to native structures that are thermodynamically unstable.

Most proteins have evolved to be marginally stable [86,87]. If ATP-driven chaperones
can indeed buffer destabilizing mutations and maintain the native structures and functions
of unstable mutants, as discussed in Section 3.2.3, it is then plausible that the native struc-
tures of some proteins may have become thermodynamically unstable as a consequence of
this chaperone-buffered evolution. They may not stay folded on their own, but depend on
the energy-consuming chaperones to maintain their native structures.
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How many proteins in a cell take exception to Anfinsen’s hypothesis and depend
on non-equilibrium folding by a particular ATP-driven chaperone? Emerging proteomics
techniques may help answer this question. For example, cell lysates may be subject to
proteolytic digestion [88] and the resulting products analyzed by mass spectrometry (MS),
identifying proteins with permissible digestion sites, which approximately reflect their
state of folding [89]. This proteolysis-MS assay may be repeated for lysates incubated
with chaperone inhibitors [90,91] or chaperone agonists [85]. Proteins more susceptible to
proteolysis in the presence of chaperone inhibitors—and less susceptible in the presence of
chaperone agonists—are candidates that may depend on the chaperone for non-equilibrium
folding to their native structures. The lysates should be incubated in the presence of protein
synthesis inhibitors so that the analysis can isolate the chaperone’s effects on maintaining
the native structures of its substrates from its effects on the folding of their nascent chains;
the former demonstrates non-equilibrium stabilization of thermodynamically unfavorable
native structures while the latter may be attributable to kinetic acceleration of protein
folding. This analysis may be more applicable to GroEL/GroES and Hsp70 than to Hsp90
because the latter mediates the late-stage folding and activation of its substrates [33,92],
which may not be associated with significant changes in the protein disorder detectable by
the proteolysis-MS assay.

Implications for Protein Native Structures and Their Folding Pathways

My model of non-equilibrium protein folding and activation suggests the tantalizing
possibility that ATP-driven chaperones may play a role in shaping the native structures of
some proteins. Consistent with a previous experimental demonstration that chaperones
alter the folding pathway of a substrate protein [93], my model implies that an ATP-driven
chaperone may bias a substrate protein to fold along pathways that expose few cochaperone
binding sites during folding, with consequences for the resulting structures.

Consider two conformations M and N of a substrate protein, where M is the free
energy minimum but associated with a folding pathway inhibited by the chaperone, and N
has a higher free energy but can be reached through a folding pathway uninhibited by the
chaperone (Figure 6). The protein will fold into its free energy minimum conformation M
in the absence of the chaperone, but, if the chaperone-induced pathway bias is sufficiently
strong, it will fold into the alternative conformation N in the presence of the chaperone.
Note that M can be an ensemble of rapidly inter-converting conformations, such as in
intrinsically disordered proteins (IDP) or intrinsically disordered protein regions [94–98].
Can ATP-driven chaperones fold some IDPs into well-ordered structures?

It has been proposed that some proteins may fold into native structures that are
more kinetically accessible than conformations of the lowest free energy [99]. Indeed,
experimental observations have been reported that synonymous codon substitutions re-
sult in conformational changes in the translated proteins, due to kinetic changes in the
co-translational folding of the nascent chain on the ribosome [100–103]. These results are
consistent with the idea that the native structures of some proteins may be determined by
kinetics rather than thermodynamics. One implication is that the solution to the structure
prediction problem for such proteins in cell may depend on the solution to the protein fold-
ing problem, and in-cell protein folding may be an active, energy-dependent process [104].
Predicting the cellular conformation of these proteins—in the presence of ATP-driven
chaperones—may require the search for folding pathways that limit the exposures of
cochaperone-binding, e.g., hydrophobic, sites.
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Figure 6. An ATP-driven chaperone (Hsp) may favor the protein folding pathway that exposes few
cochaperone binding sites and drive the protein to a different conformation (N) than its most stable
conformation (M) in the absence of the chaperone.

5. Conclusions

In this work, I have proposed a theoretical framework to analyze non-equilibrium
protein folding by ATP-driven chaperones. The symmetry breaking conditions may help
determine whether a chaperone—by a proposed mechanism of action—can convert the
energy from ATP hydrolysis to the out-of-equilibrium stabilization of the native structures
of its substrate proteins. I have discussed how Hsp70 and Hsp90 may have broken different
symmetries and how the symmetry breaking enables them to perform non-equilibrium
protein folding and activation. My models predict that some proteins may fold to native
structures that do not correspond to the free energy minima, and that their native structures
may be shaped by the chaperone-mediated folding pathways. These predictions may be
tested by experiments, some of which I have suggested above.
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Abstract: Heat shock protein 90 (Hsp90) is one of the major guardians of cellular protein homeostasis,
through its specialized molecular chaperone properties. While Hsp90 has been extensively studied in
many prokaryotic and higher eukaryotic model organisms, its structural, functional, and biological
properties in parasitic protozoans are less well defined. Hsp90 collaborates with a wide range of
co-chaperones that fine-tune its protein folding pathway. Co-chaperones play many roles in the
regulation of Hsp90, including selective targeting of client proteins, and the modulation of its ATPase
activity, conformational changes, and post-translational modifications. Plasmodium falciparum is
responsible for the most lethal form of human malaria. The survival of the malaria parasite inside the
host and the vector depends on the action of molecular chaperones. The major cytosolic P. falciparum
Hsp90 (PfHsp90) is known to play an essential role in the development of the parasite, particularly
during the intra-erythrocytic stage in the human host. Although PfHsp90 shares significant sequence
and structural similarity with human Hsp90, it has several major structural and functional differences.
Furthermore, its co-chaperone network appears to be substantially different to that of the human
host, with the potential absence of a key homolog. Indeed, PfHsp90 and its interface with co-
chaperones represent potential drug targets for antimalarial drug discovery. In this review, we
critically summarize the current understanding of the properties of Hsp90, and the associated co-
chaperones of the malaria parasite.

