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The dynamic triage interplay of Hsp90 with
its chaperone cycle and client binding

Xiaozhan Qu1,2, Simin Wang1, Shuo Zhao1, Chanjuan Wan1, Weiya Xu 1 &
Chengdong Huang 1

Hsp90, a crucial molecular chaperone, regulates diverse client proteins,
impacting both normal biology and disease. Central to its function is its con-
formational plasticity, driven by ATPase activity and client interactions.
However, comprehensive insights into Hsp90’s dynamicmolecular transitions
remain elusive. Using solution NMR spectroscopy, we reveal howATP binding,
hydrolysis, and client engagement drive conformational and dynamic shifts in
E. coliHsp90, HtpG, through its chaperone cycle. Pronounced conformational
fluctuations occur, especially in regions crucial for nucleotide binding and
conformational transitions. ATP binding induces slow-exchanging conforma-
tions, representing discrete on-path transition states from open to closed
forms, while ATP hydrolysis shifts HtpG into a compact conformation. Client
binding acts as an allosteric switch, dynamically priming HtpG for elevated
chaperone activity and, therefore, its efficient remodeling. Here, we provide
atomic-level insights into Hsp90’s functional mechanism, highlighting the
interplay of conformation, dynamics, nucleotide, and client interactions.

The heat shock protein 90 (Hsp90), a highly abundant and evolu-
tionary conserved molecular chaperone, plays a crucial role in facil-
itating the maturation and activation of a diverse array of structurally
and functionally distinct client proteins1–4. Its broad influence is
underscored by its regulation of approximately 10% of the eukaryotic
proteome, including critical components such as 60% of the human
kinome, 30% of E3 ligases, and 7% of transcription factors3, positioning
it as a central hubof protein homeostasis.Manyof these client proteins
are essential for signal transduction, establishing Hsp90 as a prime
target for anticancer strategies5–7.

Operating as an ATP-dependent homodimer, Hsp90 comprises
three highly conserved domains in each protomer: the N-terminal
domain (NTD), responsible for nucleotide binding; themiddle domain
(MD), primarily involved in client binding; and the C-terminal domain
(CTD), mediating dimerization. Structurally, Hsp90s belong to the
GHKL (gyrase, Hsp90, histidine kinase, MutL) family of ATPases, clas-
sified as a split ATPase with residues essential for ATP hydrolysis

located in the MD, including a conserved arginine residue that inter-
acts with the γ-phosphate of ATP.

Previous structural studies of Hsp90s in different nucleotide
states have captured a series of snapshots during the ATPase-driven
chaperone cycle, suggesting dramatic conformational changes. In the
nucleotide-free state, the Hsp90 dimer exhibits a highly dynamic
V-shaped conformation, encompassing awide range of open extended
states. Upon ATP binding, substantial structural rearrangements occur
in the NTD, including the closure of a crucial structural element known
as the ‘lid’. This closure facilitates the trapping of bound ATP while
exposing a hydrophobic surface that promotes N-terminal dimeriza-
tion and the swapping of the N-terminal β-strands between interacting
NTDs. These local conformational transitions further trigger a domain-
level rotation of the NTD, the association between the NTD and MD
crucial for ATPhydrolysis, and arm-armproximity. At this stage,Hsp90
adopts an interdigitated closed arrangement8. Subsequent ATP
hydrolysis and nucleotide release lead to the chaperone’s return to its
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open conformation9,10. Cycling through this well-defined sequence of
events, Hsp90 physically associates with its clients and eventually
release them in a matured conformation11–13.

While the described simplified schema derived from studies
across different Hsp90 isoforms provides foundational insights into
Hsp90’s functional machinery14, it also underscores the limitations of
drawing broad conclusions from such fragmented data. Investigations
across various species reveal significant variations, particularly con-
cerning the specific conformations of Hsp90 in its ATP-bound and
ADP-bound states. These findings underline the marked species-
dependent differences and the potential confusion arising from
attempts to integrate these diverse results into a unified framework.
For instance, studies on the endoplasmic reticulum-resident Hsp90
(Grp94) and yeast Hsp90 have shown divergent results, with ADP-
bound configurations ranging from a “twisted V” conformation15 to a
blend of open and more compact structures10,16. Furthermore, fluor-
escence resonance energy transfer (FRET) studies indicate a pre-
dominantly open conformation for the ADP-bound yeast Hsp9017,18,
whereas even the two yeast Hsp90 isoforms, the constitutively

expressed Hsc82 and the stress-inducible Hsp82, exhibit distinct cha-
perone cycles19. Although some consensus exists that ATP-bound
Hsp90 typically adopts a closed conformation8,14, other studies have
identified a spectrum of conformations across different
Hsp90 species10,20,21. This complexity underscores the necessity for
systematic and detailed studies of individual Hsp90 species to truly
understand their mechanisms and evolutionary adaptations.

