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S T R U C T U R A L  B I O L O G Y

Client binding shifts the populations of dynamic Hsp90 
conformations through an allosteric network
Abraham Lopez1,2, Vinay Dahiya2, Florent Delhommel1,2, Lee Freiburger1,2, Ralf Stehle2, 
Sam Asami2, Daniel Rutz2,3, Laura Blair4, Johannes Buchner2*, Michael Sattler1,2*

Hsp90 is a molecular chaperone that interacts with a specific set of client proteins and assists their folding. The 
underlying molecular mechanisms, involving dynamic transitions between open and closed conformations, are 
still enigmatic. Combining nuclear magnetic resonance, small-angle x-ray scattering, and biochemical experiments, 
we have identified a key intermediate state of Hsp90 induced by adenosine triphosphate (ATP) binding, in which 
rotation of the Hsp90 N-terminal domain (NTD) yields a domain arrangement poised for closing. This ATP-
stabilized NTD rotation is allosterically communicated across the full Hsp90 dimer, affecting distant client sites. By 
analyzing the interactions of four distinct clients, i.e., steroid hormone receptors (glucocorticoid receptor and 
mineralocorticoid receptor), p53, and Tau, we show that client-specific interactions with Hsp90 select and enhance 
the NTD-rotated state and promote closing of the full-length Hsp90 dimer. The p23 co-chaperone shifts the pop-
ulation of Hsp90 toward the closed state, thereby enhancing client interaction and processing.

INTRODUCTION
The molecular chaperone Hsp90 plays a crucial role in protein ho-
meostasis by regulating the folding and activity of a set of proteins 
known as clients (1–3). Distinct from other chaperones, Hsp90 is 
selective for certain types of clients, including transcription factors, 
kinases, or even intrinsically disordered proteins (IDPs) (www.picard.
ch/Hsp90Int/). Thus, Hsp90 has unique molecular properties to 
enable the recognition of a wide variety of proteins while keeping 
specificity and to provide a favorable environment for late stages of 
protein folding. Co-chaperones play an important role in these func-
tions, by binding to Hsp90 and modulating its conformational states 
and activity (4) and by mediating client interaction [e.g., the kinase-
specific Cdc37 (5, 6)].

Hsp90 is a dimeric protein composed of three domains. The 
N-terminal domain (NTD; residues 1 to 210 in yeast Hsp90) is re-
sponsible for adenosine triphosphate (ATP) binding and harbors 
several dynamic elements that respond to nucleotide binding (7, 8). 
A long, highly charged, and unstructured linker (residues 211 to 272) 
connects the NTD with the middle domain (MD; residues 273 to 
529). The MD provides the main client binding site and is separated 
by a short disordered linker from the C-terminal domain (CTD; 
residues 534 to 674), which mediates dimerization. The C-terminal 
end of Hsp90 is a disordered, charged tail of 32 amino acids and 
comprises an EEVD motif for binding to tetratricopeptide repeat 
domain–containing co-chaperones.

The crystal structures of Hsp90 (7, 9, 10) represent snapshots of 
conformational states of Hsp90. Biophysical data indicate that apo-
Hsp90 populates a dynamic ensemble of extended conformations in 
solution (11, 12). The presence of ATP and co-chaperones induces 
the formation of more compact structures, in which the NTD and MD 
are associated (13), as seen in a crystal structure of nucleotide-bound 

Hsp90. While the overall structure and topology of Hsp90 is highly 
conserved in eukaryotes, species-dependent differences exist for the 
relative population of Hsp90 conformational states across Hsp90 
orthologs (14). In addition, clients have been proposed to modulate 
the conformational ensemble by binding preferentially to distinct 
Hsp90 domain arrangements (6, 11, 13, 15–17). However, the under-
lying structural mechanisms are poorly characterized.

The dynamic conformations and interactions of Hsp90 with cli-
ents render the structural analysis of these complexes challenging. 
Recently, cryo–electron microscopy (cryo-EM) structures have been 
reported for Hsp90-client complexes. The structure of the ternary 
complex between Hsp90, the client kinase Cdk4, and Cdc37 revealed 
how Cdk4 is maintained in an inactive state with the N-terminal and 
C-terminal lobe of the kinase separated by the internal cleft of Hsp90 
dimer (6). Recent cryo-EM structures of two Hsp90-co-chaperone 
complexes with the ligand-binding domain of the glucocorticoid re-
ceptor (GR-LBD), a steroid hormone receptor (SHR), provide insight in 
client loading (GR-Hsp90-Hsp70-Hop) and maturation (GR-Hsp90-p23) 
(18, 19). In these structures, an N-terminal region and the helix 1 of 
the GR client are recognized in a similar fashion when bound to the 
Hsp90 dimer. Nuclear magnetic resonance (NMR) studies with sub-
constructs or full-length Hsp90 have been used to characterize com-
plexes with the GR-LBD (16), the DNA binding domain (DBD) of 
p53 (20, 21), the IDP Tau (22), and the ternary complex of Hsp90, 
Tau, and the peptidyl-prolyl isomerase FKBP52 (23). However, the 
limited availability of chemical shift assignments for full-length Hsp90 
has, so far, precluded a comprehensive description of client interactions 
and conformational dynamics of Hsp90. In spite of recent advances, 
the principles underlying the ATP-dependent dynamic conformational 
cycle of Hsp90 and its coupling to the recognition and processing of 
clients remain poorly understood. It is still unclear how nucleotide 
binding to the NTD can allosterically affect and modulate binding of 
clients at the Hsp90 MD and CTD (22, 24).

Here, we have analyzed the effects of ATP on the conformational 
ensemble of the full-length yeast Hsp90 dimer by combining methyl 
NMR spectroscopy and small-angle x-ray scattering (SAXS) experi-
ments in solution. Together with biochemical and biophysical ex-
periments, we systematically compare the binding of a representative 
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set of clients to Hsp90, which include globular proteins, i.e., the 
LBDs of two SHRs [GR and mineralocorticoid receptor (MR)] with 
similar three-dimensional (3D) fold, the less stable p53-DBD (25), 
and the IDP Tau. Our analysis uncovers that ATP induces changes 
to the relative orientation of the NTD and MD without substantial 
closure of the overall protomer arrangement in the Hsp90 dimer. 
We find that client binding shifting the population of NTD-MD arrange-
ments toward the NTD-rotated state is seen in the fully closed Hsp90 
dimer. Differential effects are observed for these population shifts 
for the two SHRs, while p53-DBD and Tau bind independently of 
the Hsp90 conformational state. Our work demonstrates that client 
binding induces population shifts from open to closed states of the 
conformational ensemble that are allosterically communicated across 
all three domains of Hsp90. The p23 co-chaperone further stabilizes 
the closed conformations to promote processing of clients.

RESULTS
Extensive methyl labeling of full-length yeast Hsp90 
and NMR assignment
In solution, Hsp90 exists as an ensemble of dynamically intercon-
verting conformations, where binding of nucleotides to Hsp90 can 
induce more compact conformations (11,  12,  14). However, the 
structural details of the underlying transitions are poorly understood. 
Crystal structures of Hsp90 proteins are expected to represent static 
low-energy states (Fig. 1, A and B) that may exist within the dynamic 
conformational ensemble of the Hsp90 dimer in solution. For example, 

an intermediate open conformation is observed in the crystal structure 
of Escherichia coli Hsp90 [Protein Data Bank (PDB): 2IOQ (10)] 
(Fig. 1, A and C). In the closed conformation of the Hsp90 dimer in 
complex with p23 (7), the NTD is found to be rotated by about 90° 
and slightly tilted toward the internal side of the MD. This NTD-
MD arrangement requires the ATP lid to fold over the binding pocket 
and adopt a “down” conformation. Secondary NTD dimerization 
involves the helix N1 and swapping of strand N1 together with 
twisting of the MD (Fig. 1, B and D) (7, 8, 26). In this conformation, 
the loop of the MD containing R380 associates with the -phosphate 
of the nucleotide close to the catalytic E33 to yield the active state.

