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Abstract

The molecular chaperone Hsp90 is involved in the folding, maturation, and degradation of a large number
structurally and sequentially unrelated clients, often connected to serious diseases. Elucidating the principles
of how Hsp90 recognizes this large variety of substrates is essential for comprehending the mechanism of this
chaperone machinery, as well as it is a prerequisite for the design of client specific drugs targeting Hsp90.
Here, we discuss the recent progress in understanding the substrate recognition principles of Hsp90 and its
implications for the role of Hsp90 in the lifecycle of proteins. Hsp90 acts downstream of the chaperone Hsp70,
which exposes its substrate to a short and highly hydrophobic cleft. The subsequently acting Hsp90 has an
extended client-binding interface that enables a large number of low-affinity contacts. Structural studies show
interaction modes of Hsp90 with the intrinsically disordered Alzheimer's disease-causing protein Tau, the
kinase Cdk4 in a partially unfolded state and the folded ligand-binding domain of a steroid receptor.
Comparing the features shared by these different proteins provides a picture of the substrate-binding
principles of Hsp90.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Hsp90 binds a diverse spectrumof clients

Balanced protein folding, quality control, and deg-
radation are prerequisites of life [1]. Errors in these
processes lead to fatal diseases, including cancer,
cystic fibrosis, and neurodegenerative disorders,
such as Alzheimer's disease [2–6]. Therefore, cells
have heavily invested in complex folding machineries
that aid de novo synthesized or unfolded proteins to
reach their adequate conformation, support domain
and complex assembly, target damaged proteins to
degradation, and disaggregate protein aggregates
[7–12]. These folding machineries play an essential
role in protecting cells from aggregation-prone, hydro-
phobic protein stretches, which seriously threaten the
“well-being” of the cellular proteome [8,13,14].
The evolutionary most important chaperone clas-

ses are the ATP-driven machines Hsp70 and Hsp90
[15–18]. Hsp90 typically acts downstream of Hsp70
uthor. Published by Elsevier Ltd. This
g/licenses/by-nc-nd/4.0/).
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[19–22]. Many proteins require assistance from the
Hsp70 chaperone machinery for the first steps on the
folding path [23]. Hsp70 recognizes short, hydro-
phobic patches and shields them from aggregation
by binding to them [24]. Next, partially folded, less
hydrophobic intermediatesmaybind toHsp90 [25,26].
Hsp90 regulates substrate intake from the Hsp70
system via ATP hydrolysis [23,27,28]. The ATP cycle
regulates opening and closing of the Hsp90 dimer
[29–31]. It is not clear, however, how the conforma-
tional changes control Hsp90–client interactions.
Hsp90 fosters the folding, maturation and degradation
of a large number of often structurally and sequentially
very different client proteins [25,32–34]. The diversity
of Hsp90 clients is astonishing, it includes many
aggregation-prone and unstable regulatory proteins,
such as kinases from every kinase family; transcrip-
tion factors, including steroid hormone receptors;
and surprisingly, disordered clients, such as Tau or
is an open access article under the CC BY-NC-ND licen
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2 Review: Hsp90–Client Interactions
α-synuclein [35] (https://www.picard.ch/downloads/
Hsp90interactors.pdf). In the cellular context, many
clients are targeted to Hsp90 by co-chaperones, such
as Cdc37 in the case of kinases, Sgt1 for leucine-rich-
repeat-containing proteins, andHop for certain steroid
receptors. The basis of Hsp90 substrate binding,
however, is the chemical properties that drive the
chaperone–client interaction itself. This had been
enigmatic until recently [36–38].
Here, we provide an overview of current knowl-

edge on the client-binding properties of Hsp90 with
focus on the three available Hsp90–client structural
models from the point of view of the clients as well
as Hsp90 [26,39,40]. We examine several physical
properties, including charges and hydrophobic con-
tent of binding interfaces of three Hsp90 clients (Tau,
GR, and Cdk4) and Hsp90 to discuss important
aspects of Hsp90–client interaction [26,39,40].
Hsp90 client binding

First, we will highlight the characteristics of the
Hsp90 contact sites within the client, analyzing the
structural models of Tau, GR-LBD, and Cdk4 in
complex with Hsp90. Afterward, we will turn the
tables and discuss common and divergent features
of the substrate-binding interface as they are offered
by Hsp90 in these three complexes. A detailed quan-
titative analysis and additional figures are provided in
the supplement.

The Hsp90 binding site of a disordered client, Tau

First, we took a closer look at disordered Tau in
complex with human Hsp90. At first glance, it may
seem surprising that the intrinsically disordered,
highly flexible, and soluble Tau protein is a bona
fide client of Hsp90 [26,41]. Indeed, Hsp90 does not
fold Tau. Instead, Hsp90 either supports association
of Tau with microtubules or targets it for proteasomal
degradation, in collaboration with the E3 ubiquitin–
protein ligase CHIP [41–45]. The function of Tau is
related to microtubule polymerization, stabilization,
and intracellular organelle and vesicle trafficking
[46–48]. Aggregation of Tau into fibrils, however, is
an essential step in the development of Alzheimer's
disease [49–51]. Intriguingly, the same segment of
Tau, the repeat domain (Tau-RD; Q244–N368), is
responsible for microtubule binding, Hsp90 interac-
tion, and aggregation (Fig. 1a) [52,53]. Tau-RD
consists of four pseudo-repeats, R1–R4, each of
which comprises 31 or 32 residues (Q244–N368).
The two C-terminal repeats R3 (V306–Q336) and R4
(V337–N368) are part of the fibrils found Alzheimer
brain (V306–F378) [54].
Hsp90 binds in Tau to an extended surface,

ranging over around 170 residues (approximately
R210–E380) and including both Tau-RD and the
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
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fibril core [26]. The affinity is in lowmicromolar range,
typical for chaperone–substrate interactions (4.8 μM).
The extended binding interface renders the contri-
bution of each individual residue to binding minimal.
This is a marked difference to the short stretches that
bind to Hsp70 and in which often a single leucine has
a key role. Overall, the Hsp90 binding site in Tau is
only of moderate hydrophobicity (1 large hydrophobic
or aromatic residue per 4.4 residues) and exhibits a
strong positive net charge (pI = 10.3). Within the
extended binding region are six key binding stretches
(Tau-90KBS), each of them five or six residues long,
which NMR data suggest to be more prominently
involved in interaction with Hsp90 [26]. They are more
hydrophobic than the remainder of the Hsp90 binding
site in Tau (see supplement for quantitative assess-
ment; Supplementary Table 2).

The Hsp90 binding site of a folded client, GR-LBD

The ligand-binding domain (LBD) of the glucocor-
ticoid receptor (GR) binds to Hsp90 as folding
intermediate but also in its folded, native state [39].
Two clients could hardly be more different than
Tau and the folded GR-LBD. GR is a multi-domain
steroid hormone receptor that regulates develop-
ment, metabolism, and immune responses [55,56].
In the absence of the hormone (e.g., cortisol), the
LBD of GR (GR-LBD) is unstable and the protein
resides in the cytosol exclusively in complex with
chaperones [28,39,57]. Hsp90 is essential for GR
function. It binds to GR-LBD with low micromolar
affinity, similar to Tau, and maintains it in its semi-
folded, hormone-receptive state [58–61]. Glucocor-
ticoids stabilize GR-LBD but do not dissociate the
complex [39,62]. Folded GR-LBD binds to Hsp90,
and this complex reveals some interesting features
for Hsp90–client interactions [39].
Structural analysis by NMR and SAXS of yeast

Hsp90 in complex with GR-LBD reveals that the
chaperone adopts a closed conformation (Fig. 1b)
[39]. Two folded GR-LBD molecules can bind simu-
ltaneously to the Hsp90 dimer, and both have
contacts with each Hsp90 protomer. One GR-LBD
binds to the middle domain of one and the N-terminal
domain of the other protomer, and vice versa [39].
However, throughout the functional maturation cycle,
only one GRmolecule binds to the Hsp90 dimer, also
thanks to the action of co-chaperones [39].