Keywords: Plasmodium falciparum; heat shock proteins; cytosolic Hsp90; ATPase; co-chaperones;
client proteins

1. Introduction

To combat cellular stress, an elevated expression of chaperones, many of which are
heat shock proteins, is observed [1]. In eukaryotes, heat shock protein 90 (Hsp90) and heat
shock protein 70 (Hsp70) are the most prominent chaperone families. Together, Hsp90
and Hsp70 collaborate to ensure protein homeostasis by capturing client proteins and
facilitating productive folding [2]. Hsp90 has essential functions in cell growth and differ-
entiation, apoptosis, signal transduction, and cell–cell communication [3]. Hsp90 isoforms
exist in organisms ranging from bacteria (where it is known as HtpG) to protozoa to higher
eukaryotes. Although Hsp90 is not essential for cell survival in the bacterium Escherichia
coli, it is important for the survival of Shewanella oneidensis under heat stress [4]. It is indis-
pensable for viability in the yeast Saccharomyces cerevisiae [5], while in higher eukaryotes the
Hsp90β, but not the Hsp90α, isoform is essential for survival [6–9]. Hsp90 plays a central
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role in many cellular networks, along with buffering environmental conditions to promote
evolutionary fitness [10].

Plasmodium falciparum is responsible for the most lethal form of human malaria, taking
627,000 lives worldwide in 2020 [11]. Infection begins with a female mosquito injecting
sporozoites into human blood. Following the mosquito’s ‘blood meal’, the successful
colonization of the liver by sporozoites initiates the parasite life cycle in humans, followed
by erythrocyte invasion, which accounts for the pathology of malaria [12,13]. The devel-
opment of sporozoites takes place within hepatocytes, where they mature into schizonts
and then merozoites, which are released and rapidly invade erythrocytes [13,14]. The
intra-erythrocytic stage results in alterations of the infected host cells that cause them to
adhere to the cell walls of capillaries, thereby preventing them from clearing through the
spleen. This structural change poses a risk for the human host, since clusters of infected
erythrocytes can create a blockage in blood circulation. After the intra-erythrocytic stage,
the gametocyte-infected stage develops, which can infect the mosquito upon blood inges-
tion [12]. The motile ookinetes penetrates the midgut wall of the mosquito, developing
into “oocysts”. These cysts then release sporozoites, which migrate to the mosquito’s
salivary glands and can again infect the human host [12]. During the intra-erythrocytic
stage, high temperatures are induced and, therefore, parasite proteins and membranes
require cytoprotection for the maintenance of their integrity [15]. Survival of the malaria
parasite inside the host and the vector depends on the action of molecular chaperones. The
emergence of resistance to the most commonly used antimalarial drugs, coupled with the
difficulty in producing an effective vaccine, resulted in an urgent need to develop drugs
targeted against novel chemotherapeutic targets [16–18].

There is evidence from saturation-scale mutagenesis screening that all the Hsp90
genes of the malaria parasite are essential [19]. Furthermore, the major cytosolic P. fal-
ciparum Hsp90 (PfHsp90) is highly expressed during the intra-erythrocytic stage of the
parasite life cycle, induced by stress, and plays an essential role in parasite survival and
development [7]. Using in vitro cell culture studies, geldanamycin (GA) was found to be
highly effective at inhibiting the growth of parasite-infected erythrocytes, and causing
an arrest at the ring stage [7,20]. Assuming that PfHsp90 was the primary target of GA,
these findings suggest that PfHsp90 plays an important role in malaria parasite growth
in erythrocytes [7,20]. In addition, given that transition from early ring to metabolically
active trophozoites is regulated by temperature changes, PfHsp90 was also proposed as
a major player in the malaria parasite’s response to heat shock, and the establishment
of infection in erythrocytes [21,22]. Indeed, frequent febrile episodes elevate the level of
PfHsp90 expression, and GA inhibition studies suggest that PfHsp90 assists in malaria
parasite survival during febrile episodes [23,24]. Interestingly, PfHsp90 is also shown to be
essential for liver stage development [25]. Overall, these findings suggest that PfHsp90 is
an ideal anti-malaria drug target.

