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Abstract

The Hsp90/Cdc37 chaperone system interacts with and supports 60% of the human kinome. Not
only are Hsp90 and Cdc37 generally required for initial folding, but many kinases rely on the
Hsp90/Cdc37 throughout their lifetimes. A large fraction of these “client” kinases are key
oncoproteins, and their interactions with the Hsp90/Cdc37 machinery are crucial for both their
normal and malignant activity. Recently, advances in single particle cryoEM and biochemical
strategies have provided the first key molecular insights into kinase:chaperone interactions. The
surprising results suggest a re-evaluation of the role of chaperones in the kinase lifecycle and
suggest that such interactions potentially allow for kinases to more rapidly respond to key signals
while simultaneously protecting unstable kinases from degradation and suppressing unwanted
basal activity.

Although initially observed decades ago, details of Hsp90-kinase
interactions are just emerging

Protein kinases are widely recognized to be key players in regulating the cell cycle, cell
signaling and early organism development (1, 2). Dysregulation of their normal function
leads to a variety of human disease including cancer, and consequently protein kinases have
become key therapeutic targets over the past decade (3). During early work on the
remarkable transforming power of vSrc kinase in chick embryos, two additional proteins
were discovered that closely associated with vSrc, polypeptides of 80 kDa and 50 kDa,
which are now recognized to be the molecular chaperone Hsp90 and its co-chaperone Cdc37
(also referred to as p50)(4). Since then, Hsp90 has been shown to be a key molecular
chaperone for ~10% of the proteome with substrate proteins (known as clients) highly
enriched for those involved in signaling and regulation, including kinases, nuclear steroid
receptors, ubiquitin ligases, amyloid proteins and others (5, 6). Although initially in the
shadows, over the past 10 years Cdc37 has been found to be a central player, single handedly

Correspondence to: David A. Agard.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny |IANHH 1duosnue Joyiny |ANHH

1duosnue Joyiny |ANHH

Verba and Agard

Page 2

connecting the Hsp90 chaperone system to the kinome. New advances in biophysical
methods (7) and in /n vitro reconstitution of Hsp90/Cdc37/kinase interactions(8) have
recently yielded mechanistic and molecular insights into the role Cdc37 plays mediating
interactions between Hsp90 and kinases. In this review we will discuss these recent
advancements and their implications for kinase regulation.

What is a client kinase?

Although historically kinases have been broken into binary client and non-client categories,
recent results affirm the view that most if not all kinases depend on and interact with the
Hsp90/Cdc37 system at least during initial folding. Thus, rather than asking if a kinase is a
client, the more appropriate question is where it lies in a continuum of chaperone
dependence. Before discussing this more fully, it is useful to consider the two main
strategies used when seeking Hsp90/Cdc37 kinase clients.

Due to the low stabilities of client kinases, studies of chaperone interactions have been
predominantly limited to either cellular or cell lysate experiments. In this context, kinases
have been classified as clients if they co-immunoprecipitate with Hsp90/Cdc37 and if kinase
activity, typically read out indirectly via a phosphorylation cascade, decreases in response to
inhibition of Hsp90's ATP cycle (See Box 1). It turns out that such loss of activity can be
attributed to the fact that kinase levels plummet and/or kinases aggregate in response to
Hsp90's inhibition, rather than Hsp90 providing direct activation. After Hsp90 inhibition for
longer than 20 hours, this is observed for almost all the kinases, and is due to Hsp90/Cdc37
playing an important role in early folding, much as might be expected for a molecular
chaperone. This is experimentally observed as a failure to either synthesize new kinases after
Hsp90 inhibition or the ability to immunoprecipitate recently translated kinases with Hsp90/
Cdc37 from cell lysates. Explicit examples of these are EGFR (9), ErbB3 (10), Irel (11),
and LCK (12). Again, this behavior is observed even for kinases that are sometimes referred
to as non-clients. A clear example is the pioneering /n vitro reconstitution of canonically
“non-client” Chk1 kinase, which when purified without proper initial chaperoning becomes
seriously misfolded. By contrast, functional kinase can be obtained in the presence of the
Hsp90/Cdc37 and Hsp70 systems, indicating that even a non-client kinase is biased towards
an Hsp90-Cdc37 interacting state(13).