To obtain a comprehensive view on conformational dynamics 
and client binding of the full-length Hsp90 dimer, we used NMR 
combined with extensive methyl labeling (27). This approach has 
been successfully applied to study chaperone-substrate complexes 
(28) and allosteric pathways in chaperones (29). On the basis of the 
amino acid distribution in Hsp90, the methyl groups of Ala, Ile, Leu, 
Val, and Met (AILVM) provide an excellent coverage for all three 
domains of full-length Hsp90 dimer (Fig. 1, A and B). Stereospecific 
1H,13C labeling of pro-R groups of Leu-1 and Val-1 residues as 
well as of Ile-1, Ala-, and Met- methyl groups was combined with 
complete deuteration (see Materials and Methods) (30). As seen in 
Fig. 1E, the 1H-13C methyl transverse relaxation-optimized spec-
troscopy (TROSY) spectrum of full-length AILpro-RVpro-RM Hsp90 
superposes well with NMR spectra of the individual domains, indi-
cating the absence of strong domain interactions. Assignments were 
obtained for 185 methyl groups corresponding to 87% of all AILVM 
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Fig. 1. Hsp90 structure, conformations, and methyl labeling strategy. (A and B) Structures of different Hsp90 conformations with domains colored as indicated: in-
termediate open (A), homology model of Htpg (PDB: 2IOQ) (10), and closed (B), Hsp90-p23 complex in the presence of adenylyl-imidodiphosphate (AMP-PNP) with p23 
removed (PDB: 2CG9) (7). Methyl groups of Ala, Ile, Leu, Met, and Val (AILVM) shown as spheres in the second protomer. Insets show zoomed views of ATP-induced con-
formational changes in the NTD leading to the closed state, with flexible elements colored in cyan; E33, R380, and ATP are shown as spheres. The open conformation is 
shown with the NTD-only structure (PDB: 1AM1), while the closed NTD conformation is seen in the closed full-length Hsp90 dimer. (C and D) Schematic representations 
of open and closed Hsp90 states. The secondary dimerization region of the NTD (presented in the fully closed dimer) is highlighted in red. The NTD rotation required for 
the secondary dimerization is indicated by arrows. (E) 1H-13C methyl transverse relaxation optimized spectroscopy (TROSY) spectrum of AILVM pro-R–labeled Hsp90 re-
corded at 950-MHz proton frequency. Signal positions in the spectra of individual domains are represented by open circles colored by domain.
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methyl groups and more than 25% of Hsp90 sequence, covering all 
domains and disordered elements (fig. S1A).

ATP drives conformational changes of the  
NTD-MD orientation
The progression of the Hsp90 chaperone cycle depends on ATP-
driven conformational changes. To investigate how nucleotide binding 
affects the Hsp90 conformation, we combined solution NMR and 
SAXS experiments. SAXS data of apo-Hsp90 are consistent with an 
ensemble of extended structures, indicated by a population-averaged 
Rg of 62.3 Å (Fig. 2A and table S1). Unexpectedly, ATP binding re-
sults only in a minor compaction of Hsp90 (Rg of 57.6 Å). Notably, the 
experimental pairwise distance distribution functions P(r) of ATP-
bound Hsp90 show notable contributions of larger distances com-
pared to the back-calculated P(r) of the closed conformation (Fig. 2A 
and fig. S2A). This suggests that, even in the presence of nucleotides, 
extended, not fully closed conformations of Hsp90 exist in solution.

To assess the effects of nucleotide binding at residue resolution, 
we analyzed the 1H,13C methyl TROSY NMR spectra in the absence 
and presence of ATP using an ATP-regenerating system (31). This 
is important, as nucleotide analogs show distinct effects on Hsp90 
conformations differing from that observed for the authentic ligand 
ATP (fig. S2A). The presence of ATP results in large spectral chang-
es (Fig. 2B and fig. S3A). As expected, chemical shift perturbations 
(CSPs) cluster in the NTD, which harbors the nucleotide binding 
site, and reflect large conformational changes of the ATP lid and 
proximal regions (7, 8, 10, 32, 33). Unexpectedly, in the presence of 
ATP, we observe a second set of NMR signals for numerous methyl 
signals in all three domains of Hsp90 (Fig. 2C and fig. S3A). The 
presence of these additional signals is indicative of a minor confor-
mational state with a population of about ≈20% on the basis of the 
NMR signal integration that is in slow exchange (on the chemical 

shift time scale, i.e., kex < 1000 s−1) with the major species. Signal 
splitting is especially observed in the ATP lid, at the NTD-MD in-
terface, and at the MD-CTD interface (Fig. 2D). Notably, the minor 
conformational state is observed in both the full-length Hsp90 
dimer and a monomeric NTD-MD construct in the presence of ad-
enylyl-imidodiphosphate (AMP-PNP), but not in the isolated NTD 
(fig. S3, B to D). This suggests that the minor conformation origi-
nates from changes in the NTD-MD arrangement depending on 
contacts between the two domains and excludes a potential trans-
protomer effect in the full-length Hsp90 dimer.

ATP stabilizes an NTD-rotated conformation
Next, we characterized the NTD-MD arrangement by analyzing 
mutations that modulate the domain arrangements using NMR 
spectroscopy. Because we suspected that the minor conformation 
originates from changes in the ATP lid and the association of the 
two domains, we selected previously characterized mutants that either 
disrupt [R32A (34) and R380A (35)] or stabilize [A107N (26)] 
NTD-MD contacts. We first recorded 1H,13C methyl TROSY spectra 
to monitor the effect of nucleotide addition for wild-type and mutant 
monomeric NTD-MD constructs and the corresponding full-length 
Hsp90 dimer in the presence of a nucleotide. The R32A mutation de-
couples catalysis from conformational motions and prevents N-terminal 
closing, while R380A is catalytically inefficient. The NTD-MD mu-
tants with impaired domain association show no signatures of the 
second conformation when bound to AMP-PNP (Fig. 3A, left). In 
contrast, A107N, which stabilizes the “lid-down” conformation and 
exhibits increased adenosine triphosphatase (ATPase) activity, shows 
a higher population of the second state both in the full-length and 
NTD-MD construct (Fig. 3A, right, and Fig. 3B). This confirms our 
hypothesis that the binding of ATP or analogs induces a conforma-
tional state, in which the NTD and MD are associated.
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To characterize the structures of the two conformational states 
observed in the NMR spectra of full-length Hsp90 (Fig. 3, C and D), 
we measured paramagnetic relaxation enhancements (PREs) with 
spin labels attached to either domain in the NTD-MD construct in 
the presence of AMP-PNP. The distance dependence of the PRE effect 
allows to define the relative arrangement of domains in multidomain 
proteins (36, 37). The experimental PREs of the major state correlate 
well with the values back-calculated for the structure of the open 
dimer (Fig. 3E and fig. S4, A and B) and are inconsistent with the 
values back-calculated from the closed state, indicating that the major 
states correspond to the nonrotated NTD-MD arrangement. To 
characterize the domain arrangements for the minor state, we measured 
PREs with spin labels attached to the A107N NTD-MD protein, as with 
this mutation, the population of the “minor” state signals approaches 
50% and enables more precise analysis of PRE effects (Fig. 3F and 
fig. S5, A and B). The PRE data for the A107N mutant show that the 
NTD-MD arrangement of the minor state corresponds to the NTD-
rotated domain arrangement. Thus, in the absence of nucleotide, the 
major conformation represents the open, nonrotated NTD-MD arrange-
ment, while nucleotide binding stabilizes the NTD-rotated conforma-
tion, which resembles the interdomain arrangement seen in the fully 
closed Hsp90 dimer. It is important to note, however, that some re-
maining differences between experimental PREs and those expected 
for the open and rotated states likely indicate a dynamic equilibrium 
where additional intermediate conformations are also sampled.

To derive a conformational ensemble of Hsp90 in the presence 
of ATP that reflects the NTD-MD rearrangements without under-
going substantial dimer closing, we used the ensemble optimization 
method (EOM) (38). The ensemble was based on the SAXS data of 
Hsp90-ATP, the structure of the CTD dimer, and different popula-
tions of the NTD-MD rotated states, which are indicated by the 
NMR minor state signals. As seen in fig. S2B, ensembles containing 
≈20% of rotated NTD-MD arrangement describe the experimental 
scattering profile with highest agreement and are consistent with the 
NMR-derived populations. The EOM-derived ensemble also indi-
cates the presence of open structures with interprotomer angles of 
the ATP-bound Hsp90 dimer between 75° and 250° (fig. S2C).

In summary, the combined analysis by NMR and SAXS indicates 
that ATP binding triggers coordinated motions involving ATP lid 
closing, NTD rotation, and MD association, without substantially 
affecting the overall closure of the Hsp90 dimer. This local NTD-
MD rotation affects ≈20% of the Hsp90 molecules, resulting in 
allosteric changes that propagate across all domains including the 
client binding sites (Fig. 3G).