2. Hsp90: Chaperone Activity and Its Conformational Changes

Cytosolic Hsp90 architecture is conserved from bacteria to humans with slight mod-
ifications, which are critical for functional differences between Hsp90 paralogs and or-
thologs [26]. The most common structural feature of all Hsp90 homologs is the presence of
an N-terminal nucleotide-binding domain (NTD), along with a C-terminal domain (CTD)
and a middle domain (MD) [27] (Figures 1 and 2; Protein Data Bank [PDB] identification
[ID] codes: 5FWK and 5FWM). Hsp90 functions as a molecular machine to capture and
promote the folding of client proteins through conformational changes regulated by AT-
Pase activity and protein–protein interactions [28]. ATP binds the Hsp90 NTD, and ATP
hydrolysis is catalyzed by the NTD and MD. The NTD and MD are joined by a charged
linker sequence, which is important for inter-domain communication during chaperone
activity [29].
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clients from Hsp70 by binding simultaneously to Hsp70 and Hsp90), to form the intermediate com-
plexes. Hop is conserved in Plasmodium falciparum (PfHop, PF3D7_1434300). Kinase clients require 
the kinase-specific co-chaperone Cdc37; however, a Cdc37-encoding gene has not been identified in 
the P. falciparum genome. On ATP binding, Hsp90 undergoes N-terminal dimerization, and the cli-
ent protein associates with the middle domain of Hsp90. Bindings of other co-chaperones, including 
peptidyl-prolyl cis–trans isomerases (PPIase) and protein phosphatase 5 (PP5), associate to form the 
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Figure 1. Regulation of the Hsp90 chaperone cycle by co-chaperones. Progression of client proteins
through the Hsp90-mediated chaperone folding pathway is regulated by co-chaperones, which act
at defined stages in the cycle. Co-chaperones may regulate Hsp90 association with clients, ATPase
activity, conformational changes, and post-translational modifications. When inactive, Hsp90 is
constitutively dimerized at the C-terminus but not the N-terminus. Entry of client proteins is fa-
cilitated by co-chaperones including the Hsp70/Hsp90 organizing protein Hop, which regulates
transfer of clients from Hsp70 by binding simultaneously to Hsp70 and Hsp90, to form the inter-
mediate complexes. Hop is conserved in Plasmodium falciparum (PfHop, PF3D7_1434300). Kinase
clients require the kinase-specific co-chaperone Cdc37; however, a Cdc37-encoding gene has not been
identified in the P. falciparum genome. On ATP binding, Hsp90 undergoes N-terminal dimerization,
and the client protein associates with the middle domain of Hsp90. Bindings of other co-chaperones,
including peptidyl-prolyl cis–trans isomerases (PPIase) and protein phosphatase 5 (PP5), associate
to form the asymmetric Hsp90 complexes. The P. falciparum genome encodes a PP5 isoform (PfPP5,
PF3D7_1355500) and multiple PPIase isoforms (PfFKBP35, PF3D7_1247400; PfCns1, PF3D7_1108900;
and PfCyp40, PF3D7_1111800). These co-chaperones regulate the post-translational modification and
maturation of Hsp90 complexes. Early co-chaperones subsequently dissociate from the complex to be
replaced by p23, which stabilizes the late closed Hsp90 complex and the client within the complex,
and inhibits ATPase activity. Two homologs of p23 are encoded in the P. falciparum genome (Pfp23A,
PF3D7_1453700; and Pf23B, PF3D7_0927000). ATP hydrolysis is stimulated by binding of Aha1,
resulting in release of the client protein and a return of Hsp90 to the inactive conformation. The
P. falciparum genome encodes a single Aha1 isoform (PfAha1, PF3D7_0306200). Image created with
BioRender.com.

The MD also carries the binding site for Hsp90 clients and co-chaperones. The CTD
allows the constitutive dimerization of Hsp90 through two C-terminal helices forming a
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four-helix bundle [30,31]. One of the most prominent features of Hsp90 chaperone activity is
the formation of a V-shape dimer, which helps in the transient N-terminal dimerization that
is required for ATP hydrolysis [32] (Figure 1). A C-terminal MEEVD motif is present in all
cytosolic Hsp90 paralogs, and is the main site of binding to tetratricopeptide repeat (TPR)-
containing co-chaperones [33]. Co-chaperones of eukaryotic Hsp90s typically out-number
their respective chaperones, forming complexes with Hsp90 and their client proteins, to
promote efficient protein folding and fine-tuning chaperone functions to maintain cellular
homeostasis (Figure 1). Consequently, new approaches to inhibit the function of the
Hsp90 complex have focused on the disruption of protein–protein interactions with co-
chaperones [34].

Hsp90 modulates the stability of several essential cellular proteins, and is a conserved
regulator of key protein kinases and nuclear receptors that control the cell cycle and signal
transduction events [35–37]. The NTD is rich in β-strands and forms a nucleotide-binding
pocket sharing a Bergerat fold with members of the GHKL superfamily (gyrase subunit B
[GyrB], histidine kinase, and DNA mismatch repair protein MutL) [38]. This domain can
be inhibited competitively by small molecule inhibitors, which target the ATP binding site
and, as such, compete with ATP for binding [38–40]. The NTD and MD of Hsp90 undergo
key conformational changes, bringing the γ-phosphate of ATP closer to key residues in the
MD (e.g., Arg380 in yeast Hsp82), which triggers ATP hydrolysis [41]. Also, Hsp90 has
a much higher affinity for ADP than ATP, suggesting that it requires a threshold cellular
ATP:ADP ratio for ATPase activity [39,42,43]. In general, all Hsp90s bound to ATP can
associate with unfolded/partially folded client proteins. Subsequently, the lid region closes
over the ATP binding pocket, and the NTD dimerizes, adopting a closed conformation.
The association of the MD in the Hsp90 dimer alters the position of the MD catalytic loop
promoting ATP hydrolysis (Figure 1). Upon ATP hydrolysis, the client protein is released to
fold spontaneously [2]. The Hsp90 homodimer returns to the unbound open conformation,
and is primed for subsequent rounds of ATP hydrolysis and protein folding [38].