At the other end of the spectrum are kinases that historically are thought of as clients. Upon
Hsp90 inhibition, levels of these kinases plummet much faster than just from disruption of
newly synthesized protein, due to rapid ubiquitination and proteosomal degradation. Such
kinases are constitutively addicted to Hsp90/Cdc37 even when mature, as has been shown
explicitly for ErbB2 (Her2), where ErbB2 at the plasma membrane is rapidly degraded upon
Hsp90 inhibition (10, 14). Notably, closely related kinases can lie at opposite ends of the
Hsp90/Cdc37 dependence spectrum, with a single point mutation being able to convert one
into the other. Examples include EGFR/ErbB2 (15), cSrc/vSrc (16), Cdk2/Cdk4 (17) and
aRaf/cRaf (18). Many groups have used such non-client/client pairs in an effort to discover
an Hsp90-interacting sequence or motif. Unfortunately, their results were only applicable to
a single kinase or family, revealing no truly general feature among clients.
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In 2012, the Lindquist lab heroically and quantitatively investigated the physical interactions
between human kinases and Hsp90/Cdc37 (19). They observed 60% of the assayed human
kinome to interact with Hsp90/Cdc37, with clients present in all of the kinase families.
However, even with this vast amount of data, the authors failed to identify any global
sequence determinant for Hsp90/Cdc37 interactions. Instead, the only unifying feature
observed was that client kinases are generally less thermally stable than non-clients. This
strongly suggested the need for detailed biochemical and biophysical investigation.

Recent rigorous /n vitro work on interactions between Hsp90/Cdc37 and the constitutive
client vSrc by Boczek et al. provided answers to some of the long-standing biochemical
questions (20). This study is insightful for a number of reasons. First, this is the first
example of being able to show using purified components that human Hsp90p (and not a)
together with Cdc37, are able to safeguard vSrc from being inactivated at 30°C in an ATP
dependent manner (See Box 1). Second, via mutational analysis the authors show that the
interaction strength between Src and Hsp90/Cdc37 can be varied in a continuous manner
from the weak/early client cSrc all the way to constitutive client vSrc. This demonstrates that
fundamentally the same physical feature must be responsible for interactions across the
spectrum from early folding clients to post-folding constitutive clients.

The fact that mature kinases, long post folding, depend on Hsp90/Cdc37 clearly falls outside
the simplistic notion that chaperones are only needed to aid initial folding or during heat
shock stress. What then is the kinase structural state that is being recognized by Hsp90/
Cdc37? Also, since minimal sequence variations should be able to eliminate this post-
folding need for Hsp90 why then has this dependence persisted?

Structural hallmarks of client kinases

The kinase domain has been definitively shown to be both necessary and sufficient for
interaction with Hsp90/Cdc37 (9). This is curious because, structurally, eukaryotic kinase
domains are all very similar with the exception of an order/disorder transition at the
activation loop or movement of the a.C helix (Fig 1A). The most recent data from multiple
groups, along with the failure to find a general client sequence motif, argues that the relevant
interaction surfaces must be present in both clients and non-clients, but it is the propensity to
display these surfaces that determines interaction strength with Hsp90/Cdc37.

The first line of evidence for this hypothesis comes from the observation that clients are less
thermally stable than non-clients. Analyses of 6Raf{19) and Src(20) both show that
mutations which destabilize the kinase domain make for stronger Hsp90/Cdc37 clients. The
converse is also true, where stabilization by the addition of drugs/nucleotides results in a
decreased dependence on Hsp90/Cdc37, regardless of whether the drugs are active-site
inhibitors or allosteric modulators(21). Moreover, Boczek and colleagues observed a higher
rate of conformational transitions in molecular dynamics simulations of mutants that interact
more strongly with Hsp90/Cdc37.

Second, recent NMR studies by the Gelis lab show that even historically non-client kinases
interact with Cdc37, albeit very transiently (22). Interestingly, addition of Cdc37 alone to
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bRaf kinase leads to partial kinase unfolding. The residues that lose structure are the same as
the ones that interact with Hsp90 alone (extremely weakly) suggesting that both Hsp90 and
Cdc37 may bias the kinase towards a similar state. Importantly, drug-bound bRaf interacts
transiently with Cdc37 but does not unfold, indicating that changes in kinase dynamics
alone, without changes in sequence, can shift the kinase along the client strength axis.