The role of Hsp90 in guarding a semi-folded
client, Cdk4

The recent cryo-EM model of Cdk4 in complex
with Hsp90 and Cdc37 provided for the first time
high-resolution structural information on a partially
folded substrate of Hsp90 [40]. The semi-folded
Cdk4 mainly binds to the middle domains of the
Hsp90 dimer and it makes further contacts with the
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.
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Fig. 1. Client proteins of Hsp90. (a) Tau. (I) Cartoon representation. (II) As in (I) with highlighted Hsp70 binding sites
(side chains as yellow spheres) and other hydrophobic residues (main chain as red spheres). The Hsp70 sites were
predicted using an algorithm [107] (III) As in (II) with the highlighted Hsp90 binding site (side chains as blue spheres, main
chain as red or yellow spheres). (IV) Surface representation of the Hsp90 binding site of Tau with YRB coloring
[hydrophobic content (yellow), positive (blue) and negative (red) charges, other (white)] [108]. (b) As in (a) with GR-LBD.
(c) As in (a) with folded Cdk4 [68]. (d) As in (a) with semi-folded Cdk4 [40].
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N- and C-terminal domains (Fig. 1c) [40]. The β-
sheets β4 and β5 are unfolded and the thread
proceeds through the narrow, hydrophobic channel
formed by the closed protomers. This now allows
intriguing comparisons with the Hsp90 complexes
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
of intrinsically disordered Tau and natively folded
GR-LBD.
The Hsp90–Cdk4–Cdc37 complex provides in-

sights into Hsp90 action during kinase maturation
[40]. Cdk4 needs to be in active state for the cell-
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.
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cycle G1 phase progression (Fig. 1d) [63–67]. Effec-
tive regulation of the cell cycle requires stringent
control of cyclin-dependent kinases, including Cdk4
[65,68,69]. Therefore, multiple steps need to be
taken for Cdk4 activation: (1) proper folding, (2) bind-
ing of the regulator cyclin D, (3) association of ATP
to the ATP binding loop, (4) positioning of the
catalytic residue (active site) in the vicinity of the
ATP molecule, and (5) phosphorylation of T172
[65,68,70–73]. Inhibitors, such as p16, may also hold
back Cdk4 in its inactive state and can effectively
control its activity [65,74,75]. Hsp90 plays an impor-
tant role in the late folding process of Cdk4 [71].
Mapping of the interaction sites suggests that Hsp90
may also prevent the association of Cdk4 with
cyclin D, because (i) the cyclin D binding site largely
overlaps with the one of Hsp90 (Fig. 2a) and (ii) most
of it is not accessible when the dimer is closed
(Fig. 2b). Hsp90 may thus be directly involved in the
regulation of the cell cycle.
Cdk4 is recruited to Hsp90 by Cdc37 [37,71,76,77].

Cdk4 has two Cdc37 binding sites, which are ex-
posed in the semi-folded but partially buried in
the folded Cdk4 structural model (Supplementary
Fig. 2. Semi-folded CDK4 is inactive. (a) The Hsp90 bindin
yellow spheres) overlaps with the Cdk4-cyclin D interaction sur
in magenta. (b) Part of the cyclin D binding site is buried when
and Hsp90 dimer with Cdk4 (right) in the same position.
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Fig. 1a). Therefore, Cdc37 is likely to capture Cdk4
in its semi-folded state, either on-pathway or after
partial unfolding [78]. With the help of Cdc37, Hsp90
stabilizes Cdk4 in this semi-folded conformation,
which renders the protein inactive, by maintaining a
certain distance between the ATP binding loop and
the active site (Supplementary Fig. 1b) [40].
Cdk4 dissociates from the Hsp90–Cdc37 “prison”

at the end of the G1 phase when the concentration
of cyclin D significantly increases, the mechanism
of which remains to be elucidated [63]. Potentially,
this may be linked to dissociation of Cdc37 since
the Hsp90–Cdk4 complex is unstable without the co-
chaperone [71]. When free from chaperones and
active, Cdk4 translocates to the nucleus where it
phosphorylates retinoblastoma gene products (Rb)
[63,79–81].
The folding mechanism of Cdk4 may be a general

paradigm for kinase folding, including kinases that
had been considered as Hsp90 independent [32,38].
Notably, part of the Cdc37 binding site of Cdk4 is
rather conserved among all kinases, despite being in
a loop, even when we compare kinases that stand
far from each other evolutionarily (Supplementary
g site (side chains as blue spheres, main chain as red or
face (side chains as red spheres). The overlap is depicted
Cdk4 is bound to Hsp90. Hsp90 protomer with Cdk4 (left)

Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.
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Fig. 1c and e). Thus, all these kinases can potentially
bind to Cdc37 and be targeted to Hsp90 if this loop
gets exposed. Notably, the two unfolding β-sheets
of Cdk4, β4 and β5, are also conserved among
kinases, regardless of their dependence on Hsp90
(Supplementary Fig. 1d and e) [68,82–84]. This
suggests that any of these kinases could potentially
be Hsp90–clients if their corresponding parts get
exposed, but Hsp90 demands may be determined
by folding path and protein stability [32,85,86].

Common properties of Hsp90 binding sites in
the various substrates

Together, the comparison of the Hsp90 binding
sites of Tau, GR-LBD, and Cdk4 reveal some
features that may be general trademarks for Hsp90
clients (Fig. 1, Supplementary Fig. 2, Supplementary
Table 2) [26,39,40]. Although the three clients are
very different, a common pattern emerges.
Surface area

Compared to the relatively short stretches involved
in Hsp70 binding (core regions of no more than five
residues), Hsp90 binding sites are extended (50–
170 amino acids) (Fig. 1a–d, Supplementary Table 2)
[24,26,39,40]. This is consistent with the concept that
Hsp90 binds its clients via a large number of low-
energy contacts allowing for dynamic, transient
interactions [26]. In the middle domain of Hsp90, the
binding sites of Tau and GR-LBD overlap to a large
extent. Tau, however, is the much more extended
molecule and also covers a significant part on the
surface of the N-terminal domain of Hsp90.
Hydrophobicity and charge

Overall, the interaction interfaces are less hydro-
phobic and more charged than Hsp70 binding sites,
consistent with fact that Hsp90 acts downstream of
Hsp70 on the folding path (Fig. 1a–d, Supplemen-
tary Fig. 2c–d, Supplementary Table 2) [19,21,22,
26,28]. The Hsp90 binding sites contain a higher
fraction of positively charged residues compared
to the full-length protein, and as a result, the binding
interfaces of Tau and Cdk4 have a net positive
charge. The Hsp90 binding site of GR-LBD, howev-
er, is overall negatively charged as the negatively
charged residues outnumber the increase in basic
residues (Supplementary Fig. 2a–c, Supplementary
Table 2) [39]. It is interesting that all clients minimize
potentially adverse charge interactions in their
Hsp90 interaction sites. Coulomb interactions influ-
ence protein–protein interactions over large dis-
tances. Thus, prevention of potential repulsion could
be an important principal to empower chaperoning of
a diverse substrate pool.
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
Hsp70–Hsp90 connection

The Hsp70 and Hsp90 binding sites barely overlap
in GR-LBD and Cdk4 (Fig. 1a–d) [39,40]. Hsp70
binds to very hydrophobic, aggregation-prone short
stretches that typically form the hydrophobic core of
proteins (Fig. 1a–d) [24]. The observation that Hsp90
avoids these sites in folded proteins indicates that
it preferentially binds to late folding intermediates
where these sites are already buried (Fig. 1a–d) [26].
Tau only has two Hsp70 sites, consistent with its
inability to fold (Fig. 1a) [87]. Both Hsp70 binding
sites remain exposed and are (a small) part of the
extended Hsp90 binding region [26,88].