3. P. falciparum Hsp90s

The P. falciparum genome contains four Hsp90 genes, encoding the following PfHsp90
proteins: PfHsp90 (cytosol; PF3D7_0708400), PfTrap1/PfHsp90_M (mitochondrion; PF3D7_
1118200), PfGrp94 (endoplasmic reticulum; PF3D7_1222300), and PfHsp90_A (apicoplast;
PF3D7_1443900) [44]. Low resolution structural studies suggest that PfHsp90 exists in
solution as elongated and flexible dimers [37] (Figure 2). While PfHsp90 shares significant
sequence and structural similarity with its eukaryotic homologs, particularly cytosolic
human Hsp90β (hHsp90), and contains all the characteristic domains (NTD, charged linker
region, MD, CTD, and C-terminal dimerization domain ending in a MEEVD motif), it
has several key structural and functional differences [45–47] (Figure 2). In particular, the
ATP-binding pocket of PfHsp90 is more hydrophobic, constricted, and basic, relative to
hHsp90 [48]. Biochemical studies on PfHsp90 report that, in comparison to hHsp90, it binds
ATP with higher affinity (by 30%), is a more active ATPase (with six-fold higher activity),
and has significantly higher catalytic efficiency (kcat/Km of 16.2 × 10−5 min−1 µM−1) [49].
While basal ATPase kinetics and, ultimately, the speed of the chaperone cycle are important
factors, they are not sufficient for efficient client protein folding by Hsp90 [50,51]. There
is evidence that the dwelling time between the open and closed conformations of Hsp90
is critical to ensuring appropriate client protein interaction [50] (Figure 1); and, hence,
more detailed biophysical studies are required on PfHsp90. Interestingly, PfHsp90 has
a highly (negatively) charged, flexible linker region that is substantially longer than that
of hHsp90 [52]. Domain swapping experiments introducing the charged linker from
PfHsp90 into yeast or human Hsp90 lead to chimeric proteins, which support viability
in yeast but have reduced ATPase activity, and reduced interaction with client proteins
and some co-chaperones [52]. It remains to be determined how the intrinsic biochemical
properties of PfHsp90 are regulated by different client proteins and their associated co-
chaperones. Nevertheless, these initial biochemical findings suggest that the PfHsp90
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chaperone cycle may be capable of rapid client protein turnover, which would be highly
advantageous to parasite survival under the stressful conditions experienced in the human
host. Furthermore, these unique architectural and biochemical features of PfHsp90 suggest
that it is a prime drug target for structure-based anti-malarial drug discovery [53].
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Figure 2. Domain organization and structural view of hHsp90β and PfHsp90. (A). Domain organiza-
tion of hHsp90β (top) and PfHsp90 (bottom). Structure of full-length dimeric (B). hHsp90β and (C).
PfHsp90 proteins as cartoons. ATP bound to the N-terminal domain (NTD) is shown as red spheres.
The two Hsp90 monomers in the models are colored purple and blue. (D). hHsp90β and (E). PfHsp90
NTD as surface. The surface (with 60% transparency) is colored according to element type and it also
depicts the arrangement of secondary structure elements (red color) as cartoons. The bound ATP
molecule is represented as sticks, colored according to the element type. Full-length 3D structures of
hHsp90β and PfHsp90 were modeled with SWISS-MODEL (SWISS-MODEL: homology modelling
of protein structures and complexes. Available online: https://swissmodel.expasy.org/ [accessed
on 12 June 2022]) using PDB files 5FWK and 5FWM, respectively, as templates. NTD: N-terminal
domain; L: linker region; MD: middle domain; and CTD: C-terminal domain. Element coloring
scheme uses red, blue, grey, and yellow for oxygen, nitrogen, carbon, and phosphorous, respectively.
Images for 3D structures were rendered using UCSF Chimera 1.10.1 (UCSF Chimera—a visualization
system for exploratory research and analysis. Available online: https://www.cgl.ucsf.edu/chimera/
[accessed on 12 June 2022]), while the linear domain layout image was rendered using IBS 1.0
(IBS: an illustrator for the presentation and visualization of biological sequences. Available online:
http://ibs.biocuckoo.org/ [accessed on 12 June 2022]).
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While co-chaperones of hHsp90 are extensively studied [53], and informed anti-cancer
drug discovery [34], there are relatively few studies on PfHsp90 co-chaperones. Increasing
our understanding of how PfHsp90 and its co-chaperones interact would greatly assist the
development of novel anti-malarial therapies. Table 1 provides a comparison of the known
co-chaperones of PfHsp90 to those of hHsp90, and in the following sections these proteins
are explored in further detail.

Table 1. Co-chaperones of Hsp90 in Homo sapiens and Plasmodium falciparum.

Humans P. falciparum Known Functions References

Hop PfHop
(PF3D7_1434300)

Early stage co-chaperone; binds
Hsp90 at C-terminus; adaptor for

Hsp70 and Hsp90; inhibits
ATPase activity

[54,55]

Tah1 PfRPAP3/PfTah1
(PF3D7_0213500)

Component of Rvb1-Rvb2-Tah1-Pih1
(R2TP) complex [56]

Pih1 PfPih1
(PF3D7_1235000)

Component of Rvb1-Rvb2-Tah1-Pih1
(R2TP) complex [56]

Cyp40 PfCyp40
(PF3D7_1111800 Peptidyl prolyl-cis/trans-isomerase [57]

FKBP38 PfFKBP35
(PF3D7_1247400) Peptidylprolyl-cis/trans-isomerase [58,59]

TTC4 PfCns1
(PF3D7_1108900)

TTC4 is known for its interaction
with cyclophilin; activated ATPase

activity of Hsp70 by binding at
TPR domain

[57,60]

p23

Pfp23A
(PF3D7_1453700)