Third, the recent cryoEM structure of an Hsp90-Cdc37-Cdk4 complex Verba et al. directly
shows the kinase in an unfolded conformation, completely split between the lobes by Hsp90-
Cdc37 (FiglC) (23). Cdc37 interacts with the Cdk4 a.E helix via backbone hydrogen bonds,
recognizing a conserved fold and not a specific sequence. Furthermore, sequence alignment
shows that there are no significant differences in the Hsp90 interacting residues between
client and non-client kinases, with both being generally hydrophobic in that region.

Taken together, the most consistent interpretation is that client kinases are more dynamic
(less stable) than non-clients. That is, Hsp90/Cdc37 must be recognizing a non-native,
partially unfolded state with the two kinase lobes being separated. Client kinases differ from
non-clients in that they significantly populate such a partially unfolded state even at
physiological temperatures. This allows Cdc37 to bind and to further unfold the kinase,
splitting it at the lobes and presenting regions that now can stably bind to Hsp90, as in the
cryoEM structure. This mode of molecular motion, opening between the two lobes, although
not as extreme as in the cryoEM structure, has been observed in molecular dynamics
simulations of EGFR by the Shaw group (Fig 1B)(24), and by the Agard group when
running rotamerically induced perturbations(25) on Cdk kinases (unpublished data).

Cdc37 interact with client kinases and promote Hsp90 function?

Cdc37 binds kinase clients without Hsp90, but Hsp90 interacts only weakly without Cdc37,
therefore Cdc37 constitutes an independent kinase binding unit (8, 22). Early analysis of
protein fragments identified the Cdc37 N terminal domain as the kinase interacting domain,
the middle domain (residues 148-276) as a proteolytically stable Hsp90 interacting domain,
and a C terminal domain of unclear function (Fig 2A)(26). In the cryoEM structure, a
conserved His 20 Pro 21 Asn 22 motif in Cdc37 is seen to perfectly mimic the type 1 B-turn
within the kinase a.C-p4 loop, packing against the kinase aE helix. This molecular mimicry
by Cdc37 prevents the N lobe from making its cognate interactions with the C lobe,
stabilizing a separated, partially unfolded state, and allows Hsp90 to stabilize an even more
unfolded state with Hsp90 clamping around what would be the B4- B5 strands of the N lobe
(Fig 2B). Thus, Cdc37 may be playing an equivalent role to that of Hsp70 with the
glucocorticoid receptor, where Hsp70 stabilizes a partially unfolded GR and then presents
this state to Hsp90 (27). However, the analogy is not perfect as previous data(27) suggests
that the transition to a closed Hsp90 results in active GR, whereas the observed closed
Hsp90:Cdc37 complex must be fully inactive.

Studies of Cdc37:bRaf interactions by NMR are largely consistent with what is seen in the
cryoEM structure. However, in addition to a very N terminal interaction, a number of

residues in a hydrophobic patch at the very C terminal helical region of Cdc37 have altered
chemical environments upon bRaf binding (Fig 2A). Speculatively, this region may provide
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an aC like helix for the N lobe to interact with, further stabilizing the domain separated
kinase. In the cryoEM structure this region of Cdc37 is unresolved, indicating a high degree
of flexibility in the quaternary complex. Mutating residues in this hydrophobic patch in
human cell lines abolishes binding of Cdc37 to client kinases. This is interesting as there are
previous reports of the Cdc37 C terminal domain being dispensable in yeast (28). It may be
the case that a mutated C terminal region plays a dominant negative role, or there may be
differences between the yeast and human systems.

Both cryoEM and NMR identify the remainder of the Cdc37 N terminal domain as an
antiparallel coiled coil, consisting of about 60 residues. It is unclear why such a long coiled
coil would be required to make interactions with the kinase clients. As the NMR studies
were done without Hsp90, quaternary interactions are not required to stabilize the coiled
coil. One possibility is that during Hsp90's cycle, Cdc37 needs to move around while still
being attached to both Hsp90 and the kinase, and the long coiled coil allows this.
Alternatively, this may be a docking site for a binding partner, as the coiled coils in ClpB
serve as a binding site for Hsp70(29).