The substrate interaction sites of Hsp90

After so far analyzing the Hsp90 binding sites in
the various clients, we now turn sides and look at the
client-binding patches on the surface of the Hsp90
structure. The client-binding patches of three very
different clients seem surprisingly similar to each
other regarding charges and hydrophobicity, espe-
cially when we compare them to the variable co-
chaperone binding sites (Fig. 3a–d, Supplementary
Fig. 3a–e, Supplementary Fig. 4a–d, Supplementary
Tables 3–4) [26,39,40,89–91]. The binding patches
of the three clients together form a consecutive,
extended binding surface involving mostly the N-
terminal and middle domains (Fig. 3a–d, Supplemen-
tary Fig. 4a–d). Notably, the analysis of a complex
of destabilized transthyretin with Hsp90 revealed
a similar binding site to Tau, further confirming the
concept of the long consecutive binding site [92]. We
can learn some general lessons for protein–protein
interactions of Hsp90.
Surface area

The Hsp90 client-binding interface is a consecu-
tive, extended surface covering part of the surface
of the N-terminal and middle domains. The different
client sites overlap partially, and the use of different
patches of the client-binding sites may reflect both
their shape and chemical properties (Fig. 3a–d,
Supplementary Fig. 4a–d) [26,39,40]. The extended
nature suggests that Hsp90 forms many low-energy
contacts with its clients [26,39,40]. The structural
models show Hsp90 homologs binding to Tau in
open and to GR-LBD and Cdk4 in its closed con-
formation [26,39,40]. The available surface areas
considerably differ when Hsp90 is an open or a
closed conformation as a substantial part of the
Hsp90 surface gets buried upon N-terminal dimer-
ization. Each client-binding surface covers a spread-
out area on the surface of Hsp90 but with varying
sizes (82 amino acids for Tau, 66 or 70 for GR-LBD,
and 65 for Cdk4 binding are within 5 Å of the client).
Tau binds to the open human Hsp90 both in the
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.
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Fig. 3. Client-binding sites of Hsp90. The binding sites are visualized using YRB coloring [hydrophobic content (yellow),
positive (blue) and negative (red) charges, other (white)] [108]. (a) The Tau binding site of Hsp90. (b) GR-LBD binding site
of Hsp90. (c) Cdk4 binding site of chain A of the Hsp90 dimer. (d) Cdk4 binding site of chain B of the Hsp90 dimer.
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presence and the absence of nucleotide, resulting
in an extended binding area [26]. When binding in
its closed conformation, the number of contacts per
Hsp90 protomer is lower. However, this is compen-
sated by the possibility to bind to both Hsp90
protomers, suchas in case ofGR-LBD,which interacts
with yeast Hsp90 in its ATP state [39] A closed
conformation further allows to increase the intimacy
of the interaction, as it is seen for the Hsp90-Cdk4-
Cdc37 complex [40].
Hydrophobicity

The hydrophobic content of the patches that
bind to the clients Tau and GR-LBD is similar to
Fig. 4. The unified Hsp90–client cycle. (a) The newly sy
hydrophobic residues (Hsp70 sites: yellow dots, other hydrop
hydrophobic core, while other short, strongly hydrophobic stretc
(J, light green) machinery (left). Certain exposed sequences
co-chaperone of Hsp90 co-chaperone (right). (b) The Hsp70–
supported by the adaptor protein, Hop (pink). ATP hydrolys
therefore, Hsp90 dimerizes via its N-terminal domains. After AT
Hsp90 binds to the kinase client with the help of Cdc37. This
an ATP molecule by the closed Hsp90 dimer. Contrary to Hsp
and Pi dissociate (right). (c) The partially folded client stays
co-chaperones may bind. The ATP hydrolysis step may be re
The closed Hsp90 dimer may open up to release the partially fo
may be repeated several times (right). (d) Hop dissociates. The
it. p23 (23, brown) reinforces the closed conformation. (e) The
The ligand stabilizes the fully folded client. Some kinases stay i
active ligand dissociates from Hsp90 and enters a new folding
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that of entire Hsp90. The hydrophobic residues
scatter throughout the client-binding sites (Fig. 3a–d,
Supplementary Figs. 4a–d and 5d, Supplementary
Table 4) [26,39]. In contrast, the Cdk4 binding
patch of Hsp90, particularly for chain B, is signif-
icantly more hydrophobic (Fig. 3d; Supplementary
Figs. 4d, 5d, and 6; Supplementary Tables 1, and 4)
[40]. This may represent a specific entry point early
in the client maturation cycle. The patches covered
by Cdk4 chain A, GR-LBD, and Tau may represent
the later stages (Fig. 3a–b, Supplementary Figs. 4a–
b and 6) [26,39]. These polar interfaces may be
crucial for chaperoning function as they may en-
courage the client to expose its charged and polar
residues, too.
nthetized polypeptide chain exposes a large number of
hobic residues: red dots). Some of these quickly form a
hes stay accessible for the Hsp70 (70, dark green)–Hsp40
are recognized by Cdc37 (37, cyan), the kinase-targeting
hsp40 complex targets the client to Hsp90 (90, dark blue,
is by Hsp90 is necessary for passing on the substrate;
P hydrolysis, Hsp70, Hsp40, ATP, and Pi dissociate (left).
step is probably also accompanied by the hydrolysis of
70 and Hsp40, Cdc37 remains part of the complex, ADP
in contact with the Hsp90–Hop complex, to which other
peated (without the re-binding of Hsp70 and Hsp40) (left).
lded client. The opening–closing coupled to ATP hydrolysis
ligand (orange) binds to the fully folded client and stabilizes
ligand-bound client may stay in contact with Hsp90 (left).

n contact with Hsp90 after folding (right). Subsequently, the
cycle [28,38,109].
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Charge

All client-binding patches have a close to neutral net
charge, despite being highly charged (Supplementary
Table 4). The sites for foldedGR-LBDandsemi-folded
Cdk4 are enriched in positive and unchanged in
negative residues, whereas the binding site of the
Fig. 4 (legend on

Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
disordered client is enriched in positively but depleted
in negatively charged residues (Supplementary
Fig. 5a–c) [26,39,40]. This may be crucial for Hsp90
to interact with clients independent of the total
charge of the client, despite the high negative net
charge of Hsp90 itself. While Hsp90 has a high
negative net charge, the Hsp90 client-binding surface
previous page)
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is reduced in charge and is close to a neutral net
charge, achieved by the presence of a large number
of both positively and negatively charged residues
(Supplementary Fig. 5a–c, Supplementary Table 4)
[26,39,40]. This may be crucial for the role of Hsp90
in guarding late folding intermediates as this may
favor burial of hydrophobic residues.

Client matching

When binding to Hsp90, most of the highly hydro-
phobic segments predicted to bind to Hsp70 are buried
(Fig. 1a–d). This can be seen for both Cdk4 and
GR-LBD (Fig. 1b–d, Supplementary Fig. 7) [39,40].
Also, the binding site in the repeat domain of Tau is
characterized by a moderate content in hydrophobics
(Fig. 1a, Supplementary Fig. 2d) [26]. As most of the
proteins havepartswith hydrophobic contentwithin this
range, it is possible that Hsp90—at least transiently—
may also bind to many proteins that are currently not
considered Hsp90 clients.

Co-chaperone interaction

In comparison with clients, the binding sites of
co-chaperones are more variable regarding both
charges and hydrophobic content (Supplementary
Fig. 3, Supplementary Table 3) [26,39,40,89–91].
This indicates that these interfaces are tailored for
a specific interactor, while the client interaction
patches need to be able to interact with a structurally
and chemically diverse population. They are also
more condensed than the client-binding sites, indicat-
ing that Hsp90 forms fewer contacts with higher
energy with co-chaperones in comparison with clients
(Supplementary Fig. 3a–e, Supplementary Table 3)
[26,39,40,89–91,93]. The hydrophobic content often
forms a center around which charges scatter (Sup-
plementary Fig. 3a–e) [40,90,91].
The N-terminal and middle domains of human but

not bacterial Hsp90 are connected by a long dis-
ordered linker, which had been suggested to partic-
ipate in substrate binding [94–96]. However, the
mechanistic implications of this linker for substrate
binding are poorly understood, as it is not visible in
the structural models.

Hsp90 chaperoning

Thecurrent progress onHsp90 client recognition and
the knowledge assembled over the years on Hsp90-
chaperoned folding paths, in particular of kinases and
steroid receptors, leads to a unified scheme for the
folding mechanism of Hsp90 clients (Fig. 4).

Step a

During early folding, some of the most hydrophobic
patches of proteins need to bury and the hydrophobic
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
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core is formed, still leaving a number of scattered
hydrophobic residues exposed (Fig. 1a–d). Hsp70
aids GR (and perhaps also Cdk4) interfere with this
process by scavenging hydrophobic stretches that
are exposed at this stage, potentially recovering dead
end folding intermediates [22,28].

Step b

Next, the folding intermediate is targeted to
Hsp90 by the Hsp70–Hsp40–Hop complex where
Hop bridges the two chaperones, significantly
facilitating client transfer [28,97–100]. ATP hydro-
lysis by Hsp90 may be only required for the transfer
from the Hsp70 to the Hsp90 system [28,101]. In
the case of kinases, this targeting is accomplished
by Cdc37, in other cases potentially by other
targeting factors [102]. After binding to Hsp90, most
Hsp70 binding stretches are buried in the core of the
folding intermediate, leading to a semi-folded state
(Figs. 1d and 2b).