Pfp23B
(PF3D7_0927000)

Late stage co-chaperone, stabilizes
closed Hsp90 confirmation; inhibits

ATPase activity of Hsp90
[61,62]

Aha1 PfAha1
(PF3D7_0306200)

Potent ATPase activator of Hsp90;
promotes client maturation [57,63]

PP5 PfPP5
(PF3D7_1355500) Phosphatase activity [64,65]

Sgt1 PfCBP
(PF3D7_0933200) Kinetochore assembly [66]

Cdc37 Not found
Early stage co-chaperone;

kinase-specific co-chaperone and
inhibits ATPase activity of Hsp90

[67]

4. PfHop (Hsp70–Hsp90 Organizing Protein; PF3D7_1434300)

As in other eukaryotes, the PfHsp70 and PfHsp90 protein folding pathways intersect
to facilitate the folding of key proteins involved in diverse cellular pathways [22,46]. The
interaction between Hsp70 and Hsp90 is regulated by Hop, which has been extensively
characterized in the human system [68]. Both Hsp70 and Hsp90 possess C-terminally
located EEVD motifs that interact with Hop via its multiple TPR domains [33]. Hop is
not required for chaperone-mediated protein folding by Hsp70 and Hsp90 [69], but rather
plays an important regulatory role for progression of client proteins through the chaperone
cycle [70] (Figure 1). Of the six Hsp70-like proteins encoded by the P. falciparum genome,
only the cytosol-nuclear localized chaperone PfHsp70-1 possesses the EEVD motif [71],
which is crucial for interaction between Hsp70 and Hop. A Hop homologue (PF14_0324)
was identified in the P. falciparum genome by Acharya and co-workers [44] (Table 1). Overall
structural conservation was reported in PfHop, with some variations in the TPR regions [54].
Less conserved segments of Hop outside its TPR domains are shown to influence the overall
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conformation of the helical turns of the TPR domains, therefore, imparting unique structural
features to Hop molecules from different species [72]. Immunofluorescence studies show
PfHop to be localized with PfHsp70 and PfHsp90 in the parasite, and PfHsp70-1 complexes
contained both PfHsp90 and PfHop by co-immunoprecipitation analysis [54]. PfHop
co-localizes with the cytosolic chaperones PfHsp70-1 and PfHsp90 at the blood stages
of the malaria parasite, and PfHop is stress-inducible [73,74]. Employing far western,
surface plasmon resonance (SPR) and co-immunoprecipitation studies, a direct interaction
between PfHop and PfHsp70-1 was identified, which was favored in the presence of ADP
rather than ATP [73]. Recent studies on PfHop employing synchrotron radiation circular
dichroism (SRCD) and small-angle X-ray scattering reveal that PfHop is a monomeric and
elongated protein [55]. PfHop is also found to be unstable at temperatures higher than
40 ◦C in comparison to its functional partner, PfHsp70-1, which is known to be stable at
temperatures as high as 80 ◦C [55,75].

5. PfTah1 (TPR-Containing Protein Associated with Hsp90; PF3D7_0213500) and
PfPih1 (Protein Interacting with Hsp90; PF3D7_1235000)

The R2TP complex is an important multiprotein complex involved in multiple cel-
lular process such as snoRNP biogenesis, PIKK signaling, RNA polymerase II assembly,
and apoptosis [56]. Within the R2TP complex, the specialized Pih1 co-chaperone tightly
interacts with Rvb1/Rvb2 and with another specialized co-chaperone Tah1 to form the
R2TP macromolecular complex. The R2TP complex further interacts with Hsp90 to form
the R2TP–Hsp90 complex [56]. A genome-wide screening of P. falciparum led to the iden-
tification of PfPih1 and PfTah1, which associate with PfHsp90 to form the Plasmodium
R2TP–Hsp90 complex [47,56] (Table 1). The R2TP complex plays a vital role in both cancer
cell proliferation in humans and rapid multiplication of P. falciparum [56].