The Hsp90 kinase binding site observed by cryoEM is the same as the client binding site
mapped on the bacterial Hsp90, showing a high degree of functional and structural
conservation(30, 31). The mitochondrial Hsp90 client binding region, between the middle
and C-terminal domains, has been shown to be asymmetric (32) and current work indicates a
correlation between asymmetry at this interface and a differential hydrolysis rate of the two
monomers. This suggests an exciting connection between client binding, establishment of
asymmetry and asymmetric hydrolysis(33). It should be noted however that in the cryoEM
structure of the complex, Hsp90 closely resembles a symmetric state. This may be a
consequence of trapping by molybdate, or asymmetric states could be important precursors
to the trapped state.

Cdc37 interactions with Hsp90

The first Hsp90-Cdc37 interaction interface was revealed in 2004 (34) via the crystal
structure of a fragment of human Cdc37 containing the middle and C terminal domains
(residues 148-348; Figure 2A) interacting with the N terminal domain (NTD) of yeast
Hsp90. That structure is consistent with prior fragment binding assays and also explains how
Cdc37 can inhibit Hsp90's ATPase. Cdc37 interactions displace the catalytic water, prevent
the region called the “lid” on Hsp90 NTD from coming over the bound ATP, and would also
prevent dimerization of the Hsp90 NTDs, thought to be required for ATP hydrolysis (Fig 3).
Although similar interactions have been observed by NMR (35), work by Eckl and
colleagues on C.elegans homologues of Hsp90 and Cdc37 demonstrated that Cdc37 binds
the middle domain of Hsp90, implying that Cdc37 may bind at multiple sites (36).

In the cryoEM structure of Hsp90-Cdc37-Cdk4, although all the proteins are human
homologues, Cdc37's middle domain is bound to the middle domain of Hsp90, a radically
different interaction than the crystal structure, but consistent with the C.elegans work (Fig
3). Cdc37 contributes a strand to a p-sheet at a previously unappreciated interaction site on
Hsp90's middle domain, filling a groove. The new B -strand connects Cdc37's globular
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middle domain with the coiled coil of the N terminal domain. The Hsp90 NTDs are
dimerized, completely blocking the Cdc37 binding mode seen in the crystal structure. Five
very N terminal residues of Cdc37 are making interactions with the closed Hsp90 NTDs,
further stabilizing the closed state (Fig 2B). Finally, there is an extensive patch of ionic
interactions between the Cdc37 N terminal region and Hsp90 middle domain, consistent
with the reported salt dependence of Cdc37-Hsp90 interactions.

We propose that Cdc37 likely binds Hsp90 in two distinct modes, using two different
interfaces on each molecule: one on the Hsp90 NTD, as in the crystal structure, and one on
the middle domain, as seen in the cryoEM structure. We further suggest that transition
between these modes is an intrinsic part of the catalytic cycle (Fig 4). Thus, the preferential
interaction observed with the C. efegans Hsp90 middle domain would be a consequence of a
different conformational equilibrium of C.elegans Hsp90 rather than an idiosyncratic feature
of C.elegans Hsp90-Cdc37 interactions. Molecular details of this transition however are
unclear, indicating a clear need to capture an Hsp90:Cdc37:kinase complex in an open
Hsp90 state (perhaps analogous to that observed with Hsp90:Hsp70:and GR).

Regulation of Hsp90/Cdc37/kinase interactions

Both Hsp90 and Cdc37 are intricately regulated by phosphorylation. Cdc37 can be
phosphorylated on Tyr 4 and Tyr 298 by the Yes kinase (37) and on Ser 13 by CKII kinase
(38). Notably, both of these kinases are also Hsp90 clients. While the effects of Tyr 4
phosphorylation are unclear, it was shown that Tyr 298 phospho-mimics lead to impaired
Cdc37-kinase binding. This site is in the Cdc37 C terminal domain, corroborating recent
NMR results of this domain's involvement in some step of kinase binding.

The best understood Cdc37 phosphorylation site is Ser 13, which is predominantly in the
phosphorylated state in cells. Phospho-mimic or phospho-null mutations fail to produce
functioning vSrc in yeast, potentially indicating that this regulatory mark has to change for
the Hsp90 cycle to progress (Fig 4) (39). In the Hsp90-Cdc37-Cdk4 cryoEM structure,
Cdc37 Ser 13 is clearly phosphorylated and this phosphorylation stabilizes a kinase
interacting conformation of the Cdc37 N terminus via two salt bridges as well as an
interaction with Hsp90. This multiplicity of ionic interactions may help explain the inability
of a phospho mimetic to recapitulate the necessary interactions. This is consistent with bRaf
having a slower /n vitro off rate from Hsp90-Cdc37 in the phosphorylated Ser 13 state (8).
Importantly however, NMR data showed no differential patterns of interaction between
Cdc37 and bRaf due to Ser13 phosphorylation. This suggests that the effect is most
pronounced in context with Hsp90, and/or that the /7 vitro system is probing the interaction
in a different Hsp90 state.