Step c

The client binds to Hsp90 and the complex is
stabilized by an ATPase inhibitor co-chaperone,
such as p23 for GR-LBD and Cdc37 for Cdk4
[28,40,103,104].

Step d

The client remains in this semi-folded state, pro-
tected by Hsp90 and co-chaperone until it binds its
substrate/stabilizing factor/inhibitor (e.g., hormone in
the case of GR and cyclin D for Cdk4) and may be
released [40,57].

Step e

The client proceeds to the native, active state,
which typically does not need further chaperone
support. Some clients, however, may even remain
bound to Hsp90 after co-factor binding. For
example, GR translocates to the nucleus with the
help of Hsp90 and co-chaperones where it acti-
vates its target genes [105,106]. Possibly also
kinases bind to Hsp90 after folding, as mature
kinases may depend on Cdc37–Hsp90 post-folding
under certain conditions [38]. Together with cyclin D,
Cdk4 alsomigrates to the nucleus to activate its target
proteins [63,79,80].
The Hsp90 chaperone is a versatile molecular

machine that interacts with a remarkably variable
clientele. The progress in molecular understanding
of the substrate interaction interfaces shows sur-
prisingly similar properties in the recognition of in
particular disordered Tau and folded GR-LBD, but
also part of the kinase Cdk4. Notably, the binding
site for semi-folded Cdk4 contains a specific
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.
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hydrophobic stretch that does not come into action
for binding Tau and GR-LBD. It is tempting to
speculate that this stretch represents a first contact
mode for folding intermediates, while the sub-
strates move in later stages to the extended and
less hydrophobic surface as seen in the case of
Tau and GR-LBD. The partial overlap of the binding
sites of both proteins and the similarity of the
interaction chemistry explain how the Hsp90
chaperone machine is able to interact with a large
range of structurally entirely different clients.
Acknowledgments

We are grateful to Ineke Braakman for continuous
support. We thank Tania Morán Luengo and
Margreet B. Koopman for comments on the manu-
script. We thank Tobias Madl for providing us the
structural model of (GR-LBD)2(Hsp90)2. S.G.D.R.
was supported by Marie-Curie Actions of the 7th
Framework programme of the EU [Innovative
Doctoral Programme “ManiFold” (No. 317371) and
Initial Training Network “WntsApp” (No. 608180)],
the Internationale Stichting Alzheimer Onderzoek
(ISAO; project “Chaperoning Tau Aggregation”; No.
14542), and a ZonMW TOP grant (“Chaperoning
Axonal Transport in Neurodegenerative Disease”;
No. 91215084).
Author Contributions: The concept of the study

originates from M. Radli and S.G.D. Rüdiger. M.
Radli drafted the first version of the manuscript and
prepared all the figures. M. Radli and S.G.D. Rüdiger
wrote the manuscript.
Appendix A. Supplementary data

Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jmb.2018.05.026.
Received 20 December 2017;
Received in revised form 13 May 2018;

Accepted 15 May 2018
Available online xxxx

Keywords:
molecular chaperones;

protein folding;
Hsp90;

proteostasis;
protein quality control

Abbreviations used:
LBD, ligand-binding domain; GR, glucocorticoid receptor.
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
References

[1] B. Bukau, J.Weissman, A. Horwich, Molecular chaperones
and protein quality control, Cell 125 (2006) 443–451,
https://doi.org/10.1016/j.cell.2006.04.014.

[2] P.J. Thomas, Y.H. Ko, P.L. Pedersen, Altered protein
folding may be the molecular basis of most cases of cystic
fibrosis, FEBS Lett. 312 (1992) 7–9 (0014–5793(92)81399–
7 [pii]).

[3] L. Neckers, Heat shock protein 90: the cancer chaperone,
J. Biosci. 32 (2007) 517–530.

[4] D. Balchin, M. Hayer-Hartl, F.U. Hartl, In vivo aspects of
protein folding and quality control, Science 353 (2016),
aac4354. https://doi.org/10.1126/science.aac4354.

[5] J.J. Yerbury, L. Ooi, A. Dillin, D.N. Saunders, D.M. Hatters,
P.M. Beart, N.R. Cashman, M.R. Wilson, H. Ecroyd,
Walking the tightrope: proteostasis and neurodegenerative
disease, J. Neurochem. 137 (2016) 489–505, https://doi.org/
10.1111/jnc.13575.

[6] M. Radwan, R.J. Wood, X. Sui, D.M. Hatters, When
proteostasis goes bad: protein aggregation in the cell, IUBMB
Life 69 (2017) 49–54, https://doi.org/10.1002/iub.1597.

[7] B. Bukau, A.L. Horwich, The Hsp70 and Hsp60 chaperone
machines, Cell 92 (1998) 351–366.

[8] H. Saibil, Chaperone machines for protein folding, unfolding
and disaggregation, Nat. Rev. Mol. Cell Biol. 14 (2013)
630–642, https://doi.org/10.1038/nrm3658.

[9] S. Walter, J. Buchner, Molecular chaperones—cellular
machines for protein folding, Angew. Chem. Int. Ed. Engl.
41 (2002) 1098–1113.

[10] J. K. III, U.K. Jinwal, D.C. Lee, J.R. Jones, C.L. Shults, A.G.
Johnson, L.J. Anderson, C.A. Dickey, Chaperone signalling
complexes in Alzheimer's disease, J. Cell. Mol. Med. 13
(2009) 619–630.

[11] J. Weibezahn, C. Schlieker, P. Tessarz, A. Mogk, B. Bukau,
Novel insights into the mechanism of chaperone-assisted
protein disaggregation, Biol. Chem. 386 (2005) 739–744,
https://doi.org/10.1515/BC.2005.086.

[12] F.U. Hartl, M.K. Hayer-Hartl, Molecular chaperones in the
cytosol: from nascent chain to folded protein, Science 295
(2002) 1852–1858.

[13] J. Winkler, J. Tyedmers, B. Bukau, A. Mogk, Chaperone
networks in protein disaggregation and prion propagation,
J. Struct. Biol. 179 (2012) 152–160, https://doi.org/10.1016/
j.jsb.2012.05.002.

[14] Y.E. Kim, M.S. Hipp, A. Bracher, M. Hayer-Hartl, F.U. Hartl,
Molecular chaperone functions in protein folding and
proteostasis, Annu. Rev. Biochem. 82 (2013) 323–355,
https://doi.org/10.1146/annurev-biochem-060208-092442.

[15] T. Laufen, M.P. Mayer, C. Beisel, D. Klostermeier, A. Mogk,
J. Reinstein, B. Bukau, Mechanism of regulation of hsp70
chaperones by DnaJ cochaperones, Proc. Natl. Acad. Sci.
U. S. A. 96 (1999) 5452–5457.

[16] A. Szabo, T. Langer, H. Schroder, J. Flanagan, B. Bukau, F.
U. Hartl, The ATP hydrolysis-dependent reaction cycle of
the Escherichia coli Hsp70 system DnaK, DnaJ, and GrpE,
Proc. Natl. Acad. Sci. U. S. A. 91 (1994) 10345–10349.

[17] L.H. Pearl, Review: The HSP90 molecular chaperone-an
enigmatic ATPase, Biopolymers 105 (2016) 594–607,
https://doi.org/10.1002/bip.22835.

