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Abstract

Hsp90 is a molecular chaperone that facilitates the maturation of signaling proteins including
many kinases and steroid hormone receptors. Through these client proteins, Hsp90 is a key
mediator of many physiological processes and has emerged as a promising drug target in cancer.
Additionally, Hsp90 can mask or potentiate the impact of mutations in clients with remarkable
influence on evolutionary adaptations. The influential roles of Hsp90 in biology and disease have
stimulated extensive research into the molecular mechanism of this chaperone. These studies have
shown that Hsp90 is a homodimeric protein that requires ATP hydrolysis and a host of accessory
proteins termed co-chaperones to facilitate the maturation of clients to their active states. Flexible
hinge regions between its three structured domains enable Hsp90 to sample dramatically distinct
conformations that are influenced by nucleotide, client and co-chaperone binding. While it is clear
Hsp90 can exist in symmetrical conformations, recent studies have indicated that this
homodimeric chaperone can also assume a variety of asymmetric conformations and complexes
that are important for client maturation. The visualization of Hsp90-client complexes at high
resolution together with tools to independently manipulate each subunit in the Hsp90 dimer are
providing new insights into the asymmetric function of each subunit during client maturation.
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Introduction

Interest in the mechanism of heat shock protein 90 (Hsp90) stems largely from its role in
modulating signal transduction® and its ability to influence evolutionary processes2. Hsp90
is a molecular chaperone originally named because its expression is induced under heat and
other stress conditions®. Like many chaperones, Hsp90 facilitates the maturation of
substrates, known as client proteins, to their active states. While the clients of most heat
shock proteins are functionally diverse, the clients of Hsp90 are disproportionately involved
in signal transduction and include many kinases* and steroid hormone receptors®. The
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critical role of Hsp90 in kinase signaling was uncovered in a study of small molecules
including geldanamycin that reverted the transforming potential of the oncogenic v-src
kinase8. This landmark study demonstrated that geldanamycin binds directly to Hsp90 and
prevents the maturation of v-src to an active kinase. Spurred by this observation, Hsp90 has
emerged as a promising target for anti-cancer’ and anti-fungal® therapeutics.

Additional biological interest in Hsp90 comes from its roles in evolution. Hsp90 can mask
the consequences of mutations in clients by enabling the function of these mutated clients.
The ability of Hsp90 to facilitate mutational diversity is critical for the emergence of drug
resistance in pathogenic fungi and has been observed to influence evolution in a wide range
of organisms% 10, Recent studies have also demonstrated that mutations in Hsp90 can
provide a growth advantage for yeast adapting to a new environment!!. Thus, Hsp90 can
contribute to evolutionary innovations in multiple ways. The roles of this chaperone in
evolution as well as in normal and disease states have motivated ongoing efforts to
understand molecular mechanism in Hsp90.

Experiments using purified components have established some of the canonical steps in the
process of client maturation!2, but many key molecular details remain poorly defined. In the
first steps of their maturation pathway, many clients bind to the cytoplasmic chaperones
Hsp40 and Hsp70 prior to interacting with Hsp90. Hsp40 and Hsp70 are general chaperones
that bind to short linear stretches of hydrophobic amino acids exposed in many newly
synthesized proteins prior to folding to the native state3. Many studies indicate that client-
chaperone complexes tend to follow a temporal progression from client-Hsp40 complexes at
early stages following client synthesis to client-Hsp70 complexes at intermediate stages and
client-Hsp90 complexes at late stages'®. The Hop co-chaperone can bind to both Hsp70 and
Hsp90 and facilitates the transfer of clients5. In addition, kinase clients can be delivered to
Hsp90 by the kinase-specific co-chaperone, Cdc3716. Hsp90 is a highly soluble protein and
imparts increased solubility upon binding to aggregation prone proteinsl’: 18, Following
client delivery, Hsp90 undergoes ATPase driven conformational changes that mediate the
maturation of these clients into their active states!®.