6. Immunophilins: PfCyp40 (Cyclophilin 40/PF3D7_1111800) and PfFKBP35
(FK506-Binding Protein 35/PF3D7_1247400)

Immunophilins are known for their characteristic peptidyl-prolyl cis–trans isomerase
(PPI) activity [76]. Cyclophilin 40 (Cyp40) and FK506-binding proteins (FKBPs) were dis-
covered in 1989 as the major receptors of the immunosuppressive drugs Cyclosporine-A
and FK506 (tacrolimus), respectively [77,78]. PPIs play an accessory role with the Hsp90
protein folding machinery, and are part of diverse intracellular signaling pathways, ranging
from steroid receptors to regulatory tyrosine kinases, critical in cell cycle control [79,80]. In
humans, Cyp40, along with FK506-binding proteins FKBP51 and FKBP52, are also com-
ponents of steroid receptor complexes [81–83]. All three immunophilins (Cyp40, FKBP51,
and FKBP52) have conserved N-termini for immunophilin function and a C-terminal
domain containing TPR motifs involved in protein–protein interaction [83,84]. They all
target Hsp90 through their conserved C-terminal region to form separate steroid receptor
complexes containing Hsp90 (Figure 1). Smith and co-workers (1990) [85] explained the
dynamic model of steroid receptor assembly, in which the high affinity hormone-binding
form of the receptor was regulated through interactions between Hsc70 and Hsp90. The
immunophilins are known to regulate the activity of steroid hormone receptors, and their
interaction depends on the type of steroid hormone receptor to be activated. FKBP51 pref-
erentially interacts with progesterone and glucocorticoid receptor complexes, while Cyp40
tends to accumulate with estrogen receptor complexes [86]. Mining of the P. falciparum
3D7 genome reveals eight putative cyclophilin chaperones with four α-like and four β-like
subunits [87]. No Plasmodium export element (PEXEL) motifs were found in any of the
putative cyclophilins co-chaperones. It was observed that only two have PPIase activity,
but all of them prevent aggregation of a model substrate, and are implicated in heat shock
resistance in P. falciparum [88]. P. falciparum Cyp40 (PfCyp40; Table 1) has a predicted
C-terminal trans-membrane domain and no export signal [81]. Most of the PfCyps are
identified as having no signal peptide and, therefore, would most likely be found in the
parasite cytoplasm [89]. Similar to the mammalian counterpart, two PPIase monomers of
PfCyp40 are predicted to interact with dimeric PfHsp90 [90].
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One of the most highly expressed co-chaperones of hHsp90 across a range of tissues is
FKBP38, a membrane-anchored protein distributed predominantly in mitochondria [91,92].
P. falciparum FKBP35 (PfFKBP35; Table 1), a putative FKBP38 homologue, is shown to be
functional in that it exhibits PPIase activity that is sensitive to inhibition by FK506 and
Rap [93]. Pull-down assays reveal that PfFKBP35 interacts with PfHsp90 through its TPR
domain, suggesting that PfFKBP35 is a co-chaperone of PfHsp90 [94]. There is limited
information on the exact mechanism of inhibitors such as FK506 in the interaction between
PfFKBP35 and PfHsp90. PfFKBP35 itself might be responsible for the antimalarial effects
of FK506 and Rap. Pharmaco-dynamics analysis suggests that both FK506 and Rap have
similar effects on different intra-erythrocytic stages in culture and kinetics of killing or
irreversible growth arrest of parasites [95]. Furthermore, X-ray and NMR crystallography
experiments show slight differences between PfFKBP35 and another human PPI, FKBP12,
which could be critical in the designing of inhibitors that selectively inhibit PfFKBP35 [96].
The structural differences were detected in the β5–β6 segment of the PPIase domain,
where PfFKBP35 contains a conserved cysteine and serine residue at amino acid positions
106 and 109, respectively, instead of a histidine (H87) and isoleucine (I90) residue at
the corresponding position in human FKBP12, which presents as an architectural FKBP
domain. Another study on the design of small molecules, targeting these conserved
C106/C105 and S109/S108 residues in PfFKBP35/Plasmodium vivax FKBP35 (PvFKBP35) to
achieve selectivity, identified a novel ligand D44 (N-(2-Ethylphenyl)-2-(3H-imidazao [4, 5-b]
pyridin-2-ylsulfanyl)-acetamide) with potent inhibitory activity against PfFKBP35 [97]. D44
displays approximately 100-fold higher selectivity towards the inhibition of Plasmodium
FKBPs over human FKBPs (FKBP12 and FKBP52). Structural analysis reveals that the high
selectivity towards Plasmodium FKBPs is attributed to improved proximity between D44
and the conserved C106/C105 and S109/S108 amino acid residues in PfFKBP35/PvFKBP35.
In addition, another study proposed the incorporation of a bulky hydrophobic group at
C-11 of FK506, to induce steric clashes with the residues H87 and I90 in FKBP12, as a
potential strategy for engineering inhibitors that are selective towards PfFKBP35, while
avoiding off-target effects on human FKBP12 [98].

7. Pfp23A (PF3D7_1453700) and Pfp23B (PF3D7_0927000)

The late stage co-chaperone p23 binds to the N-terminal domain of Hsp90, and is
important for promoting the closed client-bound conformation of Hsp90 and inhibiting
ATPase activity [70] (Figure 1). Pfp23, a 34-kDa phosphoprotein, is highly expressed and
phosphorylated in the trophozoite stage of P. falciparum intra-erythrocytic development [99].
GST pull-down assays reveal the role of Pfp23 as a co-chaperone of PfHsp90, and this
chaperone-co-chaperone interaction is dependent on the presence of ATP [61]. This is
similar to the association between Sba1 (p23 yeast homologue) and yeast Hsp90 [100]. More
recently, two small acidic co-chaperones, p23 orthologues, were identified in the P. falciparum
genome [62] (Table 1). It was revealed that Pfp23A and Pfp23B show 13% identity between
themselves, and 20% identity with human p23. It was found that Pfp23A has higher thermal
stability in comparison to Pfp23B, suggesting structural and functional variability [62].
Both Pfp23A and Pfp23B could inhibit PfHsp90 ATPase activity, although Pfp23A was more
effective [62], and although both could prevent aggregation of model substrate proteins
(malate dehydrogenase, citrate synthase, and luciferase), the isoforms showed preferences
for model client proteins [62]. Site-directed mutagenesis experiments by Chua et al. [61]
identified the conserved residues K91, H93, W94, and K96 in Pfp23 as critical for interaction
with PfHsp90. Pfp23 was also found to suppress protein aggregation dependent on to
its C-terminal tail, showing that it has chaperone activity independent of PfHsp90 [61].
In a separate study to screen cancer inhibitors, the anticancer compound gedunin was
identified as a specific inhibitor of p23 [101]. Gedunin binds p23 and abrogates interaction
with Hsp90, resulting in cancer cell death. Although gedunin was previously shown to
inhibit the chaperone function of Hsp90, the precise inhibitory mechanism is unclear, as
gedunin does not bind to the N-terminus or the C-terminus of Hsp90 as most Hsp90-
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specific inhibitors do (e.g., ansamycin antibiotics, radicicol, and novobiocin) [102,103].
In addition, gedunin shows antimalarial activity, which may or may not be related to
its ability to modulate the interaction of Pfp23 and Hsp90 [104]. The presence of two
Pfp23 isoforms with putative functional differences is interesting, and suggests that the
mechanism of stabilization of PfHsp90 late stage complexes differs from that of the human
Hsp90 complex.