[18] B. Panaretou, C. Prodromou, S.M. Roe, R. O'Brien, J.E.
Ladbury, P.W. Piper, L.H. Pearl, ATP binding and hydrolysis
are essential to the function of the Hsp90 molecular
chaperone in vivo, EMBO J. 17 (1998) 4829–4836.
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.

https://doi.org/
https://doi.org/10.1016/j.cell.2006.04.014
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0010
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0010
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0010
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0010
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0015
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0015
https://doi.org/10.1126/science.aac4354
https://doi.org/10.1111/jnc.13575
https://doi.org/10.1111/jnc.13575
https://doi.org/10.1002/iub.1597
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0035
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0035
https://doi.org/10.1038/nrm3658
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0045
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0045
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0045
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0050
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0050
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0050
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0050
https://doi.org/10.1515/BC.2005.086
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0060
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0060
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0060
https://doi.org/10.1016/j.jsb.2012.05.002
https://doi.org/10.1016/j.jsb.2012.05.002
https://doi.org/10.1146/annurev-biochem-060208-092442
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0075
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0075
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0075
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0075
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0080
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0080
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0080
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0080
https://doi.org/10.1002/bip.22835
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0090
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0090
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0090
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0090
https://doi.org/10.1016/j.jmb.2018.05.026
https://doi.org/10.1016/j.jmb.2018.05.026


10 Review: Hsp90–Client Interactions
[19] H. Wegele, S.K. Wandinger, A.B. Schmid, J. Reinstein, J.
Buchner, Substrate transfer from the chaperone Hsp70
to Hsp90, J. Mol. Biol. 356 (2006) 802–811, https://doi.org/
10.1016/j.jmb.2005.12.008.

[20] R.J. Schumacher, W.J. Hansen, B.C. Freeman, E. Alnemri,
G. Litwack, D.O. Toft, Cooperative action of Hsp70, Hsp90,
and DnaJ proteins in protein renaturation, Biochemistry
(N. Y.) 35 (1996) 14889–14898.

[21] O. Genest, J.R. Hoskins, J.L. Camberg, S.M. Doyle, S.
Wickner, Heat shock protein 90 from Escherichia coli
collaborates with the DnaK chaperone system in client
protein remodeling, Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
8206–8211, https://doi.org/10.1073/pnas.1104703108.

[22] T. Morán Luengo, R. Kityk, M.P. Mayer, S.G.D. Rüdiger,
Hsp90 breaks the deadlock of the Hsp70 chaperone
system, Mol. Cell 70 (2018) 545–552, https://doi.org/10.1016/
j.molcel.2018.03.028.

[23] M.P. Mayer, B. Bukau, Hsp70 chaperones: cellular
functions and molecular mechanism, Cell. Mol. Life Sci.
62 (2005) 670–684, https://doi.org/10.1007/s00018-
004-4464-6.

[24] S. Rüdiger, A. Buchberger, B. Bukau, Interaction of
Hsp70 chaperones with substrates, Nat. Struct. Biol. 4
(1997) 342–349.

[25] H. Wegele, L. Muller, J. Buchner, Hsp70 and Hsp90—a relay
team for protein folding, Rev. Physiol. Biochem. Pharmacol.
151 (2004) 1–44.

[26] G.E. Karagöz, A.M.S. Duarte, E. Akoury, H. Ippel, J.
Biernat, T. Morán Luengo, M. Radli, T. Didenko, B.A.
Nordhues , D .B . Vep r i n t sev , C .A . D ickey , E .
Mandelkow, M. Zweckstetter, R. Boelens, T. Madl, S.
G.D. Rüdiger, Hsp90–Tau complex reveals molecular
basis for specificity in chaperone action, Cell 156
(2014) 963–974.

[27] D.K. Clare, H.R. Saibil, ATP-driven molecular chaperone
machines, Biopolymers 99 (2013) 846–859, https://doi.org/
10.1002/bip.22361.

[28] E. Kirschke, D. Goswami, D. Southworth, P.R. Griffin, D.A.
Agard, Glucocorticoid receptor function regulated by coor-
dinated action of the Hsp90 and Hsp70 chaperone cycles,
Cell 157 (2014) 1685–1697, https://doi.org/10.1016/j.cell.
2014.04.038.

[29] M.P. Mayer, Gymnastics of molecular chaperones, Mol.
Cell 39 (2010) 321–331, https://doi.org/10.1016/j.molcel.
2010.07.012.

[30] D.R. Southworth, D.A. Agard, Species-dependent ensem-
bles of conserved conformational states define the Hsp90
chaperone ATPase cycle, Mol. Cell 32 (2008) 631–640,
https://doi.org/10.1016/j.molcel.2008.10.024.

[31] L.H. Pearl, C. Prodromou, Structure and mechanism of
the hsp90 molecular chaperone machinery, Annu. Rev.
Biochem. 75 (2006) 271–294.

[32] M. Taipale, I. Krykbaeva, M. Koeva, C. Kayatekin, K.D.
Westover, G.I. Karras, S. Lindquist, Quantitative analysis of
Hsp90–client interactions reveals principles of substrate
recognition, Cell 150 (2012) 987–1001, https://doi.org/10.
1016/j.cell.2012.06.047.

[33] G. Chiosis, C.A. Dickey, J.L. Johnson, A global view of
Hsp90 functions, Nat. Struct. Mol. Biol. 20 (2013) 1–4,
https://doi.org/10.1038/nsmb.2481.

[34] J.L. Johnson, Evolution and function of diverse Hsp90
homologs and cochaperone proteins, Biochim. Biophys.
Acta 1823 (2012) 607–613, https://doi.org/10.1016/j.
bbamcr.2011.09.020.
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
[35] Y. Xu, S. Lindquist, Heat-shock protein hsp90 governs the
activity of pp60v-src kinase, Proc. Natl. Acad. Sci. U. S. A.
90 (1993) 7074–7078.

[36] J. Stuttmann, J.E. Parker, L.D. Noel, Staying in the fold: the
SGT1/chaperone machinery in maintenance and evolution
of leucine-rich repeat proteins, Plant Signal. Behav. 3
(2008) 283–285.

[37] M. Taipale, G. Tucker, J. Peng, I. Krykbaeva, Z.Y. Lin, B.
Larsen, H. Choi, B. Berger, A.C. Gingras, S. Lindquist, A
quantitative chaperone interaction network reveals the
architecture of cellular protein homeostasis pathways,
Cell 158 (2014) 434–448 (S0092–8674(14)00740–5
[pii]).

[38] K.A. Verba, D.A. Agard, How Hsp90 and Cdc37 lubricate
kinase molecular switches, Trends Biochem. Sci. 42 (2017)
799–811, https://doi.org/10.1016/j.tibs.2017.07.002
(S0968–0004(17)30132–9 [pii]).

[39] O.R. Lorenz, L. Freiburger, D.A. Rutz, M. Krause, B.K.
Zierer, S. Alvira, J. Cuellar, J.M. Valpuesta, T. Madl, M.
Sattler, J. Buchner, Modulation of the Hsp90 chaperone
cycle by a stringent client protein, Mol. Cell 53 (2014)
941–953, https://doi.org/10.1016/j.molcel.2014.02.003.

[40] K.A. Verba, R.Y. Wang, A. Arakawa, Y. Liu, M. Shirouzu, S.
Yokoyama, D.A. Agard, Atomic structure of Hsp90–Cdc37–
Cdk4 reveals that Hsp90 traps and stabilizes an unfolded
kinase, Science 352 (2016) 1542–1547, https://doi.org/10.
1126/science.aaf5023.

[41] F. Dou, W.J. Netzer, K. Tanemura, F. Li, F.U. Hartl, A.
Takashima, G.K. Gouras, P. Greengard, H. Xu, Chaper-
ones increase association of tau protein with microtubules,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 721–726.

[42] M.D.Weingarten, A.H. Lockwood, S.Y. Hwo,M.W. Kirschner,
A protein factor essential for microtubule assembly, Proc.
Natl. Acad. Sci. U. S. A. 72 (1975) 1858–1862.

[43] M. Goedert, M.G. Spillantini, R. Jakes, D. Rutherford, R.A.
Crowther,Multiple isoformsof humanmicrotubule-associated
protein tau: sequences and localization in neurofibrillary
tangles of Alzheimer's disease, Neuron 3 (1989) 519–526
(0896–6273(89)90210–9 [pii]).

[44] C.A. Dickey, A. Kamal, K. Lundgren, N. Klosak, R.M.
Bailey, J. Dunmore, P. Ash, S. Shoraka, J. Zlatkovic, C.B.
Eckman, C. Patterson, D.W. Dickson, N.S.N. Jr, M. Hutton,
F. Burrows, L. Petrucelli, The high-affinity HSP90–CHIP
complex recognizes and selectively degrades phos-
phorylated tau client proteins, J. Clin. Invest. 117 (2007)
648–658.

[45] A.D. Thompson, K.M. Scaglione, J. Prensner, A.T. Gillies,
A. Chinnaiyan, H.L. Paulson, U.K. Jinwal, C.A. Dickey, J.E.
Gestwicki, Analysis of the tau-associated proteome
reveals that exchange of Hsp70 for Hsp90 is involved in
tau degradation, ACS Chem. Biol. 7 (2012) 1677–1686,
https://doi.org/10.1021/cb3002599.