Hsp90 clients exhibit distinct conformational properties
For a comparative analysis of Hsp90 clients, we focused on four rep-
resentative clients, including globular and disordered proteins (Fig. 4A 
and fig. S6A). As stringent Hsp90-dependent clients, we selected 
two related SHRs, the LBD of the GR (16, 39) and the LBD of the 
MR. Both SHRs bind Hsp90 through their LBDs, and they depend 
strictly on Hsp90 for activation (4, 40). However, GR and MR are 
affected differently by co-chaperones of Hsp90 in vivo (4). Consider-
ing their high sequence and structural similarity (41, 42), these dif-
ferences suggest that there are distinct interactions with Hsp90. The 
DBD of the tumor suppressor protein p53 is a dynamic Hsp90 client 
with limited thermodynamic stability (25). The folding state of this 
domain when bound to Hsp90 has been controversial (20, 43, 44), 
although recent studies indicate that the Hsp90 interaction stabilizes 

a folded, DNA binding–competent state (45, 46). Last, the IDP Tau, 
linked to neurodegenerative diseases such as Alzheimer’s disease 
(47), is a client of Hsp90 that binds dynamically to multiple patches 
on the NTD and MD (48).

We assessed the general biophysical properties of the four selected 
clients with a view to determine similarities and differences. Circu-
lar dichroism (CD) and thermal unfolding experiments show that 
the GR-LBDs and MR-LBDs are highly similar in terms of folding 
and stability (Fig. 4, B and C). The p53-DBD exhibits a slightly lower 
melting temperature than the SHR-LBDs. In addition, its CD spec-
trum reveals a high content of random coil, indicating that the p53-
DBD is in equilibrium with partially unfolded structures, indicative 
of a thermodynamically unstable protein (Fig. 4, B and C) (25). As 
expected for an IDP, Tau is devoid of stable secondary structures, 
and thermal unfolding is not cooperative. An important feature for 
chaperone recognition is the overall accessible hydrophobicity. On 
the basis of the binding of the hydrophobic dye 8-anilino-1-naph-
thalenesulfonic acid (ANS), the clients studied here show a range 
of exposed hydrophobic regions increasing from GR via MR and 
p53 to Tau (Fig. 4D). Together, the clients selected for our study 
are representative of different structures, stabilities, hydrophobicity, 
and folding cooperativity.

Role of ATP for Hsp90-client interactions
As nucleotide binding triggers conformational changes in Hsp90 
that affect client interactions, we performed fluorescence anisotropy 
binding assays using labeled clients and unlabeled Hsp90. In the 
absence of nucleotides, all clients show similar affinities in the low 
micromolar range for Hsp90 (Table 1), consistent with previous 
studies (16, 20, 48). For the GR-LBD, the affinity significantly in-
creases in the Hsp90-ATP state, while MR shows enhanced binding 
in the presence of ATP analogs [AMP-PNP and adenosine 5′-[γ-thio]
triphosphate (ATPS)]. In contrast, nucleotides have little effects on 
the interactions of Hsp90 with the p53-DBD and Tau. These trends 
were also seen in analytical ultracentrifugation (AUC) experiments 
with labeled clients and Hsp90 in different nucleotide states (Fig. 5A). 
Here, ATP favors complex formation in the case of the GR-LBD, 
while the Hsp90–MR-LBD complexes are enhanced in the presence 
of ATP analogs. In contrast, no effects of nucleotides were observed 
for the p53-DBD and Tau. It has been shown previously that the 
interaction of the GR-LBD with Hsp90 affects the kinetics of ATP 
hydrolysis (16). We tested this for all clients and found that only GR 
binding to Hsp90 causes a 50% reduction of the ATPase activity of 
Hsp90 (Fig. 5B), while the other clients tested do not affect the 
Hsp90 ATPase rate.

Overall, our experiments show that the GR-LBD preferentially 
binds to a specific conformation of Hsp90 during the ATPase cycle, 
which is consistent with the about sixfold higher affinity for the 
ATP-bound state and the effects on ATPase activity. The MR-LBD 
shows enhanced binding in the presence of ATP analogs and no 
effects on ATPase activity. Thus, the specific Hsp90 conformations 
with which they interact seem to differ. In contrast, p53-DBD and 
Tau do not show increased binding to nucleotide-bound forms of 
Hsp90, demonstrating that they bind in a conformation-independent 
manner. To provide further evidence for client specificity to Hsp90 
conformations, we analyzed binding to the R32A and A107N mu-
tants stabilizing opposite Hsp90 states. As seen in Fig. 5C, increased 
binding of GR-LBD to A107N and lower binding to R32A are con-
sistent with a preferential binding to the ATP-induced rotated state, 
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while the absence of effects for the p53-DBD reflect conformation-
independent binding.

NMR-based mapping of common and client-specific binding 
sites in Hsp90
To understand the basis of client specificity for Hsp90 conformations, 
we mapped and compared the client binding sites of Hsp90. To this 
end, we combined NMR CSPs and line broadening in 1H,13C methyl 
TROSY spectra of free Hsp90 and in complex with clients with PRE 
experiments. All clients induce moderate spectral changes (Fig. 6A 
and fig. S6, B and C), reflecting the dynamic nature of Hsp90-client 
complexes. Notably, effects occur in all three Hsp90 domains, with 
stronger changes induced by the GR-LBD, smaller ones by the MR-
LBD as well as the p53-DBD, and weak effects by Tau. To discrimi-
nate direct interaction effects from conformational changes on Hsp90 
upon binding, we recorded intermolecular PRE experiments with 
spin-labeled clients (49), which provide an approximate measure of 
client proximity up to 30 Å (50, 51). To obtain representative PRE 
effects, we selected the spin labeling positions of clients on the basis 
of previously determined Hsp90 sites (fig. S6, A and D). These 
experiments reveal well-defined client contact regions, especially in 
the case of the globular folded clients (Fig. 6A). The weaker effects 
seen in complex with Tau likely reflect transient and dynamic inter-
actions at multiple sites of Hsp90 for this intrinsically disordered 
client. In all cases, the broad spatial distribution of PRE effects likely 
reflects the dynamic binding with multiple low-affinity interactions 
that are reflected by the paramagnetic effects (52).

The client interactions identified by the NMR data are located in 
regions that are buried in closed conformations, indicating that 

initial interaction occurs with open states (fig. S7A). To extrapolate 
the binding surfaces from NMR effects observed for individual 
methyl probes, we performed a global analysis of PRE data, methyl 
CSPs, and intensity ratios as described in the Supplementary Mate-
rials (table S2 and fig. S7B). The integrated NMR effects mapped 
onto the open conformation define large interaction regions at 
the internal face of the open Hsp90 dimer that are highly con-
served (Fig. 6, B and C). Folded clients (GR, MR, and p53) bind to 
large and continuous surfaces, being more extensive in the case 
of SHRs (table S2). The intrinsically disordered Tau shows the most 
divergent interaction pattern with discontinuous scattered patches, 
distinct from the globular clients.

The common sites shared by all clients define the primary client 
binding region of Hsp90, corresponding to the ATP lid in the NTD 
and the MD region near the MD-CTD interface (helices M3 and M7) 
(Fig. 6D). In the MD, globular proteins interact with the “Src loop” 
(35) and the N terminus of helix M2. However, differences between 
the SHRs and p53 indicate that distinct client-specific binding fea-
tures exist. GR and MR both show notable effects with the CTD 
helix C2, which projects toward the MD (Fig. 6, B and D), while 
p53 shows the strongest effects to the NTD-MD interface and the 
linker region, consistent with previous studies (43, 53). In addition, 
electrostatic interactions with the disordered C-terminal extension 
contribute to p53 binding (20). The high conservation of the gener-
al binding surface of Hsp90 that shared the four clients suggests that 
common features of Hsp90 are used for the recognition of diverse 
clients. This also implies that client interactions of yeast Hsp90 rep-
resent well those of eukaryotic systems in general. This was further 
confirmed by an analysis of PRE and CSPs induced by the binding 
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of spin-labeled MR to methyl-labeled human Hsp90 (fig. S8, A and 
B). The highly similar effects for the two orthologs confirm the con-
servation of eukaryotic client interactions.