8. PfAha1 (Activator of Hsp90 ATPase/PF3D7_0306200)

The Aha1 co-chaperone binds to the MD and stimulates Hsp90 ATPase activity, pro-
moting client protein activation (Figure 1) [105]. PfAha1 was found using split ubiquitin
assays [63] (Table 1). Employing GST pull-down assays, PfAha1 binds PfHsp90 in a manner
dependent on MgCl2 and ATP [63]. PfAha1 competes with Pfp23 to interact with PfHsp90
under similar conditions [57]. In contrast to the Pfp23–PfHsp90 interaction, where Pfp23
has an inhibitory effect on the ATPase activity of PfHsp90, PfAha1 stimulates the ATPase
activity of PfHsp90 [63], consistent with the function of the human homolog [105]. It was
observed by computational modelling that residue N108 in PfAha1 is critical for interaction
with PfHsp90, and the mutation of N108 to alanine leads to reduced stimulation of the AT-
Pase activity of PfHsp90 [63]. The PfAha1–PfHsp90 interaction is likely polar in nature, as
it is disrupted by high salt concentration. PfAha1 most likely plays a role in the maturation
of PfHsp90 client proteins [57]. Furthermore, the presence of PfAha1 suggests that, despite
the higher basal ATPase activity of PfHsp90 compared to hHsp90, client release from late
stage chaperone complexes is still regulated by ATPase stimulation.

9. PfPP5 (Protein Phosphatase 5/PF3D7_1355500)

PP5 is a TPR-containing co-chaperone that regulates the Hsp90 chaperone cycle
through the dephosphorylation of Hsp90 or co-chaperones, such as Cdc37 [106]. Degener-
ate deoxyoligonucleotide primers were used to identify the protein phosphatase protein in
P. falciparum for the first time [107] (Table 1). Sequence analysis reveals that PfPP5 has a
N-terminal TPR domain followed by a Ser/Thr phosphatase sequence at the C-terminal do-
main. The PfPP5 Ser/Thr domain is essential for phosphatase activity, and the TPR domain
of the protein can act as a negative regulator of phosphatase activity. The N-terminal PfPP5
TPR domain is a potential anti-malaria target for the design of selective inhibitors [107].
This is because PfPP5 possesses an unusually long TPR domain with four TPR motifs, as
opposed to the three usually observed in homologs of other species, including human. Us-
ing a PfPP5 antibody, both PfPP5 and PfHsp90 were co-immunoprecipitated, which implies
that PfPP5 may be part of the Hsp90 chaperone complexes, as observed in mammals [64,65].
PP5 and Aha1 are important in many cellular processes in neurodegenerative diseases in
association with Hsp90; therefore, it is important to study this co-chaperone in P. falciparum
to understand its precise mechanism [108].

In yeast, Ppt1 (PP5 homologue) is demonstrated to specifically dephosphorylate
Hsp82 [109]. The deletion of Ppt1 in yeast leads to the hyperphosphorylation of Hsp90
and the reduced efficiency of the Hsp90 chaperone system in activating client proteins
(e.g., glucocorticoid receptors, v-Src, and Ste11). In addition, PP5/Ppt1 was also found
to dephosphorylate another co-chaperone Cdc37 at the phosphorylated S13 residue, and
modulate its activity in recruiting protein kinase clients to Hsp90 [106]. Hence, PP5/Ppt1
was proposed as a positive modulator for the activation of Hsp90 client proteins. In
the case of P. falciparum, although PfPP5 interacts with PfHsp90 [107], it remains unclear
whether PfPP5 exerts its phosphatase activity on PfHsp90. However, the presence of
the PfPP5 phosphatase implies that the PfHsp90 complex undergoes phosphorylation by
P. falciparum kinases.
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10. PfCBP (Calcyclin-Binding Protein/PF3D7_0933200) and PfCns1 (Cyclophilin Seven
Suppressor 1/PF3D7_1108900)

The calcyclin-binding protein (CBP), suppressor of G2 allele of Skp1 (Sgt1), cyclophilin
seven suppressor 1 (Cns1), and tetratricopeptide repeat domain 4 (TTC4) all share signifi-
cant sequence similarity, contain TPR domains, and are co-chaperones of Hsp90 [110–112].
While related, these co-chaperones each bind differently to Hsp90, and target selective
sets of client proteins [57,60,66]. For example, Sgt1 associates with the N-terminus of
Hsp90, and specifically recruits leucine-rich-repeat proteins [112]. Bioinformatics analyses
applying protein domain homology, identified several putative PfHsp90 co-chaperones
related to Sgt1/CBP and TTC4/Cns1, namely, PfCBP and PfCns1, respectively [94] (Table 1).
However, further investigation is needed to confirm if these co-chaperones directly interact
with PfHsp90 and modulate its chaperone function.

