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Abstract

Heat shock protein 90 (Hsp90) is a molecular chaperone that assists in the maturation of a limited
set of substrate proteins that are collectively referred to as clients. The majority of identified
Hsp90 clients are involved in signal transduction including many steroid hormone receptors and
kinases. A handful of Hsp90 clients can be classified as non-signal transduction proteins including
telomerase, cystic fibrosis transmembrane conductance regulator (CFTR), and antigenic peptides
destined for major histocompatibility complex (MHC). Because Hsp90 clients are causative agents
in cancer and cystic fibrosis, research on Hsp90 has intensified in recent years. We review the
historical path of Hsp90 research within each class of client (kinase, hormone receptor, and non-
signal transduction clients) and highlight current areas of active investigation.
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Introduction

Hsp90, as with most heat shock proteins, was initially identified from changes in
transcriptional pattern (1) and relative translational rate (2) upon shifting cells to elevated
temperature. Hsp90 is named for its induction in response to temperature stress as well as its
molecular weight of about 90 kD. Elevated temperature challenges the ability of proteins to
fold efficiently placing an elevated burden on cellular chaperones. In response to elevated
temperature, and many other stressful conditions, eukaryotes induce expression of the heat
shock factor 1 (HSF1) transcription factor that in turn up-regulates expression of chaperones
including Hsp90 (3). Many eukaryotes including budding yeast and humans have two genes
encoding Hsp90 that encode nearly identical amino-acid sequences, one of which is
constitutively expressed, while the other is HSF1 inducible (4). The constitutive expression
level of Hsp90 under non-stress conditions is very high and Hsp90 is one of the most
abundant proteins in the cell, accumulating primarily in the cytosol (5, 6). The high
expression level of Hsp90 in the absence of stress is consistent with its requirement for the
activity of many critical signal transduction clients in eukaryotes. Hsp90 is essential for
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viability in eukaryotes (4). In bacteria, which lack the wealth of signal transduction proteins
present in eukaryotes, Hsp90 knockouts are viable (7).

The Hsp90 chaperone is highly conserved in eukaryotes both at the level of amino-acid
sequence and biochemical function. The Saccharomyces cerevisiae and human Hsp90
proteins are 59% identical in amino acid sequence alignments. The conservation of Hsp90 in
eukaryotes extends to the functional level as S. cerevisiae with both endogenous Hsp90
genes knocked out can be rescued by expression of human Hsp90 (8). Hsp90 serves as a
protein interaction hub, binding to about 10% of the yeast proteome (9) including many co-
chaperones necessary for client maturation. The observation that human Hsp90
complements budding yeast knockouts indicates that essential elements of this hub are
evolutionarily conserved. Consistent with the functional conservation of Hsp90, steroid
hormone receptors that are not natural to budding yeast function in an Hsp90-dependent
manner when introduced into yeast (8).

Hsp90 contains three domains: the N-terminal (N) domain, middle (M) domain, and the C-
terminal (C) domain. The N-domain binds to ATP and together with the M-domain catalyzes
ATP hydrolysis (10, 11). The C-domain forms a stable dimer (12). Dimerization of Hsp90 is
required for client maturation (13). Recent tour-de-force structural studies have revealed that
flexible hinges between all three domains enables Hsp90 to adopt dramatically different 3-
dimensional conformations (14-16). Isolated Hsp90 is a slow ATPase, ranging from about 1
min~1 for yeast Hsp90 to about 0.1 min~1 for human Hsp90, and ATP binding and
hydrolysis cause Hsp90 to preferentially shift between an open-conformation with the N-
domains separated, and a closed conformation with the N-domains associated (17-19).
These open and closed structural transitions are known to drive the binding of many co-
chaperones (14, 20-22) and are believed to drive the maturation of clients (Figure 8.1)

Hsp90 has a unique ATP binding site and the discovery of small-molecule inhibitors that
specifically inhibit Hsp90 has provided useful research tools that also show promise as
anticancer therapeutic agents. Hsp90 inhibitors were originally uncovered from a natural
product screen for compounds that reversed the transformed phenotype of the v-src
oncogenic kinase. One of the natural products from this screen, geldanamycin (GA) was
found to bind specifically to Hsp90 and inhibit its ability to chaperone v-src (23). While
Hsp90 function is essential for the viability of healthy cells, cancer cells tend to have a
higher level of Hsp90-dependent clients and a higher required level of Hsp90 activity. For
many types of cancer there appears to be a therapeutic window where cancer cells can be
preferentially impacted by Hsp90 inhibiton compared to healthy cells. The medical interest
in Hsp90 has spurred the synthesis of many small-molecule inhibitors as drug candidates
(24).