Investigating the molecular mechanism of Hsp90 with clients is challenging because it is a
structurally dynamic chaperone whose function is mediated by dozens of transiently-
interacting co-chaperones (Figure 1). Hsp90 is a homodimeric protein that consists of three
domains stable to limited proteolysis: an N-terminal (N) domain involved in the binding and
hydrolysis of ATP, a middle (M) domain that helps facilitate ATP hydrolysis and is partially
implicated in substrate binding, and a C-terminal (C) domain that mediates dimerization.
These three domains are separated by flexible hinges that enable the chaperone to sample
dramatically different conformations. While each subunit contains an ATPase domain,
dimerization is critical for function in vivoZ0. The ATPase activity and conformational
changes of Hsp90 are greatly influenced by clients and many co-chaperones including Ahal,
p23, Cdc37, PPlases, and Pih12L: 22: 23_ Clients bound to Hsp90 can also be directed towards
degradation pathways?4, and co-chaperones including the E3 ubiquitin ligase CHIP (C-
terminus of Hsc70-interacting protein) help to mediate this process?®. How each subunit in
the Hsp90 dimer mediates binding to its plethora of co-chaperones and ultimately leads to
client maturation is an area of focus for current research efforts. Despite many technical
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challenges, exciting recent efforts have revealed many critical mechanistic features of Hsp90
during client maturation26: 27: 28: 29:30; 31 sing structural, biochemical, and genetic
approaches, these studies indicate that mechanistic asymmetry in the Hsp90 dimer plays an
important role in this process.

Mechanistic inferences from structures without clients

The dynamic nature of Hsp90 hindered long-standing efforts to analyze its structure at
atomic resolution. Each of Hsp90’s three stable domains were successfully analyzed by X-
ray crystallography32: 33: 34 Electron micrographs (EM) of purified full-length Hsp90
revealed multiple distinct conformations consistent with large hinge-bending motions
between each domain3®. Due to this conformational flexibility, full-length Hsp90 was
challenging to analyze by crystallography. Eventually, heroic crystallization efforts by Pearl
and colleagues provided an atomic resolution view of full-length nucleotide-bound yeast
Hsp90 in complex with the yeast p23 co-chaperone3. In this structure, Hsp90 is in the
“closed state,” with the N-domains in close contact with each other and with two p23
molecules bound symmetrically to either side of the N-domains. While more recent analyses
indicate that complexes between Hsp90 dimers and one molecule of p23 may be more
biologically relevant, this structure was a monumental step forward and provided a key
mechanistic roadmap.

Structures of bacterial Hsp90 (E. coli HtpG) without co-chaperones®” indicated that while
each domain is structured similar to that observed for the Hsp90-p23 structure, the
arrangement of these domains differs dramatically. While the N-domains from both Hsp90
subunits are in direct contact in the Hsp90-p23 structure, in the absence of co-chaperones the
N-domains are either far apart or display a small contact surface on an opposite face
depending on crystallization conditions, in what is known as the “open state”.

EM images of Hsp90 in the absence of co-chaperones demonstrated that binding of ATP
analogues compared to ADP or nucleotide-free states favors the closed conformation3® with
N-domains associated as observed in the crystal structure of Hsp90-p23. These structural
analyses indicated that the domains of Hsp90 are relatively rigid, but that the linkers
between the domains are flexible and the conformation of the full-length dimer can be
strongly influenced by nucleotide and co-chaperone binding. While ATPase driven
conformational changes in Hsp90 are clearly implicated in client maturation, and large
changes can be observed structurally in Hsp90 conformation, studies of conformationally
restricted Hsp90 dimers indicate that subtle conformational rearrangements can facilitate
efficient client maturation38. The molecular details that are critical for client maturation
remain to be resolved in high resolution. However, it is clear from these studies that in the
absence of clients, Hsp90 can assume symmetrical conformations where each subunit
populates an orientation that mirrors its dimerization partner.