Although general phosphatases can dephosphorylate Cdc37 alone or in the presence of a
kinase, in the context of a quaternary complex with Hsp90 even overnight incubations with
phosphatase yield no dephosphorylation. However, PP5 phosphatase has the unique ability
to rapidly dephosphorylate Cdc37 even in the context of the whole complex. This is due to a
TPR domain on PP5, which interacts with Hsp90 via its C terminal MEEVD motif (Fig 4).
A recent crystal structure of PP5 phosphatase with a Cdc37 peptide in its active site
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identified a number of mutations that render PP5 catalytically dead. The authors show that
such mutations cause client kinases to stay bound with the Hsp90/Cdc37/PP5 complex,
indicating that Ser 13 dephosphorylation is likely important for kinase release(40). This may
also have influenced the failure of Ser13 phosphomimetics. Based on the Hsp90-Cdc37-
Cdk4 structure, it is clear that the N terminus of Cdc37 would have to undergo a
conformational change to be accessible for dephosphorylation, however, the nature of any
such change is unknown.

What are the functional consequences of kinase - Hsp90/Cdc37

interactions?

As discussed previously, the canonical interpretation of the Hsp90/Cdc37 system is that it
helps fold, stabilize and activate its kinase clients. However, clear-cut evidence for activation
decoupled from simple stabilization is missing. In a number of reports on ErbB2 (41, 42)
and Irel (43), where authors carefully and promptly monitored signaling activity in response
to an Hsp90 inhibitor, the kinase was actually initially activated, followed by a later
degradation. Also, signaling-driven kinase activation leads to Hsp90 dissociation (as
happens with GR). Taken together with the Hsp90-Cdc37-Cdk4 structure, in which the
kinase is clearly inactive, this suggests a constant cycle of Hsp90/Cdc37 interactions with
the most populated state in the absence of a signal being the highly repressed state observed
in the cryoEM structure. Upon dissociation, clients can be activated, but if Hsp90 is
inhibited, ultimately the clients become ubiquitinated and are degraded. Interestingly, studies
with GR suggest that Hsp90 inhibition stabilizes a quaternary Hsp90-Hsp70-Hop-GR
complex (27), which may then be on pathway to degradation.

In retrospect, it seems reasonable why a strong suppression of basal activity for highly
proliferative or oncogenic kinases might be beneficial. Much less clear is why this is being
done via a partially unfolded state and chaperone interactions rather than a more canonical
“aC helix out” inactive state (FiglA). One possibility is that such kinases only recently
acquired their function. For example, there is ample data from the Lindquist lab showing
that Hsp90 is able to buffer structurally destabilizing mutations associated with new
functions arising during evolution, and perhaps the constitutively addicted kinases are
examples of such clients(44, 45). However, there are constitutive kinase clients as far back as
fungi, raising the question of why these kinases did not evolve away from a potentially
burdensome chaperone-dependent state over the millions of years.

An exciting, albeit speculative, possibility is that for client kinases, a significantly
destabilized, hence partially unfolded, native state has been evolutionarily selected for its
unique functional advantages. This could come in the form of kinetic acceleration by
reducing energy barriers required to undergo key conformational changes (46) (Fig 5), or
through unappreciated benefits of interacting with the cellular chaperone machinery. As the
active kinase depends on the precise arrangement of “spines” running through the kinase
domain(47), a partially unfolded native state would necessarily be inactive. Stabilizing such
a state by the chaperone machinery could strongly suppress basal activity and provide an
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entirely orthogonal inactivation pathway, adding an extra layer of protection from cancer as
discussed above.

Some of the most important kinase family members integrate a broad array of intracellular
and extracellular inputs - producing a proliferative signal if and only if the conditions are
right. Inputs can be phosphorylation marks or binding interactions. The structurally
uncommitted/partially unfolded state could provide a convenient platform for adding/
removing such PTMs, all the while chaperone interactions provide protection from
degradation. Moreover, as the chaperone-bound state would disable other kinase
interactions, requiring a dependence on chaperones would allow transient resetting of
interactions with binding partners to ensure that the kinase activating signals persist, as well
as closely coupling growth decisions to cellular stress.