Hsp90 is a specialized molecular chaperone that is required for the maturation of a limited
set of clients. Many newly synthesized proteins require general molecular chaperones
including Hsp60 (GroEL in bacteria), Hsp70 and Hsp40 in order to fold properly, but only a
small fraction of these rely upon Hsp90. The limited proteins that require Hsp90 to mature
to their active state are referred to as Hsp90 clients. These Hsp90 clients fall into three main
categories: protein kinases, steroid hormone receptors, and non-signal transduction clients

Methods Mol Biol. Author manuscript; available in PMC 2016 October 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wayne et al. Page 3

(Table 8.1). Within each greater client class, research has revealed important aspects of the
mechanism of Hsp90-mediated client maturation, yet the molecular mechanism by which
Hsp90 binds to and activates clients remains largely a mystery.

Steroid Hormone Receptor Hsp90 Clients

Steroid hormone receptors are a class of transcription factors that are activated by binding to
steroid agonist and were some of the first proteins actively studied as Hsp90 clients. In 1984,
Baulieu and colleagues reported that monoclonal antibodies raised against progesterone
receptor (PR) recognized a 90kD protein that tightly associated with apo-receptor, but not
steroid-bound receptor (25), properties that indicated a regulatory role for the 90kD protein.
Soon after, Pratt and colleagues reported that monoclonal antibodies raised against
glucocorticoid receptor (GR) were capable of immuno-isolating the receptor as well as a
90kD protein that cross-reacted with antibodies raised against Hsp90 (26); thus identifying
Hsp90 as a steroid hormone receptor chaperone.

Hsp90 was found to bind strongly to the apo-form of many other steroid-hormone receptors
including the estrogen and androgen receptors; however some receptors such as those for
retinoic acid and thyroid hormone showed little or no affinity for Hsp90 (27-30). Different
DNA binding properties in the absence of steroid agonist were noted for Hsp90-dependent
and Hsp90-independent receptors in cell-free expression systems (27). In the absence of
steroid agonist, Hsp90-independent receptors were found to bind to target DNA in the
presence and absence of Hsp90. In contrast, Hsp90-dependent receptors without steroid
agonist only bound to DNA when Hsp90 was absent. In the absence of steroid agonist,
Hsp90-dependent receptors were found in the cytoplasm while Hsp90-independent receptors
were found in the nucleus. At the time, these results led to the hypothesis that Hsp90
functions to repress steroid hormone receptors by sequestering them in the cytoplasm.
However, it is now appreciated that Hsp90-dependent receptors require Hsp90 in order to
bind to steroid. Steroid binding controls the activity of all steroid receptors and for Hsp90-
dependent receptors, this step requires Hsp90 activity.

Co-immunoprecipitation (co-IP) experiments revealed many components of the Hsp90
chaperone complexes involved in receptor maturation and paved the way for /n vitro
reconstitution of the chaperone reaction. Glutaraldehyde crosslinking studies revealed that
the stoichiometry of receptor-Hsp90 complexes was 1:2 indicating that a receptor monomer
binds to an Hsp90 dimer (31). From immuno-isolation of steroid receptors expressed in cell-
free expression systems it was discovered that receptor-Hsp90 complexes included a number
of co-chaperones including Hsp70, p23 and Hop (32, 33). A combination of these three co-
chaperones along with the general chaperone Hsp40 and Hsp90 were found to be sufficient
to develop a purified chaperone system for the maturation of progesterone receptor to the
steroid-bound active form (34).