CTD helix C2 is a discriminator for selective client binding 
to closed Hsp90 conformations
The spatial separation of nucleotide and client binding sites in the 
NTD, MD, and CTD regions raises the question of how these dis-
tinct functional interactions are communicated across full-length 
Hsp90. We therefore used NMR to monitor client binding to Hsp90 
in the presence of ATP. As seen in fig. S9A, the GR-LBD causes large 
CSPs, which are almost one order of magnitude larger for ATP-
bound Hsp90 compared to those seen in the absence of nucleotide. 
Smaller spectral changes are seen upon binding of MR-LBD, p53-
DBD, and Tau. To demonstrate that the observed NMR spectral 
changes relate to bona fide clients, we performed NMR titrations 
with glutathione S-transferase (GST) as a nonclient protein. As ex-
pected, only negligible spectral changes are observed for GST (fig. 
S10, A to C). To compare the client binding surfaces in Hsp90 in the 
apo-bound and nucleotide-bound state, we performed intermolecular 
PRE experiments for complexes of Hsp90–AMP-PNP bound to 
spin-labeled clients. PRE effects observed were comparable to those 
seen for the apo state. This demonstrates that similar regions are 
involved in client binding in the presence of ATP, although the 
presence of nucleotide may shift the population of Hsp90 conform
ations that are recognized by clients, thereby enhancing the binding 
affinity (fig. S9B).

To further characterize client-specific binding and effects on the 
Hsp90 conformation, we compared the interaction of Hsp90 with 
the two SHR clients, GR-LBD and MR-LBD. These clients are 
structurally highly similar but, nevertheless, exhibit different effects 
on Hsp90. When we analyzed NMR spectral changes and the popu-
lation of the NTD-rotated state in the presence of the GR-LBD, we 
observed perturbations exclusive for the rotated conformation, which 
are accompanied by a significant increase in its population (≈20 to 
≈55%) (Fig. 7, A and B). Notably, CSPs are observed not only in the 
binding site but also at the NTD-MD interface (I320) and regions 
that are involved in additional dimer interfaces present in the fully 
closed Hsp90 dimer, for instance, M16 in helix N1 (7). This demon-
strates that the GR-LBD binds preferentially to the NTD-rotated state 
and thereby further shifts the conformational equilibrium of the 
dimer toward closed conformations (Fig. 7, B and C). In contrast, 
the MR-LBD causes smaller spectral changes in distant regions and 
does not significantly change the population of the NTD-rotated con-
formation (Fig. 7, A and B). This reveals that, in spite of the high 
structural similarity, the two SHRs induce differential allosteric effects 
across Hsp90. The stronger effects caused by GR compared to MR 
(fig. S9A) suggest that a tighter binding to this conformational switch 
enables a stronger allosteric communication across the whole Hsp90 
dimer. As expected, p53-DBD and Tau, whose binding are not affected 
by nucleotides, elicit overall small changes in the NMR spectra of 
Hsp90 and do not affect the population of the NTD-rotated state 
(Fig. 7B and fig. S9C).

SAXS analysis of Hsp90-client complexes in the presence of ATP 
was performed to determine how clients affect the overall conformation 
of the Hsp90 dimer (table S3). The SAXS-derived Rg and P(r) distri-
butions show that the SHRs favor more compact conformations of 
Hsp90 (Fig. 7D). This effect is especially pronounced for the GR-LBD, 
which causes a reduction on the Rg from 61.3 Å for Hsp90-ATP to 
58.8 Å. In contrast, SAXS data of the Hsp90 complexes with the 
p53-DBD and Tau exhibit only minor changes, in line with the 
absence of nucleotide effects on the interaction and binding inde-
pendent of the overall Hsp90 conformation. Together, differential 
effects of clients on Hsp90  in the presence of ATP reveal specific 
allosteric changes upon binding to a conformational switch of Hsp90 
that senses the rotation of the NTD. GR-LBD binding to the NTD-
rotated state leads to a population shift of the NTD-MD arrange-
ment toward the NTD-rotated state and thereby increases dimer closing 
involved in ATP hydrolysis. In contrast, the closely related MR-LBD 
elicits reduced allosteric effects, presumably due to weaker inter-
actions with the conformational switch region around the C2 helix. 
Notably, both p53-DBD and Tau bind independently of the overall 
conformation of Hsp90 and show no allosteric effects on Hsp90.

The co-chaperone p23 stabilizes closed conformational 
states in Hsp90-client complexes
As our analysis shows that nucleotides and clients are able to modu-
late the conformational ensemble of Hsp90, we next studied the effect 
of the p23 co-chaperone. p23 is special as it affects the processing of 
all client proteins, for which a detailed analysis has been performed 
(4). It binds and stabilizes the closed conformation of Hsp90 in the 
presence of ATP (7), inhibits its ATPase activity (54, 55), and stabi-
lizes bound clients (56). p23 consists of a globular CS (CHORD and 
Sgt1) domain and a largely disordered charged C-terminal tail. We 
have recently demonstrated that the p23 tail contains a helical seg-
ment that weakly interacts with the MD-CTD interface of Hsp90 

Table 1. Hsp90-client affinities determined by fluorescence 
anisotropy using labeled clients and unlabeled Hsp90 in different 
nucleotide states. Values correspond to the average of three 
independent experiments and the error to the SD. The column at the right 
shows theoretical fractions of complexes on our standard NMR conditions 
(100 M 2:2 stoichiometric mixture) based on the experimentally 
determined dissociation constant (KD) values. 

Client Hsp90 
nucleotide state KD (M) Theoretical % 

complex

GR-LBD (16)

Apo 2.8 ± 0.23 84

ATP 0.9 ± 0.11 91

AMP-PNP 4.3 ± 0.28 81

ATPS 1.4 ± 0.11 88

MR-LBD

Apo 5.7 ± 0.38 79

ATP 5.3 ± 0.58 80

AMP-PNP 2.2 ± 0.25 86

ATPS 1.9 ± 0.06 87

P53-DBD

Apo 5.3 ± 0.3 79

ATP 4.4 ± 0.21 81

AMP-PNP 5.5 ± 0.25 79

ATPS 5.3 ± 0.25 79

Tau (isoform D)

Apo 5.3 ± 0.65 81

ATP 5.0 ± 0.6 81

AMP-PNP 5.4 ± 0.66 80

ATPS 5.5 ± 0.32 80
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and with GR, free or in complex with Hsp90 (57). Similar interactions 
are observed in a cryo-EM structure of the maturation complex of 
GR-Hsp90-p23 (18), and direct interactions have been previously 
reported for the p23 tail and p53 (24). However, mapping of the 
binding sites of globular clients onto the crystal structure of the 
Hsp90-p23 complex (7) shows that the p23 interaction substantially 
overlaps with client sites in Hsp90 (Fig.  8A). Therefore, it is not 
clear how p23 interactions with Hsp90 can stabilize client binding.

To determine how p23 can affect and modulate Hsp90 confor-
mation to support client interactions, we first studied the effects of 
p23 binding to Hsp90 in the presence of ATP. Upon addition of p23, 
the 1H,13C heteronuclear multiple-quantum coherence (HMQC) 
spectrum of methyl-labeled Hsp90 shows chemical shift changes 
only for the NTD-rotated state signals induced by the nucleotide. 
The p23 interactions directly affect residues in the ATP lid and the 
N-terminal region of helix M2 (fig. S11A) and extend to the secondary 

dimerization region, the NTD-MD interface, and the C2 at the client 
binding site (residues I320 and M589, respectively; Fig. 8B and fig. 
S12B). These interactions stabilize the closed state, as is reflected by 
a significant increase of the population of the NTD-rotated state from 
≈20% in Hsp90-ATP to ≈35% in the presence of p23, as determined 
by the relative NMR signal intensities (Fig. 8C).

Next, we performed p23 titrations in the presence of the two SHRs, 
as p23 is known to support the activation of GR and MR. Addition 
of p23 to preformed Hsp90-ATP–client complexes yields similar direct 
NMR spectral changes indicating that the CS domain binds and dis-
places client interactions at this site (fig. S11, B and C). However, 
distinct chemical shift changes upon p23 binding are seen for resi-
dues in the Hsp90 MD (for example, for the methyl group of I320), 
secondary dimerization region, and within the core client binding 
site (residue M589; Fig. 8, D and E, and fig. S12, C and D). In the 
case of the GR-LBD, where client binding already strongly 
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promotes dimer closing (Fig. 7), p23 binding does not induce fur-
ther spectral changes and thus merely binds to the conformation 
that is already selected by the client (Fig. 8D). In contrast, addition 
of MR-LBD to Hsp90 in the absence of p23 only perturbs signals at 

the binding site (M589) and does not affect residues at the NTD-
MD interface, i.e., I320 (Fig. 8E). The addition of p23 causes addi-
tional chemical shift changes for I320 that resemble those observed 
for GR/p23. This indicates that p23 stabilizes and increases the 
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population of closed conformations of Hsp90 bound to MR. Nota-
bly, the chemical shift changes seen for M589 (Fig. 8E), which is an 
important residue in the C2 switch helix of the CTD, indicate that 
p23 reinforces allosteric effects that stabilize the closed Hsp90 confor-
mations also in the presence of a bound client.