[46] I. Sotiropoulos, M.C. Galas, J.M. Silva, E. Skoulakis, S.
Wegmann, M.B. Maina, D. Blum, C.L. Sayas, E.M.
Mandelkow, E. Mandelkow, M.G. Spillantini, N. Sousa, J.
Avila, M. Medina, A. Mudher, L. Buee, Atypical, non-
standard functions of the microtubule associated Tau
protein, Acta Neuropathol. Commun. 5 (2017), 91-017-
0489-6. https://doi.org/10.1186/s40478-017-0489-6.

[47] E.M. Mandelkow, E. Thies, J. Biernat, E. Mandelkow,
Influence of tau on neuronal traffic mechanisms, Alzheimer:
100 Years and Beyond 2006, pp. 345–353 , (543).

[48] A. Harada, K. Oguchi, S. Okabe, J. Kuno, S. Terada, T.
Ohshima, R. Sato-Yoshitake, Y. Takei, T. Noda, N. Hirokawa,
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.

https://doi.org/10.1016/j.jmb.2005.12.008
https://doi.org/10.1016/j.jmb.2005.12.008
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0100
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0100
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0100
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0100
https://doi.org/10.1073/pnas.1104703108
https://doi.org/10.1016/j.molcel.2018.03.028
https://doi.org/10.1016/j.molcel.2018.03.028
https://doi.org/10.1007/s00018-004-4464-6
https://doi.org/10.1007/s00018-004-4464-6
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0120
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0120
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0120
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0125
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0125
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0125
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0130
https://doi.org/10.1002/bip.22361
https://doi.org/10.1002/bip.22361
https://doi.org/10.1016/j.cell.2014.04.038
https://doi.org/10.1016/j.cell.2014.04.038
https://doi.org/10.1016/j.molcel.2010.07.012
https://doi.org/10.1016/j.molcel.2010.07.012
https://doi.org/10.1016/j.molcel.2008.10.024
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0155
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0155
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0155
https://doi.org/10.1016/j.cell.2012.06.047
https://doi.org/10.1016/j.cell.2012.06.047
https://doi.org/10.1038/nsmb.2481
https://doi.org/10.1016/j.bbamcr.2011.09.020
https://doi.org/10.1016/j.bbamcr.2011.09.020
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0175
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0175
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0175
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0180
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0180
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0180
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0180
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0185
https://doi.org/10.1016/j.tibs.2017.07.002
https://doi.org/10.1016/j.molcel.2014.02.003
https://doi.org/10.1126/science.aaf5023
https://doi.org/10.1126/science.aaf5023
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0205
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0205
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0205
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0205
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0210
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0210
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0210
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0215
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0215
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0215
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0215
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0215
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0220
https://doi.org/10.1021/cb3002599
https://doi.org/10.1186/s40478-017-0489-6
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0235
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0235
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0235
https://doi.org/10.1016/j.jmb.2018.05.026
https://doi.org/10.1016/j.jmb.2018.05.026


11Review: Hsp90–Client Interactions
Altered microtubule organization in small-calibre axons
of mice lacking tau protein, Nature 369 (1994) 488–491,
https://doi.org/10.1038/369488a0.

[49] E.M. Mandelkow, E. Mandelkow, Tau in Alzheimer's
disease, Trends Cell Biol. 8 (1998) 425–427.

[50] M. Goedert, D.S. Eisenberg, R.A. Crowther, Propagation of
Tau Aggregates and Neurodegeneration, Annu. Rev.
Neurosci. 40 (2017) 189–210, https://doi.org/10.1146/
annurev-neuro-072116-031153.

[51] E.M. Mandelkow, J. Biernat, A. Ebneth, K. Stamer, R.
Godemann, B. Trinczek, E. Mandelkow, Tau protein: role in
intracellular traffic and development of cell polarity, Fatal
Attractions: Protein Aggregates in Neurodegenerative
Disorders 2000, pp. 127–138 , (140).

[52] E. Mandelkow, M.v. Bergen, J. Biernat, E.M. Mandelkow,
Structural principles of tau and the paired helical
filaments of Alzheimer's disease, Brain Pathol. 17
(2007) 83–90.

[53] Y. Wang, E. Mandelkow, Tau in physiology and pathology,
Nat. Rev. Neurosci. 17 (2016) 5–21, https://doi.org/10.1038/
nrn.2015.1.

[54] A.W.P. Fitzpatrick, B. Falcon, S. He, A.G. Murzin, G.
Murshudov, H.J. Garringer, R.A. Crowther, B. Ghetti, M.
Goedert, S.H.W. Scheres, Cryo-EM structures of tau
filaments from Alzheimer's disease, Nature 547 (2017)
185–190, https://doi.org/10.1038/nature23002.

[55] P.J. Barnes, Anti-inflammatory actions of glucocorticoids:
molecularmechanisms, Clin. Sci. (Lond.) 94 (1998) 557–572.

[56] M.D. Heitzer, I.M. Wolf, E.R. Sanchez, S.F. Witchel, D.B.
DeFranco, Glucocorticoid receptor physiology, Rev.
Endocr. Metab. Disord. 8 (2007) 321–330, https://doi.org/
10.1007/s11154-007-9059-8.

[57] W.B. Pratt, Y. Morishima, M. Murphy, M. Harrell, Chaperon-
ing of glucocorticoid receptors, Handb. Exp. Pharmacol.
172 (2006) 111–138.

[58] D. Picard, B. Khursheed, M.J. Garabedian, M.G. Fortin, S.
Lindquist, K.R. Yamamoto, Reduced levels of hsp90
compromise steroid receptor action in vivo, Nature 348
(1990) 166–168.

[59] W.B. Pratt, U. Gehring, D.O. Toft, Molecular chaperoning of
steroid hormone receptors, EXS 77 (1996) 79–95.

[60] E.R. Sanchez, S. Meshinchi, W. Tienrungroj, M.J.
Schlesinger, D.O. Toft, W.B. Pratt, Relationship of the 90-
kDa murine heat shock protein to the untransformed and
transformed states of the L cell glucocorticoid receptor,
J. Biol. Chem. 262 (1987) 6986–6991.

[61] P.C. Echeverria, D. Picard, Molecular chaperones, essen-
tial partners of steroid hormone receptors for activity and
mobility, Biochim. Biophys. Acta Mol. Cell Res. 1803 (2010)
641–649.

[62] D.F. Smith, W.P. Sullivan, T.N. Marion, K. Zaitsu, B.
Madden, D.J. McCormick, D.O. Toft, Identification of a 60-
kilodalton stress-related protein, p60, which interacts with
hsp90 and hsp70, Mol. Cell. Biol. 13 (1993) 869–876.

[63] C.J. Sherr, G1 phase progression: cycling on cue, Cell 79
(1994) 551–555 (0092–8674(94)90540–1 [pii]).

[64] J. Yang, S. Kornbluth, All aboard the cyclin train: subcellular
trafficking of cyclins and their CDK partners, Trends Cell
Biol. 9 (1999) 207–210 (S0962892499015779 [pii]).

[65] L. Bockstaele, K. Coulonval, H. Kooken, S. Paternot, P.P.
Roger, Regulation of CDK4, Cell Div 1 (2006) 25 (1747–
1028–1-25 [pii]).

[66] M. Malumbres, Cyclin-dependent kinases, Genome Biol. 15
(2014) 122.
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
[67] Y.J. Choi, L. Anders, Signaling through cyclin D-dependent
kinases, Oncogene 33 (2014) 1890–1903, https://doi.org/
10.1038/onc.2013.137.

[68] P.J. Day, A. Cleasby, I.J. Tickle, M. O'Reilly, J.E. Coyle, F.P.
Holding, R.L. McMenamin, J. Yon, R. Chopra, C. Lengauer,
H. Jhoti, Crystal structure of human CDK4 in complex with
a D-type cyclin, Proc. Natl. Acad. Sci. U. S. A. 106 (2009)
4166–4170, https://doi.org/10.1073/pnas.0809645106.