Hsp90 interactions with clients

The molecular mechanism by which Hsp90 recognizes its diverse set of clients is
challenging to investigate because of the inherent instability of client proteins. A
combination of NMR, small angle X-ray scattering (SAXS) and EM analyses have led to
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detailed structural information of a small number of clients bound to Hsp90, including a
cyclin-dependent kinase (Cdk4), a staphylococcal nuclease fragment (A1314), an
intrinsically disordered microtubule-associated protein (Tau) a tumor suppressor (p53), and
the glucocorticoid receptor ligand binding domain (GR-LBD). From these structural
analyses there does not appear to be a single consensus binding site on Hsp90; the Hsp90 N,
M, and C domains have all been implicated in client interactions. However, taken together,
structural and biochemical analyses indicate that the Hsp90 dimer only remodels one client
at a time, likely because binding sites partially overlap with that of other clients or co-
chaperones (Figure 2). Cdk4 binds to the outer edge of the Hsp90-N and Hsp90-M domains
in the presence of the co-chaperone Cdc37, forming an asymmetric Hsp90,:Cdk4:Cdc37
complex39. Based on stoichiometric analyses, the B-Raf kinase that is distantly related to
Cdk4 forms a similar Hsp90,:B-Raf:Cdc37 complex3?. One molecule of A131A, a partially
folded model substrate, interacts predominantly with the middle domain of the E. coli Hsp90
(HtpG) in the cleft between the two monomers#0: 41, Tau interacts with an extended 106 A
long stretch that spans the N and M domains of Hsp90, forming many low-affinity contacts
with the chaperone?®. This Tau binding site overlaps both the Cdk4 binding site on the
Hsp90 N domain and the A131A binding site on the Hsp90 M domain. Of note, some
splitting of the NMR signals in Hsp90 upon Tau binding is consistent with structural
asymmetry in this complex. NMR studies indicate that the client protein p53 interacts with
the Hsp90 C domain and more weakly with the Hsp90 N and M domains*2.

Multiple structures have been reported for Hsp90 with GR-LBD in the absence and presence
of different co-chaperones. In the presence of an ATP mimic and without co-chaperones,
two GR-LBD molecules can bind to an Hsp90 dimer and interact primarily with the Hsp90
M domains3L. In the presence of either the Hop or p23 co-chaperones, only one GR-LBD
binds to the Hsp90 dimer28: 30, While a dimer of Hsp90 can simultaneously bind two GR-
LBD molecules, co-chaperones tend to introduce asymmetry and favor complexes with one
GR-LBD bound per Hsp90 dimer.

Why do Hsp90 homodimers interact with one client at a time in the presence of co-
chaperones? One possibility is that co-chaperone binding sterically blocks one client binding
site. The flexibility of Hsp90 enables it to populate many nearly iso-energetic structures
including many symmetric and asymmetric conformations. This in turn means that binding
of co-chaperones and clients can have a dramatic influence on Hsp90 conformation.
Consistent with the inherent conformational flexibility of Hsp90, mitochondrial Hsp90
(TRAP1) was recently crystallized in an asymmetric conformation without co-chaperones
that appeared to be mediated by weak crystal contacts2’. For clients that depend on co-
chaperones to interact with Hsp90, such as GR and Cdk4, asymmetric conformations caused
by co-chaperone and client binding may drive the observed stoichiometry. The observations
of multiple asymmetric structures of Hsp90 with clients and co-chaperones suggest that
these are on pathway conformations.

Hsp90,:Hop:Hsp70:GR structures (subscript indicates stoichiometry)

A key step in the maturation of many Hsp90 clients is their transfer from Hsp70 to Hsp90
mediated by the co-chaperone Hop. One such client, the glucocorticoid receptor (GR), has
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served as a model for extensive biochemical analyses of this process, providing insights into
the progression through the client maturation cycle. These biochemical and structural studies
portray one of the most striking examples to date of asymmetry in an Hsp90 complex.