To investigate the stability of the Hsp90-client interactions, we 
evaluated the ability of p23 to form complexes with fluorescently 
labeled clients and Hsp90-ATP by AUC. Hsp90-ATP readily forms 
ternary complexes with p23 and the clients studied. The ternary 
complexes sediment at 8 to 8.2S, while Hsp90-client complexes sedi-
ment at 6.2S (Fig.  8F). The comparison of the fraction of client 
bound to Hsp90 in the presence and absence of p23 (Fig. 8F, insets) 
shows that, in the case of the GR-LBD, p23 does not cause an addi-
tional increase. This likely reflects that the closed conformation of 
Hsp90 is already stabilized by the GR-LBD. In the case of the MR-
LBD, the addition of p23 increases the population of the complex, 

which is consistent with the stabilization of the closed conforma-
tion seen by NMR. Last, for p53-DBD and Tau, the addition of p23 
has very little effect on client binding, confirming the independence 
of their binding from the Hsp90 conformation.

In summary, these results indicate that p23 stabilizes the closed 
state and promotes allosteric changes to the client binding sites of Hsp90. 
Although the p23 interaction overlaps with client sites, only the CS 
domain interaction directly competes with clients. The transient and 
weak interactions of the p23 C-terminal region can be displaced by 
clients. The subsequent binding of the C-terminal tail of p23 to the 
bound client (57) results in a stabilization of the ternary complex.

DISCUSSION
Our study provides a comprehensive analysis of client recognition 
by Hsp90, highlighting the effect of ATP binding and conformational 
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dynamics in controlling and modulating Hsp90 conformations. To 
investigate the effects of nucleotides on Hsp90 conformation and 
interactions, we used an ATP-regenerating system, as ATP analogs 
have different effects depending on the client type (Fig. 5). Our 
solution NMR and SAXS data show that, both in the apo- and ATP-
bound states, the Hsp90 dimer adopts an ensemble of open conforma-
tions with a wide range of opening angles between the two protomers 

(10). Notably, we found that ATP binding induces a distinct minor 
conformation of Hsp90, where the NTD is rotated relatively to the 
MD, resembling the NTD-MD arrangement seen in the closed Hsp90 
dimer (Fig. 9) (7). In spite of this local domain arrangement, the 
Hsp90 dimer, overall, still samples a range of open states when bound 
to ATP, as indicated by SAXS data and consistent with previously 
reported fluorescence resonance energy transfer experiments (11). 
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This rotated NTD-MD arrangement requires conformational changes 
of the ATP lid and enables contacts with the MD required for ATP 
hydrolysis. Ultimately, these changes lead to the N-terminal dimeriza-
tion and full activation of the Hsp90 dimer in the closed conformation. 
Thus, our data provide direct experimental evidence for the allosteric 
communication across the three domains of Hsp90, which has been 
suggested so far on the basis of computational studies (58, 59). The 
NMR spectral changes that we observed provide direct evidence that 
the local NTD rotation induces effects that are transmitted to the 
MD and CTD domains, where client binding occurs. This allosteric 
communication forms the basis for the modulation and selection of 
Hsp90 conformations by clients and co-chaperones.

By comparing the binding surfaces of clients with distinct structural 
features and stabilities with the effects on Hsp90 conformation, we 
have identified general and client-specific regions and their involve-
ment on functional allostery. Generally used, conserved binding sites 
are located at the internal MD-CTD interface of the open Hsp90 
dimer and are shared by all clients studied, with additional contri-
butions from the ATP lid. These sites are extended and harbor short 
amphipathic binding motifs, i.e., 423KNIKLG428, 505IDEY508, 554LKEIL558, 
and 589MERIM593, which, in part, have been implicated in client bind-
ing in vivo (60–62).

Specific differences between the binding sites of globular clients 
revealed a major switch point of Hsp90 sensitive to clients. For the 

GR-LBDs and MR-LBDs, the C2 helix in the Hsp90 CTD is an important 
unique binding site. This is consistent with the fact that mutations 
in this element or its surroundings have been shown to impair GR 
activation in vitro and in vivo (2, 60, 62). It has been demonstrated 
that K594 in this element is an important switch point that allosterically 
regulates the ATPase activity, dimer closing kinetics, co-chaperone 
modulation, and client maturation of Hsp90 (59). In addition, clients 
bind to the MD in close proximity of W300, another allosteric regu-
lation point sensitive to client binding that modulates long-range 
conformational transitions involved in client maturation (63). This 
region also harbors the conserved Y293, a phosphorylation site 
affecting Hsp90’s structural dynamics and involved in the accelera-
tion effect of Aha1 on Hsp90 closing (64). In exquisite agreement, 
our NMR data reveal allosteric effects and the presence of two con-
formational states in these regions of Hsp90 in the presence of ATP, 
which are further influenced by client binding. We provide evidence 
that the second conformational state is coupled to the rotation of the 
NTD, as seen for the NMR signals of residue M589 in the C2 helix 
(Fig. 2A). Thus, GR-LBD interactions with the NTD-rotated confor-
mation of this helix, indicated by specific NMR spectral changes, result 
in the stabilization of this state and stalling of the fully closed, N-ter-
minally dimerized state required for ATP hydrolysis (Fig. 7) (4, 16). 
This explains the higher affinity for the ATP state and the inhibition 
of the ATPase activity observed for the GR-LBD. In addition, the 

Client
ADP + Pi

+ +

Relative population

GRMRTau/p53

p23

Cα2

Fig. 9. Client binding and conformational selection in Hsp90 cycle. Conformational cycle of Hsp90 showing population shifts promoted by binding of nucleotides, 
clients, and the co-chaperone p23. In the presence of ATP, Hsp90 is in equilibrium of extended conformations differing in the local rotation of the NTD-MD domains. 
Conformational changes associated to the NTD-MD rotation involve ATP lid closing and engagement between E33-R380 of the NTD and MD (top inset). These changes 
transmit allosterically to helix C2 (colored cylinders; bottom inset). (Allosteric signal is indicated by red dots.) Binding of clients to specific conformation(s) causes their 
stabilization, as shown in the insets. This is especially the case for the GR-LBD, which binds preferentially to the helix C2 in the conformation of the NTD-MD rotated state 
(highlighted in red). Stabilization of the rotated state leads to the largest allosteric effects across the full protein due to population shift toward the closed conformation. 
The highly related MR-LBD shows lower preference for closed conformations, while p53-DBD and Tau bind highly independent of the Hsp90 conformation. In the late 
stages of the cycle, the co-chaperone p23 forms ternary complexes by binding to the MD and NTD of Hsp90, thereby stabilizing the client by direct contacts with its 
C-terminal tail. Upon ATP hydrolysis, the ternary complex dissociates releasing p23 and the active client.
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relevance of NTD rotation for GR-LBD interaction provides a ratio-
nale for the strong negative influence of shortened or rigidified vari-
ants of the NTD-MD linker with impaired interdomain mobility on 
GR activation in vivo (65).

The MR-LBD, in contrast, causes smaller spectral changes in the 
C2 region. This may indicate that different amino acids are involved 
in the binding interfaces involving MR and GR. The smaller spectral 
changes might thus partially reflect the different chemical environ-
ment of the interactions. However, the reduced spectral changes 
may also indicate weaker binding to this switch region and thus ex-
plain the attenuated allosteric closing of the Hsp90 dimer. Given the 
high sequence similarity and conservation of structural features in 
the two SHRs (fig. S13, A to C), it is unlikely that the minor differ-
ences explain the distinct effects on C2 alone. It is possible that 
differential conformational dynamics of the two SHR clients rather 
than their structures contributes to their different interactions with 
Hsp90 (66). A recent NMR study reveals coupled motions involving 
the hormone binding pocket, the activation region, and the helix 
1 in GR (67). These results are also consistent with single-molecule 
force spectroscopy measurements showing coupled detachment of 
the helix 1 in GR and hormone binding (68). Moreover, our ANS 
binding experiments reveal higher exposure of hydrophobic sites 
for the GR-LBD compared to the MR-LBD, despite similar surface 
properties seen in their crystal structures. We speculate that differ-
ences in internal motion of the LBDs may affect the propensity 
of the helix 1 and the N-terminal region of the client to detach 
and interact with Hsp90, which is required for client loading 
and maturation in recently reported cryo-EM structures (fig. S13D) 
(18, 19).