[69] T. Wolfel, M. Hauer, J. Schneider, M. Serrano, C. Wolfel, E.
Klehmann-Hieb, E. De Plaen, T. Hankeln, K.H. Meyer zum
Buschenfelde, D. Beach, A p16INK4a-insensitive CDK4
mutant targeted by cytolytic T lymphocytes in a human
melanoma, Science 269 (1995) 1281–1284.

[70] C.J. Sherr, D-type cyclins, Trends Biochem. Sci. 20 (1995)
187–190 [S0968–0004(00)89005–2 (pii)].

[71] L. Stepanova, X. Leng, S.B. Parker, J.W. Harper, Mamma-
lian p50Cdc37 is a protein kinase-targeting subunit of
Hsp90 that binds and stabilizes Cdk4, Genes Dev. 10
(1996) 1491–1502.

[72] C.K. Vaughan, U. Gohlke, F. Sobott, V.M. Good, M.M. Ali, C.
Prodromou, C.V. Robinson, H.R. Saibil, L.H. Pearl, Structure
of an Hsp90–Cdc37–Cdk4 complex, Mol. Cell 23 (2006)
697–707, https://doi.org/10.1016/j.molcel.2006.07.016.

[73] M. Huse, J. Kuriyan, The conformational plasticity of protein
kinases, Cell 109 (2002) 275–282 (S0092867402007419
[pii).

[74] M. Hall, S. Bates, G. Peters, Evidence for different modes of
action of cyclin-dependent kinase inhibitors: p15 and p16
bind to kinases, p21 and p27 bind to cyclins, Oncogene 11
(1995) 1581–1588.

[75] N.P. Pavletich, Mechanisms of cyclin-dependent kinase
regulation: structures of Cdks, their cyclin activators, and
Cip and INK4 inhibitors, J. Mol. Biol. 287 (1999) 821–828
(S0022–2836(99)92640–2 [pii]).

[76] A.M. Silverstein, N. Grammatikakis, B.H. Cochran, M.
Chinkers, W.B. Pratt, p50(cdc37) binds directly to the
catalytic domain of Raf as well as to a site on hsp90 that
is topologically adjacent to the tetratricopeptide repeat
binding site, J. Biol. Chem. 273 (1998) 20090–20095.

[77] Y. Kimura, S.L. Rutherford, Y. Miyata, I. Yahara, B.C.
Freeman, L. Yue, R.I. Morimoto, S. Lindquist, Cdc37 is a
molecular chaperone with specific functions in signal
transduction, Genes Dev. 11 (1997) 1775–1785.

[78] D. Keramisanou, A. Aboalroub, Z. Zhang, W. Liu, D.
Marshall, A. Diviney, R.W. Larsen, R. Landgraf, I. Gelis,
Molecular mechanism of protein kinase recognition and
sorting by the Hsp90 kinome-specific cochaperone Cdc37,
Mol. Cell 62 (2016) 260–271, https://doi.org/10.1016/j.
molcel.2016.04.005.

[79] R.A. Weinberg, The retinoblastoma protein and cell cycle
control, Cell 81 (1995) 323–330 (0092–8674(95)90385–2
[pii]).

[80] M. Wallace, K.L. Ball, W.B. Pratt, Y. Morishima, M.
Murphy, M. Harrell, Docking-dependent regulation of the
Rb tumor suppressor protein by Cdk4; Chaperoning of
glucocorticoid receptors, Handb. Exp. Pharmacol. 24 (2006)
5606, (111–5619; 138) https://doi.org/10.1128/MCB.24.12.
5606-5619.2004.

[81] M.E. Ewen, H.K. Sluss, C.J. Sherr, H. Matsushime, J. Kato,
D.M. Livingston, Functional interactions of the retinoblasto-
ma protein with mammalian D-type cyclins, Cell 73 (1993)
487–497 (0092–8674(93)90136-E [pii]).

[82] S. Baumli, J.A. Endicott, L.N. Johnson, Halogen bonds form
the basis for selective P-TEFb inhibition by DRB, Chem.
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.

https://doi.org/10.1038/369488a0
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0245
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0245
https://doi.org/10.1146/annurev-neuro-072116-031153
https://doi.org/10.1146/annurev-neuro-072116-031153
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0255
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0255
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0255
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0255
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0255
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0260
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0260
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0260
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0260
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1038/nrn.2015.1
https://doi.org/10.1038/nature23002
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0275
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0275
https://doi.org/10.1007/s11154-007-9059-8
https://doi.org/10.1007/s11154-007-9059-8
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0285
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0285
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0285
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0290
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0290
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0290
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0290
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0295
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0295
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0300
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0300
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0300
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0300
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0300
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0305
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0305
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0305
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0305
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0310
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0310
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0310
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0310
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0315
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0315
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0320
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0320
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0320
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0325
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0325
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0325
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0330
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0330
https://doi.org/10.1038/onc.2013.137
https://doi.org/10.1038/onc.2013.137
https://doi.org/10.1073/pnas.0809645106
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0345
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0345
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0345
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0345
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0345
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0350
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0350
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0355
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0355
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0355
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0355
https://doi.org/10.1016/j.molcel.2006.07.016
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0365
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0365
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0365
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0370
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0370
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0370
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0370
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0375
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0375
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0375
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0375
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0380
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0380
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0380
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0380
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0380
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0385
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0385
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0385
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0385
https://doi.org/10.1016/j.molcel.2016.04.005
https://doi.org/10.1016/j.molcel.2016.04.005
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0395
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0395
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0395
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0405
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0405
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0405
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0405
https://doi.org/10.1016/j.jmb.2018.05.026
https://doi.org/10.1016/j.jmb.2018.05.026


12 Review: Hsp90–Client Interactions
Biol. 17 (2010) 931–936, https://doi.org/10.1016/j.chembiol.
2010.07.012.

[83] J.S. Ahn, M.L. Radhakrishnan, M. Mapelli, S. Choi, B. Tidor,
G.D. Cuny, A. Musacchio, L.A. Yeh, K.S. Kosik, Defining
Cdk5 ligand chemical space with small molecule inhibitors
of tau phosphorylation, Chem. Biol. 12 (2005) 811–823
(S1074–5521(05)00157–2 [pii]).

[84] U. Schulze-Gahmen, S.H. Kim, Structural basis for CDK6
activation by a virus-encoded cyclin, Nat. Struct. Biol. 9
(2002) 177–181, https://doi.org/10.1038/nsb756.

[85] Q. Luo, E.E. Boczek, Q. Wang, J. Buchner, V.R. Kaila,
Hsp90 dependence of a kinase is determined by its
conformational landscape, Sci. Rep. 7 (2017) 43996,
https://doi.org/10.1038/srep43996.

[86] E.E. Boczek, L.G. Reefschlager, M. Dehling, T.J. Struller, E.
Hausler, A. Seidl, V.R. Kaila, J. Buchner, Conformational
processing of oncogenic v-Src kinase by the molecular
chaperone Hsp90, Proc. Natl. Acad. Sci. U. S. A. 112 (2015)
E3189–E3198, https://doi.org/10.1073/pnas.1424342112.

[87] M. Sarkar, J. Kuret, G. Lee, Two motifs within the tau
microtubule-binding domain mediate its association with the
hsc70 molecular chaperone, J. Neurosci. Res. 86 (2008)
2763–2773.

[88] M.D. Mukrasch, S. Bibow, J. Korukottu, S. Jeganathan, J.
Biernat, C. Griesinger, E. Mandelkow, M. Zweckstetter,
Structural polymorphism of 441-residue Tau at single
residue resolution, PLoS Biol. 7 (2009) 399–414.

[89] S.M. Roe, M.M. Ali, P. Meyer, C.K. Vaughan, B. Panaretou,
P.W. Piper, C. Prodromou, L.H. Pearl, The mechanism of
Hsp90 regulation by the protein kinase-specific cochaper-
one p50(cdc37), Cell 116 (2004) 87–98.

[90] P. Meyer, C. Prodromou, C. Liao, B. Hu, Roe S. Mark, C.K.
Vaughan, I. Vlasic, B. Panaretou, P.W. Piper, L.H. Pearl,
Structural basis for recruitment of the ATPase activator
Aha1 to the Hsp90 chaperone machinery, EMBO J. 23
(2004) 511–519.

[91] M.M.U. Ali, S.M. Roe, C.K. Vaughan, P. Meyer, B.
Panaretou, P.W. Piper, C. Prodromou, L.H. Pearl, Crystal
structure of an Hsp90–nucleotide–p23/Sba1 closed chap-
erone complex, Nature 440 (7087) (2006) 1013–1017.