Concluding remarks

Advancements in two different areas have allowed for rapid progress in the structural
understanding of Hsp90/Cdc37/kinase interactions. First, construction of a solubilized
mutant of bRaf kinase that is marginally stable but still purifiable from £.coli has allowed
rigorous /n vitro biochemical and NMR investigations of Cdc37-kinase interactions. Second,
advancements in cryoEM have allowed for direct structural investigation of Hsp90-Cdc37-
kinase complexes isolated intact from eukaryotic cells. These advances have for the first
time permitted the visualization of how the three proteins come together statically and in
solution, providing a foundation for developing unifying mechanistic models and guiding
further experimentation with the goal of understanding chaperone-mediated kinase
regulation in health and disease.

These results also raise fundamental questions about nature of the “native” state, protein
folding and chaperones. Traditionally, one tends to think of proteins as being confined to a
distinct, well defined native state(s), and the chaperone system as only being used to aid
initial folding or recovery from denaturing stresses. However, studies with Hsp90 are
requiring that both of these views be significantly broadened. That is, the equilibrium
between native and partially folded states may have been exploited evolutionarily by co-
opting the chaperone systems to provide an additional layer of regulation or coordination
with the state of the cell. More specifically, client kinases (i.e., the majority of kinases in
humans) should be thought of as being intermediate between well-folded and intrinsically
disordered proteins, spending much of their life in a malleable, partially unfolded state,
ready to respond to the right signal. For these proteins folding is not a narrow funnel or a
one-way road, but a more fully explorable and sophisticated energy landscape. Chaperones
would therefore not be limited to facilitating the early, once in a lifetime folding events and
dealing with non-functional aggregates, but would also carefully guide kinases throughout
their function, stabilizing partially folded states and protecting them from degradation.
Chaperones would also facilitate the equilibrium between these partially folded states and
tightly bound complexes. The current data suggest that such behavior is not unique to
kinases, but likely applies to other signaling families, like steroid receptors. Reaching a
fundamental understanding of such partially unfolded states in light of evolution, although
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challenging, will lead to a deeper conceptual understanding of structure-function
relationships, and evolutionary constraints.
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Box 1
Hsp90 undergoes large conformational changes during its ATPase cycle

Hsp90 is an ATPase and its catalytic ability is essential for its activity. In humans there
are four homologues of Hsp90, two cytosolic (a and ), one in endoplasmic reticulum
and one mitochondrial, with important differences between them. Homologues differ in
their ATPase rates, ranging from the human cytosolic Hsp90 which has an almost
undetectable ATPase rate, to yeast cytosolic homologues, which are quite robust. A
variety of co-chaperones like Ahal or p23 can modulate Hsp90's ATPase with important
functional consequences. Over the years, work via a combination of techniques from
multiple labs have captured Hsp90 in drastically different conformations(Fig ). Without
nucleotides or inhibitors Hsp90 exists in equilibrium of states from very open to almost
completely closed. ATP binding biases this equilibrium towards a closed state, with
different homologues responding differently. For example, yeast cytosolic Hsp90 almost
completely shifts to the closed state and human Hsp90 populates it only transiently. The
process of closure seems to be the rate-limiting step for hydrolysis. This ATP bound state
used to be thought of as symmetric, but recent work on the mitochondrial homologue of
Hsp90 TRAP1 shows asymmetry at the interface between the middle domain and C
terminal domain, potentially formed due to strain build up. In conjunction with Cdc37,
co-chaperones such as p23, or clients such as kinases, stabilize the symmetric state(Fig I).
Upon hydrolysis of one ATP, the strain is released potentially forming a symmetric state.
Current work from the Agard lab indicates that hydrolysis can actually lead to a switch in
asymmetry, not depicted here, with the asymmetric homologue always hydrolyzing first.
Upon hydrolysis of ATP by the second monomer, Hsp90 forms a transient compact ADP
state before releasing the nucleotides and returning to the apo state equilibrium. Multiple
Hsp90 inhibitors target the conserved nucleotide binding pocket like geldanamycin,
radicicol, 17AAG, ganetespib and others. Structurally such binding seems to bias the
Hsp90 towards a more compact state, which is however not as compact as ATP or ADP
bound states. In vivo inhibitor treatment usually leads to release of the client, but it is
important to realize that inhibition of Hsp90 is not the same as its absence, as Hsp90
stalled at some point in its cycle may still have effects on clients due to simple binding.
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Figure 1. Hsp90's ATPase cycle
Hsp90 dimer (shades of tan) samples a variety of open states without a nucleotide. Upon