In contrast, p53-DBD and Tau, which do not interact with the 
C2 helix, do not induce substantial allosteric changes. The p53-DBD 
binds to the NTD-MD interface, involving sites of the NTD that are 
regulated by the charged linker connecting the two domains (53). A 
discriminating feature of the disordered protein Tau is the scattered 
contacts compared to globular clients, consistent with highly dynamic 
and transient interactions. These clients do not affect the Hsp90 ATPase 
activity and bind with similar affinities independent of the nucleotide 
state of the chaperone (Fig. 9). The p53-DBD and Tau are charac-
terized by low thermodynamic stability and/or aggregation propen-
sity. This suggests that Hsp90 has a holdase function for these proteins 
by binding and protecting them from aggregation (69). This func-
tion of Hsp90 might also be important for stabilizing clients and 
displacing them from unproductive interactions with Hsp70, thus 
favoring spontaneous folding trajectories (70). Therefore, we propose 
that the interaction with C2 is an important feature to discriminate 
between the chaperone and holdase functions of Hsp90.

The principle of conformational selection also extends to the co-
chaperone p23, which selects the rotated conformation of the NTD 
in the presence of clients, thus promoting dimer closure and allosteric 
changes on the client binding site. The effects of p23 are stronger for 
clients that induce less Hsp90 dimer closing alone, suggesting a role 
of p23 especially in assisting conformational changes in Hsp90-client 
complexes that do not readily achieve closed conformations of Hsp90. 
We hypothesize that the p23-induced structural changes of clients 
are crucial for their activation, including direct contacts with the 
C-terminal helix of p23 for additional stabilization of the bound client. 
The substantial overlap between the co-chaperone and client bind-
ing sites at the NTD of Hsp90 suggests that p23 carries additional 
functions by blocking client interactions with the ATP lid. In the open 

conformation of Hsp90, this element points toward the client binding 
sites in the MD and the CTD and forms a continuous binding sur-
face. In the closed state, these interactions with the ATP lid are ste-
rically disfavored. Therefore, we propose that the ATP lid binds to 
clients in a conformation-sensitive manner, interacting with them 
only in the open conformation, while being displaced upon dimer 
closing or by p23. The interactions of the C-terminal tail of p23 with 
the client sites at the MD-CTD interface are transient and non-
specific, covering a broad region in the main client sites (57). Our 
data show that clients are readily able to displace the p23 C-terminal 
tail, which then bind and stabilize to the bound client. This dual role 
of the p23 tail is consistent with a function in proofreading of clients 
by blocking unwanted interactions of nonclients to the Hsp90 MD-
CTD interface.

Our studies define Hsp90 as a molecular chaperone that uses ex-
tensive “modular” binding sites for client interaction, where their 
availability and accessibility is modulated by conformational dynamics, 
nucleotides, and co-chaperones. Reshaping of dynamic client inter-
actions upon Hsp90 conformational changes is critical for promot-
ing structural transitions of the bound clients (71, 72). The presence 
of multiple client binding motifs in Hsp90 seems required to handle 
the large number of clients that are processed by Hsp90 and sug-
gests that conformational dynamics of both partners plays a major 
role in molecular recognition. This also agrees with the notion that 
Hsp90 may interact with partially folded but conformationally dy-
namic clients, including IDPs. Overall, the picture emerging is that, 
although many regions are shared in the binding of clients, specific 
features exist that dictate preferential binding to certain regions of 
Hsp90. We hypothesize that multiple binding sites of Hsp90 
are also important for the different client loading pathways. In this 
respect, a client may initially access different regions on the Hsp90 
surface depending on which route it adopts for loading onto 
Hsp90. Thus, loading through Hsp70 and Hop (Hsp70/90 organiz-
ing protein), direct Hsp70-Hsp90 interactions (73), or additional 
co-chaperone–supported binding (6) may result in different initial 
interactions with Hsp90 but, nevertheless, leads to the formation of 
productive complexes with closed Hsp90. ATP-induced allostery 
enables communication between different domains of Hsp90, 
which can be fine-tuned and further modulated by co-chaperones 
such as p23, to adapt the Hsp90 conformational cycle in a client-
specific manner.

MATERIALS AND METHODS
Protein expression and purification
Expression and purification of full-length AILpro-RVpro-RM yeast Hsp90 
(Hsp82) was carried out by adapting previous protocols (74). Briefly, 
His-tagged Hsp90 containing Tobacco Etch Protease (TEV) diges-
tion site was expressed in M9 minimal medium with 99.8% D2O (Sigma-
Aldrich) supplemented with 2 g/liter of glucose-D7 (Cambridge Isotopes, 
Tewksbury, USA). Cells were adapted to deuterated medium in 
three steps of 0, 50, and 99.9% D2O. Precursors for stereospecific 
AILpro-RVpro-RM labeling were added according to the manufacturer’s 
protocol (NMR-Bio, Grenoble, France) before induction with 1 mM 
isopropyl--d-thiogalactopyranoside (IPTG). Expression was done 
overnight at 30°C. Cells were lysed by French press and purified by 
Ni2+ affinity chromatography. After TEV cleavage, protein was 
further purified by anion exchange and gel filtration chromatog-
raphy steps.
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The stabilized variant of human GR-LBD (amino acids 527 to 
777; F602S/A605V/V702A/E705G/M752T), rat MR-LBD (amino acids 
709 to 981; C805S), and human p53-DBD (amino acids 94 to 312) 
were expressed and purified as described before (4, 16, 46). Human 
Tau isoform D was expressed at an optical density (OD) of 0.7 to 0.8 
with 1 mM IPTG for 3 hours at 37°C. Cell pellet was resuspended in 
Ni-NTA (nitrilotriacetic) buffer A [20 mM tris, 500 mM NaCl, 10 
mM imidazole, and 1 mM dithiothreitol (DTT) (pH 8)] containing 
protease inhibitor G (Serva) and 1 mM phenylmethylsulfonyl fluo-
ride. The cells were lysed by sonication, and the cellular extract was 
boiled for 20 min and cooled on ice after which a white precipitate is 
formed. The boiling and cooling step was followed by centrifugation 
at 20,000 rpm for 45 min, and the clear supernatant was loaded on a 
Ni-NTA column (5 ml of HisTrap HP, GE Healthcare) equilibrated 
in Ni-NTA buffer A. Tau was eluted in 60% Ni-NTA buffer B [20 mM 
tris, 500 mM NaCl, 500 mM imidazole, and 1 mM DTT (pH 8)] 
and was also present in the wash fractions (100 ml, 5% buffer B). 
The fractions containing Tau protein [as checked by SDS–poly-
acrylamide gel electrophoresis (SDS-PAGE)] were pooled and di-
luted (about equal to four times) in cold double-distilled water. TEV 
protease was added to the diluted protein, and it was dialyzed over-
night at 4°C in Ni-NTA buffer A (except imidazole). TEV cleavage 
was followed by a reverse Ni-NTA step to separate the cleaved 
from the uncleaved protein. The flow-through fractions containing 
the pure cleaved protein were checked by SDS-PAGE, pooled, and 
concentrated to 5  ml. The concentrated protein was loaded on 
the gel filtration column (Superdex 200, 26/60 pg, GE Healthcare) 
equilibrated in 40 mM Hepes, 150 mM KCl, 5 mM MgCl2, and 1 mM 
Tris(2-carboxyethyl)phosphine (TCEP) (pH 7.5) buffer. Fractions 
containing pure protein were pooled and concentrated using 
3-kDa molecular weight cutoff Amicon concentrators before flash-
freezing in liquid nitrogen and storing at −80°C. The protein con-
centration was checked with a BCA kit. Previous studies on the 
isoform F of Tau showed transient and dynamic binding to multiple 
patches on the NTD and MD of human Hsp90 involving the micro-
tubule binding repeats (48). Isoform D of Tau, lacking the N-terminal 
negatively charged insert comprised between residues 45 and 102 of 
isoform F, contains the regions involved in Hsp90 interaction, and 
its binding to yeast Hsp90 was confirmed by NMR experiments of 
15N-labeled Tau.