[92] J. Oroz, J.H. Kim, B.J. Chang, M. Zweckstetter, Mechanistic
basis for the recognition of a misfolded protein by the
molecular chaperone Hsp90, Nat. Struct. Mol. Biol. 24
(2017) 407–413, https://doi.org/10.1038/nsmb.3380.

[93] M.B. Cox, J.L. Johnson, Evidence for Hsp90 co-chaperones
in regulating Hsp90 function and promoting client protein
folding, Methods Mol. Biol. 1709 (2018) 397–422, https://
doi.org/10.1007/978-1-4939-7477-1_28.

[94] S. Tsutsumi, M. Mollapour, C. Prodromou, C.T. Lee, B.
Panaretou, S. Yoshida, M.P. Mayer, L.M. Neckers, Charged
linker sequence modulates eukaryotic heat shock protein
90 (Hsp90) chaperone activity, Proc. Natl. Acad. Sci.
U. S. A. 109 (2012) 2937–2942, https://doi.org/10.1073/
pnas.1114414109.

[95] O. Hainzl, M.C. Lapina, J. Buchner, K. Richter, The charged
linker region is an important regulator of Hsp90 function, J.
Biol. Chem. 284 (2009) 22559–22567, https://doi.org/10.
1074/jbc.M109.031658.

[96] M. Jahn, A. Rehn, B. Pelz, B. Hellenkamp, K. Richter, M.
Rief, J. Buchner, T. Hugel, The charged linker of the
Please cite this article as: M. Radli, S. G.D. Rüdiger, Dancing with the
org/10.1016/j.jmb.2018.05.026
molecular chaperone Hsp90 modulates domain contacts
and biological function, Proc. Natl. Acad. Sci. U. S. A. 111
(2014) 17881–17886, https://doi.org/10.1073/pnas.
1414073111.

[97] S. Polier, R.S. Samant, P.A. Clarke, P. Workman, C.
Prodromou, L.H. Pearl, ATP-competitive inhibitors block
protein kinase recruitment to the Hsp90–Cdc37 system,
Nat. Chem. Biol. 9 (2013) 307–312, https://doi.org/10.1038/
nchembio.1212.

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

[99] M.P. Hernandez, W.P. Sullivan, D.O. Toft, The assembly
and intermolecular properties of the hsp70–Hop–hsp90
molecular chaperone complex, J. Biol. Chem. 277 (2002)
38294–38304.

[100] S. Alvira, J. Cuellar, A. Rohl, S. Yamamoto, H. Itoh, C.
Alfonso, G. Rivas, J. Buchner, J.M. Valpuesta, Structural
characterization of the substrate transfer mechanism
in Hsp70/Hsp90 folding machinery mediated by Hop,
Nat. Commun. 5 (2014) 5484, https://doi.org/10.1038/
ncomms6484.

[101] G.E. Karagöz, S.G.D. Rüdiger, Hsp90 interaction with clients,
Trends Biochem. Sci. 40 (2015) 117–125, https://doi.org/
10.1016/j.tibs.2014.12.002.

[102] L.H. Pearl, Hsp90 and Cdc37—a chaperone cancer
conspiracy, Curr. Opin. Genet. Dev. 15 (2005) 55–61.

[103] B.C. Freeman, S.J. Felts, D.O. Toft, K.R. Yamamoto, The
p23 molecular chaperones act at a late step in intracellular
receptor action to differentially affect ligand efficacies,
Genes Dev. 14 (2000) 422–434.

[104] G. Siligardi, B. Panaretou, P. Meyer, S. Singh, D.N.
Woolfson, P.W. Piper, L.H. Pearl, C. Prodromou, Regula-
tion of Hsp90 ATPase activity by the co-chaperone Cdc37p/
p50cdc37, J. Biol. Chem. 277 (2002) 20151–20159.

[105] M.D.Galigniana,C.Radanyi, J.M.Renoir, P.R.Housley,W.B.
Pratt, Evidence that the peptidylprolyl isomerase domain of
the hsp90-binding immunophilin FKBP52 is involved in both
dynein interaction and glucocorticoid receptor movement
to the nucleus, J. Biol. Chem. 276 (2001) 14884–14889,
https://doi.org/10.1074/jbc.M010809200.

[106] C. Elbi, D.A. Walker, G. Romero, W.P. Sullivan, D.O. Toft,
G.L. Hager, D.B. DeFranco, Molecular chaperones function
as steroid receptor nuclear mobility factors, Proc. Natl.
Acad. Sci. U. S. A. 101 (2004) 2876–2881, https://doi.org/
10.1073/pnas.0400116101.

[107] S. Rüdiger, L. Germeroth, J. Schneider-Mergener, B.
Bukau, Substrate specificity of the DnaK chaperone
determined by screening cellulose-bound peptide libraries,
EMBO J. 16 (7) (1997) 1501.

[108] D. Hagemans, I.A. van Belzen, T. Morán Luengo, S.G.D.
Rüdiger, A script to highlight hydrophobicity and charge on
protein surfaces, Front.Mol. Biosci. 2 (2015) 56, https://doi.org/
10.3389/fmolb.2015.00056.

[109] F.H. Schopf, M.M. Biebl, J. Buchner, The HSP90 chaperone
machinery, Nat. Rev. Mol. Cell Biol. 18 (2017) 345–360,
https://doi.org/10.1038/nrm.2017.20.
Diva: Hsp90–Client Interactions, J. Mol. Biol. (2018), https://doi.

https://doi.org/10.1016/j.chembiol.2010.07.012
https://doi.org/10.1016/j.chembiol.2010.07.012
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0415
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0415
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0415
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0415
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0415
https://doi.org/10.1038/nsb756
https://doi.org/10.1038/srep43996
https://doi.org/10.1073/pnas.1424342112
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0435
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0435
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0435
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0435
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0440
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0440
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0440
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0440
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0445
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0445
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0445
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0445
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0450
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0450
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0450
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0450
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0450
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0455
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0455
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0455
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0455
https://doi.org/10.1038/nsmb.3380
https://doi.org/10.1007/978-1-4939-7477-1_28
https://doi.org/10.1007/978-1-4939-7477-1_28
https://doi.org/10.1073/pnas.1114414109
https://doi.org/10.1073/pnas.1114414109
https://doi.org/10.1074/jbc.M109.031658
https://doi.org/10.1074/jbc.M109.031658
https://doi.org/10.1073/pnas.1414073111
https://doi.org/10.1073/pnas.1414073111
https://doi.org/10.1038/nchembio.1212
https://doi.org/10.1038/nchembio.1212
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0490
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0490
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0490
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0495
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0495
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0495
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0495
https://doi.org/10.1038/ncomms6484
https://doi.org/10.1038/ncomms6484
https://doi.org/10.1016/j.tibs.2014.12.002
https://doi.org/10.1016/j.tibs.2014.12.002
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0510
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0510
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0515
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0515
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0515
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0515
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0520
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0520
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0520
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0520
https://doi.org/10.1074/jbc.M010809200
https://doi.org/10.1073/pnas.0400116101
https://doi.org/10.1073/pnas.0400116101
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0535
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0535
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0535
http://refhub.elsevier.com/S0022-2836(18)30450-9/rf0535
https://doi.org/10.3389/fmolb.2015.00056
https://doi.org/10.3389/fmolb.2015.00056
https://doi.org/10.1038/nrm.2017.20
https://doi.org/10.1016/j.jmb.2018.05.026
https://doi.org/10.1016/j.jmb.2018.05.026

	Dancing with the Diva: Hsp90–Client Interactions
	Hsp90 binds a diverse spectrum of clients
	Hsp90 client binding
	The Hsp90 binding site of a disordered client, Tau
	The Hsp90 binding site of a folded client, GR-LBD
	The role of Hsp90 in guarding a semi-folded client, Cdk4
	Common properties of Hsp90 binding sites in the various substrates
	Surface area
	Hydrophobicity and charge
	Hsp70–Hsp90 connection

	The substrate interaction sites of Hsp90
	Surface area
	Hydrophobicity
	Charge
	Client matching
	Co-chaperone interaction


	Hsp90 chaperoning
	Step a
	Step b
	Step c
	Step d
	Step e

	Acknowledgments
	Appendix A. Supplementary data
	References