binding of ATP, Hsp90 adopts a closed state with the N terminal domains rotating and
dimerizing. Without additional binding partners such closed state is asymmetric at the
interface between Hsp90's middle and C terminal domains. However, binding of co-
chaperones like p23 or co-chaperones with clients, like Cdc37-kinase (either case is
shown as blue oval) causes Hsp90 to adopt a symmetric state. ATP is then hydrolyzed in
the N terminal domains, potentially sequentially with a switch in the asymmetry between
the Hsp90 monomers, on the way to a more compact ADP state. Release of the
nucleotide returns Hsp90 back to the equilibrium of open states. Inhibitors, like
geldanamycin, 17AAG, radicicol, etc break the ATPase cycle of Hsp90, stalling it in the
more compact state, yet different from the ATP bound state.
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Trends

- Recent biochemistry, cryoEM and NMR experiments provide an unprecedented
level of detail in understanding Hsp90-Cdc37-kinase interactions.

- Cdc37 plays a key role in bringing kinase clients to Hsp90.

- Hsp90 kinase clients continuously visit a partially unfolded state even long after
folding.

- Cdc37 mimics part of the kinase, further unfolding and stabilizing the partially
unfolded state.
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Outstanding questions

- What are the structures of the initial Hsp90-Cdc37-kinase complex and post-
hydrolysis Hsp90-Cdc37-kinase complex?

- How does the hand off to Hsp70 occur and how is it connected to kinase
degradation?

- Is an asymmetric Hsp90 state important for kinase processing?

- What are the functions of Cdc37's C terminal domain?

- What are structural effects of known phosphorylation sites?

- Is there a re-arrangement of Cdc37 on Hsp90 and how does it occur?
- How do other co-chaperones affect the Hsp90-kinase interactions?

- Are there new functionalities/benefits acquired by kinase clients due to their
dependence of Hsp90/Cdc37 and meta-stable native state?
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N-lobe

C-lobe

Figure 1. Kinase domain architecture and dynamics
The a.C helix in all structures is in lime color, adjacent aC-p4 loop is in red. The proteins

have been aligned by the a.E helix (salmon color helix in C-lobe). Arrows show the direction
and relative magnitude of N-lobe motion in relation to C-lobe. (A) Structures of EGFR in
the active state (light blue in color, PDB:2ITP) and the inactive state (piper in color, PDB:
2GS7). Note the small shift in aC helix between states. (B) Snapshot from 12us all-atom
MD simulation on EGFR from Shaw group displaying an opening between the kinase lobes.
(C) Cdk4 Kkinase structure as it is in the cryoEM complex of Hsp90-Cdc37-Cdk4 (PDB:
5FWL) showing dramatic unfolding between the kinase lobes and unraveling of p4- p5
strands.
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Figure 2. Cdc37 architecture and interactions with Cdk4 kinase in context of Hsp90
(A) Cdc37 structure synthesized from different studies. Residues 1-260 are from cryoEM

structure (PDB:5FWL), 261-293 from Hsp90-Cdc37 domain crystal structure (PDB:1US7)
and 294-378 from the ensemble solution NMR structure (PDB:2N5X). Cyan color indicates
regions interacting with Hsp90 in Hsp90-Cdc37-Cdk4 complex, pink is the kinase
interacting loop (HPN motif), blue color are Hsp90 interacting residues as in the crystal
structure and in yellow are residues implicated in additional interactions with bRaf kinase by
NMR. Y4, S13 and Y298 are known to be phosphorylated and are marked in red. (B)
Interactions between Cdc37 and Cdk4 in the context of Hsp90. Only the Cdc37 N terminal
domain is depicted for clarity (piper) interacting with the Cdk4 o.E helix (pink helix within
blue surface) with the loop harboring HPN motif on Cdc37 (pink, zoomed in). Kinase
(omitting residues 1-85) depicted as blue transparent surface, threads p4- p5 strands through
the lumen of Hsp90 with Hsp90 clamping around them at its middle domain-C terminal
domain junction.
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Figure 3. Conformational rearrangements of Cdc37 during the Hsp90 cycle
On the left is a modeled complex between Hsp90-Cdc37-Cdk4 where Cdc37-Hsp90