11. Cdc37 (Cell Division Cycle 37) Homolog Potentially Missing in P. falciparum

Cdc37 is involved in the recruitment of nascent or unstable kinases to Hsp90 for
folding into their active conformation [113,114], and is known to be important for the
activation of a diverse group of protein kinases (e.g., Cdk1, Cdk4, Akt, v-Src, Raf, and
CK2) [115,116]. Indeed, as many as 65% of the kinases in yeast are reported to require
Cdc37 for activation and stabilization [117]. In human cells, 60% of kinases interact with
Hsp90, and the recognition of these kinases is mediated by Cdc37 [118]. As many of the
kinases have essential signal transduction roles that regulate growth and development,
Cdc37 is, thus, recognized as an important component of the Hsp90 chaperone machinery.
In addition, Hsp90 chaperone activity itself is integrated with cellular proliferation by
phosphorylation. It is, therefore, noteworthy that a Cdc37 homolog has not been found
in P. falciparum (Table 1). This could mean that other P. falciparum co-chaperones are able
to functionally compensate for the lack of Cdc37, especially since critical kinases known
to associate with Cdc37, such as Cdk1 (PfPK5; MAL13P1·279), Akt (PfPKB; PFL2250c),
and CK2 (PfCK2; PF11_0096), are found in P. falciparum [94]. The Cdc37 ortholog may
be divergent from that of humans and, hence, has not been identified based on sequence
identity. Alternatively, P. falciparum kinases may have differing chaperone requirements,
meaning they can enter the cycle in the absence of Cdc37, or are less reliant on Hsp90
for function.

12. Conclusions

This review suggests that the Hsp90 chaperone, and its associated co-chaperone com-
plexes in P. falciparum, are broadly conserved in comparison to other organisms. PfHsp90
displays biochemical differences to hHsp90, which may be targeted for selective inhibition.
Importantly, Hsp90 does not function alone, and appropriate proteostasis requires that the
chaperone be fine-tuned by co-chaperones. The core co-chaperones regulating client entry,
ATPase activity, and Hsp90 conformational regulation at the early, intermediate, and late
stages of the chaperone cycle are broadly conserved in P. falciparum. However, there are
two notable differences that may indicate important areas for future study and evaluation
of therapeutic potential.

The first is the presence of two p23 orthologs in P. falciparum. While both of these
isoforms function similar to p23 in the Hsp90 complex, there are differences in client
protein specificity and ATPase inhibition. The requirement of both isoforms for parasite
viability, and their individual importance in the PfHsp90 chaperone cycle, have not yet
been determined. Since one of the functions of p23 is to inhibit Hsp90 ATPase activity, it
may be speculated that the two isoforms arose because of the higher basal ATPase activity
of PfHsp90. Given that Pfp23A inhibits the PfHsp90 ATPase activity more than Pfp23B,
and that the folding and activation of different clients may require different cycle timing,
the two p23 isoforms may have evolved to assist different client protein groups (i.e., the
higher ATPase activity of PfHsp90 may allow for more inhibitory steps in the chaperone
cycle). A detailed analysis of the co-chaperone functions of these p23 isoforms in vitro and
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in the parasite would be useful in determining if mechanistic differences do exist, and if
they have therapeutic potential.

The second notable difference is the apparent absence of a Cdc37 ortholog in P. fal-
ciparum. However, since Cdc37 orthologs were identified in other obligate intracellular
protozoan parasites (e.g., Theileria annulata and Cryptosporidium parvum) [119], deeper
scrutiny of the P. falciparum genome is required. Cdc37 is regarded as one of the most
important therapeutic Hsp90 co-chaperones, because of its role in regulating kinase entry
into Hsp90 complexes. Kinases are considered important therapeutic targets in both cancer
(focusing on human kinases) and malaria, and kinase inhibitors form one of the largest
classes of approved drugs. The P. falciparum kinome was recently updated, confirming
that its kinome is considerably smaller (98 members compared to 497 members in the
human kinome) and divergent (38% unique; 46% potentially unique; and 16% human
homologs) from that of humans [120]. Therefore, the apparent lack of a Cdc37 ortholog, or
the presence of a yet to be identified divergent Cdc37 ortholog or functional equivalent,
is likely to reflect differences in the folding requirements of the P. falciparum kinome by
the Cdc37–PfHsp90 co-chaperone–chaperone machinery. Furthermore, the co-evolution
of PfHsp90 and the kinome could have resulted in reduced dependency on a canonical
Cdc37 for kinase activation. Indeed, there is evidence that Hsp90 may be able to activate
kinases in the absence of Cdc37 [121,122]. Importantly, no study has demonstrated that P.
falciparum kinases require PfHsp90 in a mechanism analogous to their yeast and human
orthologs. Given the importance of kinases to drug discovery, and the fact that many P.
falciparum kinases are being evaluated as drug targets, it would be interesting to identify a
bona fide PfHsp90 kinase client. This could easily be done using available Hsp90 inhibitors
in malaria parasite cell lines expressing GFP-tagged kinases. Validation of at least one
PfHsp90 kinase client would subsequently support efforts to determine whether or not
Cdc37 exists in the malaria parasite. This would be interesting not only from a fundamental
perspective, but also in terms of identifying a selective therapeutic target for simultaneous
inhibition of multiple kinases.

Taken together, both the conservation and differences in the co-chaperone complexes of
PfHsp90 suggest that, as in non-communicable diseases [34], targeting Hsp90–co-chaperone
interactions is an exciting new area of research that can both extend our understanding of
proteostasis, and identify novel approaches for inhibition.
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