During the initial steps of the GR folding pathway complexes with Hsp40 and Hsp70 prime
the GR ligand binding domain for transfer to Hsp90 mediated by Hop (Hsp70/Hsp90
organizing protein)*3: 44: 45 Hop is a monomeric protein with three tetratricopeptide repeat
domains (TPR1, TPR2A and TPR2B) that mediate binding to peptide sequences at the C-
termini of both Hsp70 and Hsp90. Recent EM structures of Hop:Hsp90 complexes formed
in the presence of ADP reveal an asymmetric complex composed of one Hop monomer
bound to an Hsp90 dimer3C. The Hop domains are in close contact with the Hsp90 M and C
domains (Figure 2) with one of the peptide binding domains of Hop bound at the C-terminus
of Hsp90. At elevated Hop concentrations, a complex of two Hop molecules bound to the
Hsp90 dimer can form*6: 47, However, biochemical studies indicate that one Hop monomer
is sufficient to inhibit the ATPase activity of the Hsp90 dimer8, and ultracentrifugation
confirmed this 2:1 stoichiometry under physiologically relevant conditions3C. Thus, binding
of the first Hop molecule to Hsp90 appears to reduce the affinity for the second?’. These
observations indicate that Hop binding to Hsp90 induces asymmetry.

The transfer of GR from Hsp70 to Hsp90 involves an intermediate complex with Hop acting
as a scaffold between Hsp70:GR and Hsp90,. EM structures of an Hsp90 dimer bound to
one copy each of Hsp70 and Hop in the presence and absence of a stabilized version of the
GR ligand binding domain (GR-LBD) have recently been reported?®: 30, Cryo-EM
reconstructions of the Hsp90,:Hop:Hsp70:GR-LBD complex show Hsp90 in an asymmetric
open conformation?8, Much of the asymmetry in Hsp90 appears to come from distinct
orientations of the N-M domain junction in each subunit. This structure indicates that Hop
and GR bind to opposite Hsp90 subunits. The Hsp70 nucleotide binding domain is nestled
between the two Hsp90 N domains, indicating the possibility of coordination of the ATPase
cycles of these two chaperones during GR maturation.

EM structures of the Hsp90,:Hop:Hsp70 complex in the absence of client3C provided a
mechanistic model for transfer of the client protein from Hsp70 to Hsp90. Heterogeneity of
the EM images indicated two main conformations: one extended and one compact.
Switching between these two conformations appears to be caused by bending between the
domains of Hop. Hop’s flexibility may enable a conformational change from the initial
Hsp70-Hop-Hsp90 contact to a conformation where the nucleotide binding domain of Hsp70
binds to an N domain of Hsp90 while positioning GR-LBD near its recently identified
Hsp90-binding site3L. In the EM structure of the Hsp90,:Hsp70:Hop:GR-LBD delivery
complex, GR-LBD binds to the M domain of one subunit while Hop binds to the M domain
of the other Hsp90 subunit. The structural analyses of these complexes demonstrate that
overlapping client and co-chaperone binding sites can lead to asymmetric delivery
mechanisms.
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Late-stage Hsp90 cochaperones: PPlases and p23

The last steps in the GR client maturation cycle include interaction of the Hsp90 complex
with other co-chaperones such as Peptidyl-prolyl cis-trans isomerase (PPlase) and p23,
allowing release of Hop and folding of the GR-LBD by Hsp90 into a hormone-competent
binding state. PPlases contain domains that bind the same C-terminal sequences of Hsp90 as
Hop. FRET and analytical ultracentriugation (AUC) of purified complexes showed that
addition of a PPlase co-chaperone to a Hsp90-Hop complex leads to preferential formation
of an asymmetric complex with Hop bound to one Hsp90 monomer and PPlase bound to the
other48,

The p23 co-chaperone enters at a late stage of client maturation and inhibits ATPase activity
of Hsp90*°. Two molecules of p23 can symmetrically bind to Hsp90 as observed in the p23-
Hsp90 crystal structure3®. However, recent studies indicate that an asymmetric complex of
one p23 per Hsp90 dimer may be the most physiologically relevant. Native mass-
spectrometry and NMR of complexes of purified human Hsp90 and p23 indicated that
mixtures of asymmetrical and symmetric complexes are formed at physiological
concentrations!®. Single-molecule FRET analyses of Hsp90 bound to p23 further support the
relevance of asymmetric complexes between a Hsp90 dimer and one p23 monomer°,
Buchner and colleagues analyzed purified complexes in the presence of the GR client by
AUC and SAXS and found that the predominant complex contains one client and one p23
bound per Hsp90 dimer31,