Structural and biochemical approaches have shown that steroid hormone receptors bind
steroid ligand in an internal cavity and indicate that Hsp90 remodels this cavity to provide a
solvent-accessible path for the hormone to enter. X-ray crystal (35, 36) structures clearly
show that steroid ligands bind to receptors in an internal cavity that is completely
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inaccessible to solvent. Evidence for Hsp90 opening of this cleft comes from chemical
modification studies that indicate modestly higher susceptibility of the steroid-binding cavity
in the Hsp90-bound form of apo-GR (37). While the mechanism by which Hsp90 opens the
steroid binding cleft remains unknown, the data clearly indicate that isolated apo-GR and
apo-PR are not able to bind to steroid agonist, but that when complexed with Hsp90 the
binding to steroid becomes efficient (38).

While much is understood about Hsp90 mediated steroid receptor maturation, many
important aspects of the molecular mechanism remain open questions. It is clear that ATP
hydrolysis by Hsp90 is required for efficient PR maturation (39). However, it is not clear
how the ATPase driven conformational cycle of Hsp90 leads to opening of the steroid-
binding cavity. What are the molecular interactions that cause apo-receptor to bind to Hsp90,
Hsp90 to catalyze steroid binding, and steroid-bound receptor to dissociate from the
chaperone complex? These questions are challenging to answer because of the dynamic
nature of the Hsp90 conformational cycle, but may be addressed by structural and
biochemical approaches that trap individual steps in the process.

Kinase Clients of Hsp90

The oncogenic v-src kinase was first shown to bind to Hsp90 through co-1P analysis (40),
but it was not clear that Hsp90 was required for v-src Kinase activity until it was reported
that the natural compound geldanamycin (GA) prevents v-src activity indirectly by
inhibiting Hsp90 (23). When v-src is expressed in the presence of GA, it accumulates in an
inactive form indicating that Hsp90 is required for the maturation of v-src to an active form.
In addition, treatment of cells with GA causes an increase in the proteosome mediated
degradation rate of v-src and a decrease in the steady-state v-src level (41). Thus, Hsp90 is
required for the maturation of v-src kinase to an active form and also protects v-src from
degradation.

The maturation of kinases mediated by Hsp90 requires co-chaperones including the kinase-
specific co-chaperone Cdc37. Cdc37 was originally identified in a screen for genes required
for cell cycle progression (42). Genetic evidence for a functional interaction between Cdc37
and Hsp90 came from studies showing that either mutations in Cdc37 or a reduction in the
level of the yeast Hsp90 protein suppresses the lethality of v-src overexpression (43, 44).
Mutations in Hsp90 and Cdc37 were also found to exacerbate a defect in the Drosophila
melanogaster sevenless receptor tyrosine kinase (45). Thus, Hsp90 and Cdc37 are both
involved in the maturation of these model kinases. A physical connection between Cdc37
and Hsp90 was first indicated by co-IP analysis with the cyclin dependent kinase CDK4
(46). Both Hsp90 and Cdc37 were found to associate with CDK4 during co-IP analysis with
an anti-CKD4 antibody suggesting there may be a direct mechanistic link between Hsp90
and Cdc37 in chaperoning kinases.

The direct interaction between Cdc37 and Hsp90 has recently been confirmed and described
in atomic detail through structural analyses. Comparison of full-length yeast Hsp90 to
truncated Hsp90 constructs indicated that the isolated Hsp90 N-domain was primarily
responsible for mediating binding to the C-terminal domain of human Cdc37 (22). Co-
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crystallization of these domains revealed the atomic details of this interaction (22). More
recently, Pearl and colleagues have successfully purified a homogenous complex of human
Cdk4 and Cdc37 along with Hsp90 from the insect Spodoptera frugiperda expression system
and analyzed the structure of this complex by negative stained electron microscopy (16).
This tour de force work indicates that the kinase loaded complex consists of an Hsp90 dimer
bound to single copies of Cdc37 and Cdk4. The observed electron density can be well fit
with a structural model where Cdc37 binds to the Hsp90 N-domain and Cdk4 binds to the
Hsp90 M-domain. Biochemical analyses of Cdk4-Cdc37 complexes in the absence of Hsp90
indicate a stoichiometry of one kinase to two Cdc37 molecules (16). The biochemical and
structural data are consistent with an ordered model where a dimer of Cdc37 initially binds
to kinases and subsequent binding of this complex to Hsp90 results in the release of one
Cdc37 molecule.