The cysteine mutants of the client proteins used for spin labeling 
for NMR-PRE experiments, MR-LBD (C805S/A841C), p53-DBD 
(C124S/C229S/C277S) containing one exposed cysteine C182, and 
Tau isoform D (C264S) were purified in the same way as their wild-
type counterparts as described above, which harbors C233. For GR-
LBD, the naturally exposed single-cysteine C638 was used. The 
mutations did not affect the function of proteins as checked by the 
hormone binding for GR-LBDs and MR-LBDs, respectively, and 
DNA binding of p53-DBD. Binding to Hsp90 was also not altered 
for any of the client protein mutants as investigated by AUC. Spin 
labeling reactions were carried out by adding 10× excess of 100 mM 
3-(2-Iodoacetamido)-PROXYL free radical (IPSL) in dimethyl sulf-
oxide (Sigma-Aldrich) to the proteins in 1 M tris-HCl (pH 8) and 
200 mM NaCl buffer, followed by overnight incubation at 4°C in 
the dark. Afterward, samples were buffer-exchanged to NMR 
buffer and checked by mass spectrometry. In the case of MR-LBD 
A841C, mass spectrometry analysis revealed an increase of mass 
corresponding to double spin labeling, which is due to the addition-
al reaction with the partially exposed C907.

NMR spectroscopy
NMR experiments of full-length Hsp90 and its complexes were carried 
out at 30°C in a Bruker AV950 MHz spectrometer (Bruker, Karlsruhe, 
Germany) equipped with a cryogenically cooled probe. NMR sam-
ples were in buffer containing 20 mM tris-D11, 100 mM NaCl, 5 mM 
MgCl2, 2 mM DTT-D10, 0.02% NaN3 (pH 7) (pH meter reading) in 
99.9% D2O. Dextran sulfate sodium (5 M) was used as an internal 
standard. For p53, the concentration of tris, NaCl, and MgCl2 was 
reduced to the half, and 5 mM DTT-D10 was used. Because of the 
unstable nature of GR, experiments that involved GR binding were 
supplemented with 50 M dexamethasone. Nucleotides were added 
to a final concentration of 5 mM. The ATP-regenerating system was 
prepared as described (31).

2D spectra were processed by Bruker TopSpin 3.5 (Bruker, Karlsruhe, 
Germany); 3D spectra were recorded using nonuniform sampling and 
processed by NMRPipe (75). All spectra were analyzed by CcpNmr 
software (76). CSP were calculated according to the following formula

	​ CSP  = ​ √ 

_________________

  ​​(​​ ​ ∆ ​​ H​​ ─ ​​ H​​ ​​ )​​​​ 
2
​ + ​​(​​ ​ ∆ ​​ C​​ ─ ​​ C​​ ​​ )​​​​ 

2
​ ​​	

where H/C is 1 SD of the methyl 1H and 13C chemical shifts, 
respectively.

PRE effects were derived from 1H-13C methyl TROSY experiments 
(77) recorded for the oxidized and reduced samples using a recycle 
delay of 4 to 5 s. Paramagnetic broadening was estimated from the 
intensity ratios between the oxidized and reduced forms (37, 49, 50). 
To estimate theoretical intensity ratios from distances derived from 
structures, our previous protocol (37) was adapted to methyl-based 
experiments. Briefly, four copies of the spin label were used as an 
ensemble representing the conformational flexibility. Paramagnetic 
relaxation contributions (R2,para) were extracted on the basis of the 
Solomon-Bloembergen equation (78)

	​​ ​R​ 2,para​​  = ​  k ─ 
​r​​ 6​

 ​​(​​4 ​​ C​​ + ​  3 ​​ C​​ ─ 
1 + ​​1H​ 2 ​ ​ ​C​ 2 ​

 ​​)​​​​	

where k is a constant (1.23 × 1016 Å6 s−2), r is the distance (in 
angstroms), C is the tumbling correlation time estimated from the 
molecular weight assuming a globular protein (3.3 × 10−8 s), and 1H 
is the 1H Larmor frequency. Theoretical intensity ratios were calcu-
lated as (37, 49)

	​​  
​I​ para​​ ─ ​I​ dia​​

 ​  = ​ R​ 2,dia​​ ​  ​e​​ (−​R​ 2,para​​t)​ ─  ​R​ 2,dia​​ + ​R​ 2,para​​
 ​​	

The time t corresponds to the transfer time during the 1H,13C 
methyl TROSY HMQC pulse sequence and was set to 7.6 ms, as-
suming that the main contribution is transverse proton relaxation 
during the insensitive nuclei enhancement by polarization transfer 
(INEPT) delays. R2,dia was obtained from the 1H linewidth and set to 
64 Hz; however, residue-specific variations ±15 Hz do not signifi-
cantly affect the PRE analysis.

Populations of NTD-MD open and rotated states were determined 
the from the signal intensities of the major (Iopen) and minor state 
signals (Irot). The following formula was used to extract the percentage 
of rotated state population for each residue
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	​​ %​ Rotated​​  =  100 ​  ​I​ rot​​ ─ ​I​ rot​​ + ​I​ open​​ ​​	

Minimal, maximal, and median values as well as first and third 
quartiles are then plotted in the box-and-whisker plots. Data points 
above 1.5 times the interquartile range were excluded from the plots and 
from further analysis. To determine statistically significant differences 
between conformational populations upon mutation, client or p23 
binding, ratios derived from individual residues were compared using 
a two-tailed t test.

Chemical shift assignment of full-length Hsp90
For the assignment of full-length AILpro-RVpro-RM Hsp90 from yeast, 
15N- and ILVM-labeled individual domains were expressed in an 
otherwise deuterated background. Methyl resonances were partially 
assigned by a combination of 15N- and 13C-edited nuclear Over-
hauser effect spectroscopy (NOESY) experiments and further extended 
by 3D CCH NOESY experiments. Ala resonances were partially 
assigned from the C chemical shifts from HNCACB/HNcoCACB 
experiments and a combination of 15N- and 13C-edited NOESY ex-
periments recorded with 13C, 15N-labeled samples (79, 80). To mini-
mize the overlap in Leu and Val signals in the full-length spectrum, 
potential overlaps between the two diastereomeric methyl groups 
were estimated by superimposing the spectra of the three individual 
domains. Stereospecific assignments were predicted by considering 
the downfield shift of pro-S groups in the 1H dimension (81). To 
assign the 1H-13C methyl TROSY spectrum of the full-length pro-
tein, assignments were transferred from the individual domains and 
complemented by 3D CCH NOESY experiments on full-length Hsp90. 
Assignments were supported by comparison with the NTD-MD 
construct and complemented by mutagenesis of several residues in the 
full-length protein lacking NOE networks, namely, M16L, M105L, 
M116L, M382L, M389L, M589I, M593I, M603I, and M607I in the 
absence and presence of AMP-PNP. In addition, L15I, I96L, and L331I 
mutants were produced on the individual domains in the absence 
and presence of ATP for the NTD. Assignments are deposited in the 
Biological Magnetic Resonance Data Bank under accession number 
50472. For the assignment of Ile, Met resonances of human Hsp90, 
a similar approach was used, on the basis of standard backbone as-
signment of individual domains (80), followed by methyl resonance 
assignment transferred by matching 13C and 13C frequencies from 
backbone experiments and CCH total correlation spectroscopy ex-
periments in methyl-labeled, 13C, 2H uniformly labeled samples. The 
individual domain assignment was further validated on the basis of 
the structure of the domains and their 3D CCH NOESY spectra. 
Methyl groups in full-length Hsp90 were assigned by transferring 
the assignment from the isolated domain and were validated using 
3D CCH NOESY experiments. A list of assigned resonances is in-
cluded in table S4.