Hsp90,:Cdc37:Cdk4 structure

Asymmetry in Hsp90 client delivery complexes is also evident in EM images of Hsp90
bound to the Cdk4 kinase and the Cdc37 co-chaperone3®. Cdc37 binds to many kinases
following their nascent synthesis by ribosomes and helps to deliver these clients to Hsp901.
Cdc37 binds between the two Hsp90 N-domains and interacts with their ATP “lids” (flexible
loops whose conformation depends on the nucleotide bound state of Hsp90), blocking
dimerization of the N-domains and inhibiting ATP hydrolysis®l: 52, An asymmetric complex
containing a Hsp90 dimer and one molecule each of Cdc37 and Cdk4 was identified by mass
spectrometry39. EM images of the Hsp90,:Cdc37:Cdk4 complex show Cdk4 bound to the N
and M domains of one Hsp90 subunit3°. The Cdc37 globular C-terminal domain is
sandwiched between the N domains of Hsp90. The Hsp90 subunits each adopt a distinct
conformation with different hinge angles between the N-M domain and M-C domain
junctions in each subunit. For both Cdk4 and GR, structural analyses indicate that
asymmetrical complexes are important during the client delivery process.

Asymmetric interaction of Hsp90 with the Ahal co-chaperone

The Ahal co-chaperone stimulates the ATPase rate of Hsp90 dimers through a structurally
asymmetric mechanism®3. Binding of Ahal induces the reorientation of Hsp90 N-domains,
which is the rate limiting step in ATP hydrolysis®*. Biochemical and structural studies
demonstrated that Ahal can bind to both the N and M domains of Hsp9039: 53: 55 56 Jsing
elegant experiments with mixed Hsp90 mutants, Buchner and colleagues showed that
binding of Ahal to the M domain of one Hsp90 subunit stimulates ATP hydrolysis in the N-
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domain of the trans Hsp90 subunit®3. A recent study employing a variety of biochemical and
genetic tools identified asymmetric sumoylation of a conserved lysine in N-domain of
Hsp90 (K178 in yeast and K191 in human) to be essential for its interaction with Aha15’.
These studies add to the growing evidence that each subunit in the Hsp90 homodimer
performs distinct functions during the client maturation process.

Asymmetric Hsp90 ATP hydrolysis in vivo

Hsp90 function involves a complex combination of co-chaperones that cannot be easily
recapitulated in purified systems. Analyzing Hsp90 mechanism in cells where all co-
chaperones are present at physiological concentrations provides a valuable complement to in
vitro studies. Of note, detailed analyses of the Hsp90 ATPase cycle in vitro have
demonstrated that conformational changes in Hsp90 are rate limiting and that these are
heavily influenced by co-chaperone binding®2 33, A number of studies in baker’s yeast have
provided key mechanistic insight into Hsp90 function in vivo. For example, studies in yeast
conclusively demonstrated that ATP binding and hydrolysis were critical to Hsp90
function% 58, and that dimerization of Hsp90 is required for client maturation in vivoZ0.
However, investigating the mechanistic roles of each subunit in the Hsp90 dimer in vivo
posed a technical challenge because co-expressed subunits associate stochastically into
homo- and hetero-dimers®8,

This challenge was recently overcome through the engineering of Hsp90 subunits that
preferentially assemble into hetero-dimers in vivoZ®. The ability to control subunit
composition enabled studies of the roles of ATP binding and hydrolysis in each Hsp90
subunit. Dimers of Hsp90 with one wild-type subunit and one subunit deficient for ATP
hydrolysis supported robust yeast growth, indicating that ATP hydrolysis in a single Hsp90
subunit is sufficient to chaperone clients critical for yeast growth. Combined with the
asymmetry observed in structural analyses of Hsp90 with clients, it is tempting to speculate
that hydrolysis of a specific subunit relative to the position of the bound client is critical for
the maturation process (e.g., hydrolysis in the subunit where the ATP-dependent Hsp90 lid
region contacts the client). This speculation is consistent with the observation that Hsp90
heterodimers deficient for ATP hydrolysis in one subunit exhibit a partial growth defect26.
In contrast to hydrolysis defects, Hsp90 dimers where one subunit was defective for ATP
binding exhibited severe defects in yeast growth rate. This observation indicates that Hsp90
dimers with ATP bound in both subunits are critical for client maturation. This study
demonstrated that the ATP-driven mechanism of Hsp90 is inherently asymmetric in vivo
(Figure 3) and provides an approach to analyze additional aspects of asymmetric Hsp90
function in future studies (e.g., dissecting whether ATP hydrolysis, co-chaperone binding,
and client binding need to occur in the same or different Hsp90 subunits).