The association of human Cdc37 with yeast Hsp90 observed biochemically and structurally
(22) is consistent with the high amino acid conservation of Hsp90 between these two
species. This conservation is also apparent at a functional level as metazoan Cdc37 (from
flies) is capable of rescuing robust growth of S. cerevisiae made unhealthy by a point mutant
in the yeast Cdc37 (45). Unlike Hsp90, the amino acid sequence of Cdc37 is divergent from
yeast to humans with only 17% sequence identity after alignment. Of note, yeast Cdc37
binds to yeast Hsp90 with about 100-fold weaker affinity than human Cdc37 (47), indicating
that while qualitative Cdc37 function may be similar across eukaryotes, the interaction
details are quantitatively distinct.

The Hsp90 and Cdc37 chaperones stabilize the cellular accumulation of many kinases.
Indeed, the observation that Hsp90 inhibition can lead to decreased cellular levels of client
kinases has become a convenient screen to identify Hsp90-dependent kinases. In mammalian
cells, inhibition of Hsp90 activity resulted in reduced levels of 80 out of 105 kinases
analyzed (48). A recent study also found that more than 50% of the S. cerevisiae kinome
was affected by the loss of functional Cdc37 (49) confirming the importance of a functional
Hsp90:Cdc37 chaperone complex for the stability of cellular protein kinases.

Recent efforts have described the minimum chaperone requirements for the maturation of a
kinase /n vitro (50). Arlander et al. identified a five protein system for chaperoning the Chk1
kinase /n vitrothat consisted of Hsp90, Hsp70, Hsp40, Cdc37 and CK2 (50). The /n vitro
chaperone systems for kinases and steroid hormone receptors differ in their co-chaperone
requirements and sensitivities, indicating the influential role that co-chaperones play in the
client maturation process (34, 51). As with steroid hormone receptors, the /in vitro chaperone
system for kinases provides a promising route to carefully analyze the client maturation
process in detail.

Non-signal transduction Hsp90 clients

Recent evidence indicates that Hsp90 is involved in the maturation of active telomerase. The
catalytic core of telomerase consists of a protein component (TERT) and a template RNA
(TR). Chaperones were originally implicated in the maturation of telomerase from the
observation that reconstitution of active telomerase from isolated TERT and TR was
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stimulated by increasing concentration of chaperones present in reticulocyte lysates (52). A
two-hybrid screen revealed that the Hsp90 co-chaperone p23 interacted with TERT and co-
IP analyses revealed that both Hsp90 and p23 are involved in complexes with telomerase in
mammalian cells (52). More recent biochemical dissections of telomerase function indicate
that the interplay between Hsp90 and p23 influences the dynamics of telomerase binding to
telomeres (53). Hsp90 activity /n vivois important for the proper maintenance of telomeric
DNA length that decreases when Hsp90 activity is impaired or when Hsp90 is overexpressed
(54, 55).

Hsp90 can bind to antigenic peptides and has been implicated in the delivery of these
peptides to major histocompatability complexes (MHCs). Hsp90 was first connected with
antigen presentation from analyses of antigens in tumors that could confer immunity in
syngenic recipients (56). Fractionation studies revealed that Hsp90 from the tumors was
important in the development of immunity (57, 58). Cellular studies indicated that antigenic
peptides complexed with Hsp90 are loaded on to MHC class | with much higher efficiency
than free peptides (59), which may otherwise be prone to rapid degradation. In addition, the
delivery of peptides to MHC class Il proteins is reduced upon treatment of cells with Hsp90
inhibitors (60). The molecular details of Hsp90 involvement in antigen presentation are a
current area of active investigation.