Small-angle x-ray scattering
All SAXS experiments of Hsp90-client complexes were carried out 
on a Rigaku BioSAXS-1000 instrument with a HF007 microfocus 
copper target (40 kV, 30 mA), OptiSAXS optics, and a HyPix-3000 
detector. For q calibration, a silver behenate sample (Alfa Aesar) was 
used. Transmissions were measured with a photodiode beam stop. 
Samples were measured in eight 900-s frames checked for beam 
damage, circular averaged, solvent-subtracted, and normalized to 
concentration by the SAXSLab software (version 3.1.1). Scattering 
data of Hsp90 bound to nucleotides were recorded by in-line gel 

filtration chromatography coupled to SAXS as described previously 
(34). For client complexes, samples containing 70 M Hsp90 in 
25 mM Hepes (pH 7.5), 150 mM KCl, and 5 mM MgCl2 buffer con-
taining 5 mM ATP were used, and different stoichiometric amounts 
of clients were added as summarized in table S3. Storage buffer of 
the clients was removed by successive steps of concentration and 
dilution before the SAXS measurements. Subtracted curves were 
analyzed with PRIMUS and GNOM programs implemented in ATSAS 
3.0.2 package (82).

For the EOM (38, 83) of Hsp90 bound to ATP, the scattering 
curve of Hsp90 bound to ATP comprising q values from 0.00683 to 
0.5 Å−1 was used as input. Structures of NTD-MD and dimeric 
CTD constructs were used to generate the initial pool of conforma-
tions, defining a five-residue randomized linker (residues 528 to 532) 
to consider interdomain flexibility. To account for the different 
NTD-MD orientations, NTD-MD constructs derived from the 2CG9 
[rotated (7)] and 2IOQ [open (10)] structures were used separately 
to generate two pools of conformations. Each pool consisted of 500 
structures, from which 50% were of C2 symmetry. The EOM was 
run using 25 curves per ensemble, fixing different population of rotated 
NTD-MD structures. The genetic algorithm was run for 200 cycles.

Biophysical characterization of clients
The client proteins were structurally characterized by CD spectroscopy 
and ANS fluorescence. CD measurements were performed on a 
Chirascan Q100 spectrometer attached with a Peltier unit (Applied 
Photophysics) in 25 mM NaH2PO4, 100 mM NaCl, and 1 mM TCEP 
(pH 7.9). Apo–GR-LBD was prepared by extensive dialysis of GR-
LBD in 20 mM Hepes, 150 mM NaCl, and 0.04% CHAPS (pH 7.5). 
Protein concentrations used were 3 M for each protein except p53-
DBD, which was used at 5 M. Far ultraviolet (UV) CD spectra (260 
to 200 nm) were recorded at 20°C in 1-mm quartz cuvette. Thermal 
transitions were recorded at 220 nm from 20° to 80°C at a rate of 
0.5°C/min. To monitor the surface hydrophobicity of clients, ANS 
fluorescence spectra were recorded on a Jasco fluorescence spec-
trometer FP-8500 (Jasco, Groß-Umstadt, Germany). Measurements 
were performed in 20 mM Hepes, 20 mM KCl, 5 mM MgCl2, and 
1 mM TCEP (pH 7.5). GR-LBD, MR-LBD, p53-DBD, or Tau at a 
concentration of 1 M was incubated with 50 M ANS dye at room 
temperature (RT) for 15 min before recording their corresponding 
fluorescence spectra at 25°C from 400 to 600 nm after excitation at 
370 nm. Excitation and emission slit widths of 5 nm each were used. 
Fluorescence intensity at 450 nm of protein-ANS conjugate was 
normalized with respect to the fluorescence of ANS-alone sample.

ATPase assay
ATPase measurements of yeast Hsp90 were performed in a 150-l 
reaction volume in Varian Cary 50 UV-visible spectrometer at 
30°C. Hsp90 (3 M) was incubated with or without 10 M of each 
client protein at RT for 15  min in ATPase assay buffer [40 mM 
Hepes, 20 mM KCl, and 5 mM MgCl2 (pH 7.5)] containing ATP-
regenerating system of NADH [reduced form of NAD+ (nicotinamide 
adenine dinucleotide)], pyruvate kinase, lactate dehydrogenase, and 
phosphoenolpyruvate. The measurement was started by the addi-
tion of 2 mM ATP to the reaction mix, and decrease in the absorption 
kinetics of NADH-to-NAD+ conversion at 340 nm was recorded. 
Background ATPase activity due to any contaminations was sub-
tracted from the total activity by the addition of 50 M Hsp90 in-
hibitor radicicol to each of the reaction to get Hsp90-specific activity. 
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ATPase activity was calculated from the OD versus time slopes using 
the molar extinction coefficient of NADH (6200 M−1 cm−1) as de-
scribed previously (84).

Fluorescence labeling of proteins
For anisotropy and AUC measurements, GR-LBD and MR-LBD were 
randomly labeled on cysteine residues with ATTO 488 maleimide 
(ATTO-TEC) according to the manufacturer’s protocol with a few 
modifications. Briefly, the LBDs were diluted in 20 mM Hepes, 150 mM 
NaCl, and 0.04% CHAPS (pH 7.5) buffer such that their final con-
centration was always less than or equal to 50 M. Labeling was per-
formed with threefold excess of the fluorescent dye at 25°C for 
1.5 to 2 hours. The free dye was removed with extensive dialysis in 
cold conditions. Tau was labeled specifically at the N terminus using 
ATTO 488 N-hydroxysuccinimide ester in 50 mM K2HPO4, 50 mM 
KCl, and 1 mM TCEP (pH 6.8) at RT for 2 hours with threefold 
excess of dye. The free dye was removed from the labeled protein 
using a PD-10 column (GE Healthcare). The degree of labeling was 
determined according to the formula given on the manufacturer’s 
site. p53-DBD was labeled as previously described (46). Labeling does 
not change the activity of the proteins as reported before (4, 16, 46).

Analytical ultracentrifugation
AUC measurements were conducted with a ProteomLab Beckman 
XL-A centrifuge (Beckman Coulter, Brea, California) equipped with 
an AVIV fluorescence detection system (Aviv Inc., Lakewood, USA). 
For Hsp90 interaction studies, 500 nM labeled GR-LBD*, MR-LBD*, 
or Tau* (asterisk indicates labeled protein) were incubated with 
10 M unlabeled yeast Hsp90. p53-DBD* was used at a concentra-
tion of 1 M. Wherever mentioned, nucleotides (ATP/ATPS/AMP-
PNP) were added at 2 mM concentration. For binding study with 
p23, 6 M unlabeled yeast p23 was added to Hsp90 and client reac-
tion mix in the presence of ATP. All the reactions were incubated 
for 2 hours at 25°C in 20 mM Hepes, 20 mM KCl, 5 mM MgCl2, and 
1 mM TCEP (pH 7.5) before measuring in AUC at 20°C. The reac-
tions were prepared in a total of 320 l of reaction volume. Data 
analysis was performed using SEDVIEW and OriginPro 9.1 (85). 
The fraction of labeled protein bound (f) was calculated from sedi-
mentation curves as follows

	​ f  = ​  
​​dc _ dt ​​ Norm,free only

​​ − ​​dc _ dt ​​ Norm,free w/complex
​​
   ───────────────────  

​​dc _ dt ​​ Norm,free only
​​
  ​​	

where ​​​dc _ dt ​​ Norm,free only
​​​ means the normalized dc/dt value of free labeled 

protein in the absence of any addition; ​​​dc _ dt ​​ Norm,free w/complex
​​​ represents 

the normalized dc/dt value of free labeled protein left after complex 
formation in each case. The maximum value of dc/dt was used for 
each fitted curve.

Fluorescence anisotropy
Fluorescence anisotropy measurements were performed on a Jasco 
fluorescence spectrometer FP-8500 (Jasco, Groß-Umstadt, Germany) 
equipped with polarizers to measure the affinity of the clients for 
Hsp90 under different nucleotide conditions. Five hundred nano-
molars of labeled GR-LBD*, MR-LBD*, Tau*, or p53-DBD* was 
incubated with increasing concentrations of unlabeled Hsp90 (0.3 
to 30 M) at 25°C for 2 hours before recording the final steady-state 

anisotropy values of the labeled proteins. Nucleotides (ATP, ATPS, 
and AMP-PNP) were added at 2 mM final concentration. The final 
anisotropy values at each Hsp90 concentration were averaged over 
a period of 50 s with a time interval of 5 s and plotted against respec-
tive Hsp90 concentration. The plots were fitted to one site binding 
model in OriginPro 9.1 to determine the dissociation constant of 
client binding to Hsp90. The experiments were performed at 25°C 
in 20 mM Hepes, 20 mM KCl, 5 mM MgCl2, and 5 mM DTT (pH 7.5) 
in a 150-l reaction volume. The excitation and emission wavelengths 
of 490 and 520 nm were used, respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl7295

View/request a protocol for this paper from Bio-protocol.
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