interactions are preserved as in the crystal structure of the fragments (PDB:1US7). The
Cdc37 middle domain is colored in blue with the N terminal domain in piper, Hsp90 is in tan
with N terminal domains in charcoal and Cdk4 kinase is in light gray. In this state Hsp90's N
terminal domains are parted, and the domain of the monomer on the left had to undergo a
rotation as to avoid clash between Hsp90's middle domain and Cdc37's middle domain. At
this state, we imagine the kinase lobes to be partially open. Upon ATP binding to the Hsp90
N terminal domains, these undergo closure displacing Cdc37 down to the middle domain
and stabilizing the kinase in the unfolded state, resulting in the observed cryoEM structure
(domain motions are depicted with arrows). Structure on the left corresponds to state (b) in
Figure 4 and structure on the right corresponds to state (c) in Figure 4.
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Figure 4. Hsp90-kinase cycle
Kinases sample partially open states (CL- C-lobe, NL — N-lobe) (state a). If the kinase

spends too much time open at the lobes, for example during early folded state or with a
constitutive client, Cdc37 wedges in between the two kinase lobes with its N terminal
domain, further unfolding the kinase (state b). Based on NMR data, the C terminus of Cdc37
also makes some kinase interactions at this point. Cdc37 interacts with the N terminal
domain of an open Hsp90, utilizing the contacts as in the crystal structure (modeled in
Figure 3). Upon binding ATP, Hsp90 undergoes closure, clamping around the unfolded
kinase p4-p5 strands, and Cdc37 migrates to the middle domain (state c). Upon ATP
hydrolysis by Hsp90 (potentially sequential, with an asymmetric state in between), Hsp90
opens, giving a chance for the kinase to fold (state d). If this was an initial folding
interaction for a “non client”, or there is a stabilizing binding partner present nearby for the
constitutive client, the stabilized and folded N lobe outcompetes Cdc37 for the C lobe,
dissociating the kinase from the complex. However, if there are no stabilizing interactions,
Hsp90 may re-bind ATP and enter another cycle (dashed line). This way, the kinase is safely
held in a partially folded inactive state, always ready to interact with an appropriate binding
partner, checking for its presence with the frequency of Hsp90's ATPase. Dynamic
phosphorylation and dephosphorylation by Yes and CKII kinases, and PP5 phosphatase, add
a layer of regulation.
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Figure 5. Imagined kinase folding free energy landscape
Kinase starts out in an unfolded state (depicted as blue squiggly line at the top of the folding

funnel), and likely with the help of general chaperone machinery reaches a partially folded
state, perhaps with a rather well folded C-lobe (black arrow to the middle of the folding
funnel). From this ensemble of metastable states the kinase interacts with Hsp90-Cdc37.
Non-client kinases would then readily access a distinct, well-folded native state and quickly
escape the metastable ensemble (blue arrow). If the kinase is a constitutive client, it spends
most of its time in the ensemble of partially folded states, without access to a stable state by
itself and needs an interacting partner to be stabilized, be it cyclin (green), SH2-SH3
domains or even other kinases (black arrows into deep energy wells). Examples of client
kinases representing each mode of stabilization are given below the cartoons. Non-client
kinases would have to pay a considerable energy penalty to transition out of the energetically
deep native state into an effector bound state (red dashed arrow). Hsp90 client kinases
however, being in a structurally uncommitted state are always ready to interact with
effectors, foregoing the need to pay the energy penalty. Importantly, Hsp90-Cdc37 may also
catalyze the transitions between interactions with different effectors.

Trends Biochem Sci. Author manuscript; available in PMC 2018 October 01.



	Abstract
	Although initially observed decades ago, details of Hsp90-kinase interactions are just emerging
	What is a client kinase?
	Structural hallmarks of client kinases
	How does Cdc37 interact with client kinases and promote Hsp90 function?
	Cdc37 interactions with Hsp90
	Regulation of Hsp90/Cdc37/kinase interactions
	What are the functional consequences of kinase - Hsp90/Cdc37 interactions?
	Concluding remarks
	References
	Figure I
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5