In addition to soluble proteins, Hsp90 has recently been implicated in the maturation of
CFTR, an integral membrane protein. Hsp90 was originally implicated in CFTR maturation
from the observation that treatment of mammalian cells with the Hsp90-specific inhibitors
prevented newly synthesized wild-type CFTR from transitioning to the maturely
glycosylated cell-surface form (61). Cystic fibrosis-causing mutations in CFTR, including
the most commonly occuring — deletion of a phenylalanine codon (AF508), cause defective
folding and export of CFTR from the ER (62). Immunoprecipitation of wild-type and AF508
CFTR followed by mass spectrometry revealed that Hsp90 and many co-chaperones
exhibited differential binding for wild-type and mutant CFTR (63). RNA interference
screening of these co-chaperones demonstrated that silencing of the Hsp90 co-chaperone
Ahal rescued cell-surface expression and chloride ion transport of AF508 CFTR (63).
Recent biochemical analyses indicate that Ahal associates with AF508 CFTR nearly twice
as much as with wild-type CFTR (64). The observation that reducing the association of
AF508 CFTR with Ahal corrects the function of this anion channel provides a promising
avenue for the development of therapeutics to treat cystic fibrosis.

Hsp90 can function as a promiscuous anti-aggregation molecule /n vitro for a large variety
of hard-to-fold proteins, but the general anti-aggregation properties of Hsp90 do not appear
important in cells. Following the discovery that Hsp90 expression increased in response to
conditions that stress protein folding, a number of studies examined the capacity of Hsp90 to
assist in the folding of proteins that were difficult to fold on their own. The anti-aggregation
properties of Hsp90 for unfolded CFTR nucleotide binding domain 1 (65), citrate synthase
(66), and p53 (67) do not require the binding and hydrolysis of ATP by Hsp90. In contrast
both steroid hormone receptors and kinase clients of Hsp90 are dramatically impaired by
mutations that destroy ATPase activity or competitive inhibition of the ATP binding site with
drugs (23, 39). Thus, the anti-aggregation properties of Hsp90 do not seem to require the
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same ATPase driven Hsp90 conformational cycle that is implicated in the maturation of
kinases and steroid hormone receptors. Multiple chaperones in addition to Hsp90 are
capable of providing anti-aggregation properties in cells providing an explanation for the
observation that Hsp90 is not required for the folding and solubility of most proteins in cells
(68).

Current and future areas of active interest

Many important cellular roles of Hsp90 have been described and much of the current and
future research in Hsp90 involves analyses of molecular mechanism. The molecular
mechanism by which Hsp90 catalyzes the maturation of any client is an open and active area
of research. Current structural models indicate that Hsp90 undergoes dramatic
rearrangements in response to ATP binding and hydrolysis (14, 15, 19). However, how these
structural rearrangements lead to client maturation is not clear. From the engineering of a
monomeric Hsp90 variant, it is clear that dimerization of Hsp90 is critical for efficient ATP
hydrolysis as well as the activation of a kinase and a steroid hormone receptor client (13).
How each subunit in the Hsp90 dimer binds to and hydrolyzes ATP during the maturation of
a client remains unclear. In the coming years, research will help to reveal the molecular
mechanism by which Hsp90 binds to client proteins and along with co-chaperones and ATP
catalyzes the maturation of these clients to active states.
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Figure 8.1. Model of the AT Pase driven conformational cycle of Hsp90 that leadsto client
maturation

In addition to client and ATP, numerous co-chaperones bind to Hsp90 and influence its
chaperone activity. Many of these Hsp90 binding interactions are inter-dependent. The
nucleotide-bound state of Hsp90 influences the binding of both co-chaperones and clients.
Understanding how the inter-dependent and often transient binding of co-chaperones and
nucleotide lead to client maturation is an active area of investigation.
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Table 8.1
Classes of Hsp90 Clients.

Client Class Example Clients Co-chaperones References

Steroid Hormone Receptors  Progesterone & Glococorticoid Receptors  FKBP51, FKBP52, Hop, p23  (38)

Kinase v-src, B-Raf Cdc37, Hop, p23 (23, 50)
Non Signal Transduction
Telomerase Telomerase p23 (54)
Antigen Presentation MHC peptide loading (59, 60)
CFTR CFTR Ahal (61, 63, 64)

Methods Mol Biol. Author manuscript; available in PMC 2016 October 25.

Page 12



	Abstract
	Introduction
	Steroid Hormone Receptor Hsp90 Clients
	Kinase Clients of Hsp90
	Non-signal transduction Hsp90 clients
	Current and future areas of active interest
	References
	Figure 8.1
	Table 8.1