Future directions and conclusions

The strong evidence supporting asymmetric function of each subunit in the Hsp90 dimer
during client maturation raises a number of important questions including if this mechanism
extends to related chaperones in the mitochondria (e.g., TRAP127) and endoplasmic
reticulum (e.g., Grp94°%) and how this mechanism influences the mode of action of Hsp90

J Mol Biol. Author manuscript; available in PMC 2016 September 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flynn et al.

Page 8

inhibitors. The TRAP1 and Grp94 chaperones form homodimers like cytosolic Hsp90.
Based on sequence similarity between these chaperones, it is tempting to speculate that they
may mature clients by the same mechanism. However, it is not yet clear if asymmetric
function of each subunit in TRAP1 and Grp94 are critical to their mode of action, though
TRAP1 has been observed in an asymmetric conformation by x-ray crystallography?’.
Future efforts to engineer heterodimeric TRAP1 and Grp94 could provide valuable insights
into aspects of client maturation mechanism that are shared or distinct among members of
this class of chaperones. Of note, small-molecule inhibitors that differentially impact Grp94
and cytosolic Hsp90 have recently been reported®?, providing new potential therapeutic
approaches for cancer#? as well as new chemical tools to probe chaperone mechanism.

Most Hsp90 inhibitors bind to the N-terminal domain and prevent nucleotide binding. To
date, it has not been feasible to distinguish the impacts of inhibitor binding to one or both
Hsp90 subunits on client binding and maturation. This type of study will be an interesting
focus of future research efforts because it could distinguish inhibitor mechanisms and
inform therapeutic strategies.

Understanding the mechanism of Hsp90 continues to be an active area of research because
of its central roles in physiology, disease, and evolution. The complexity of the Hsp90
chaperone system, including multiple co-chaperones and different binding modes for distinct
clients, poses many research challenges. Despite these challenges, tremendous progress has
been made in the past few years. This research progress has been fueled by technical
advancements in many different areas including advancements in electron microscopy that
are enabling striking resolution of Hsp90:client complexes, the development of FRET assays
to monitor Hsp90 conformational dynamics, high-throughput tools to efficiently identify
Hsp90 clients and co-chaperones, and engineered Hsp90 dimers of defined subunit
composition to probe mechanism in cells. These technical advancements poise the Hsp90
research community to address the fundamental mechanisms of Hsp90 during client
maturation in the coming years.
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Figure 1.
Hsp90 functions together with multiple co-chaperones to mature many signal transduction

clients to their active states. The middle panel shows a molecular illustration based on a
symmetric crystal structure (2CG9.PDB?3®) of the Hsp90 homodimer shown in surface
representation bound to two monomers of the p23 co-chaperone shown in ribbon form.
While many aspects of Hsp90 mechanism remain unclear, recent structural and biochemical
studies have demonstrated that each subunit in the Hsp90 dimer interacts asymmetrically
with clients during the maturation process.
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Figure 2.
Cartoon illustrations of symmetric Hsp90 conformations observed without clients and

asymmetric complexes with clients. Structural asymmetry in client complexes was made
apparent from recent EM analyses of Hsp90,:Cdc37:Cdk43? and
Hsp90,:Hop:Hsp70: GR28: 30,
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Figure 3.
Investigating the function of each Hsp90 subunit in vivo. Analysis of engineered Hsp90

heterodimers in yeast indicate that ATP binding is required in both subunits, but that ATP
hydrolysis is only critical in one subunit (left panel). Engineered Hsp90 heterodimers may
enable future studies to investigate the asymmetric operating principles of this chaperone
including if client maturation depends on which subunit hydrolyzes ATP relative to which
subunit forms the primary binding contact to client (right panel).
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