Among Hsp90 isoforms, the E. coli Hsp90, known as HtpG,
represents the simplest system, lacking co-chaperones and featuring
shorter linkers between the NTD and MD (Fig. 1a), thus providing a
model for studying Hsp90 machinery. Despite its simplicity, unre-
solved questions about HtpG’s function and dynamics persist (Fig. 1b).
Structural studies reveal conflicting data: crystallography suggests a
parallel-like configuration for ADP-bound HtpG, while techniques like
electron microscopy (EM) and small-angle X-ray scattering (SAXS)
show a range of open to more compact structures9,10,16,21. The ATP-
bound state of HtpG remains particularly elusive, displaying a spec-
trum from open to closed conformations, contrasting with the con-
sistently closed conformation of its mitochondrial and ER-resident
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Fig. 1 | Dynamic view of nucleotide-free HtpG. a Domain organization of HtpG,
illustrating the three principal domains: N-terminal domain (NTD), middle domain
(MD), and C-terminal domain (CTD).b Schematic of the conformational transitions
of HtpG throughout the chaperone cycle, highlighting various states and existing
controversies. c Analysis of nucleotide-free HtpG dynamics across different time-
scales based on its structural context (PDB 2IOQ). The left panel shows methyl

groups inHtpG colored according to their S2 values, representing rigidity, while the
right panel colors methyl groups by their microsecond to millisecond timescale
exchange rates (kex). Dashed boxes emphasize detailed profiles of representative
residues crucial to HtpG function, accompanied by zoomed-in structural views.
More detailed views of the dynamics of nucleotide-free HtpG are presented
in Fig. S1.
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paralogs, TRAP1 and Grp9415,22. Additionally, the transitionmechanism
of Hsp90 across its nucleotide-driven cycle and the modulation of
ATPase activity23–27 by client protein engagement are poorly under-
stood, not just for HtpG but across the family28,29. These gaps under-
score the critical need for comprehensive studies to decipher HtpG’s
molecular intricacies, thereby illuminating the broader regulatory and
functional dynamics of the Hsp90 family.

Nuclear magnetic resonance (NMR) spectroscopy stands out as
the technique capable of providing atomic-resolution structural and
dynamic insights into biologicalmoleculeswithin an aqueous solution,
closely resembling physiological environments. Recent advancements
in NMR, combined with sophisticated isotope labeling strategies, have
extended its applicability to largeprotein systems30–37, offering an ideal
approach to capture the conformational flexibility and dynamics that
characterize the Hsp90 family.

In this work, we use NMR spectroscopy with advanced isotope
labeling to investigate the conformational dynamic of HtpG through-
out its chaperone cycle. Our findings elucidate the intricate

conformational changes and dynamic transitions of HtpG across var-
ious nucleotide states, driven notably by ATP binding and hydrolysis,
thus revealing its dynamically polymorphic landscape at the atomic-
level. Furthermore, we demonstrate how client binding induces
widespread alterations in HtpG dynamics, effectively reducing both
dynamic and conformational barriers, thereby facilitating chaperone
activation. These results offer further insights into the dynamic
machinery of Hsp90, illuminating its sophisticated conformational
transition and dynamic priming essential for chaperone function.

Results
The dynamic view of HtpG in its nucleotide-free, open state
We have recently achieved NMR assignment of the full-length HtpG
and established that the dimeric chaperone in solution adopts an open
conformation in the absence of nucleotide, with a single set of NMR
signals38. To explore the dynamic properties of HtpG in its nucleotide-
free state, we first investigated its fast-exchange (pico- to nanosecond,
ps-ns) side-chain dynamics using the triple-quantum based NMR

Fig. 2 | Sequential conformational transitions of HtpG inducedbyATPbinding.
a Overlay of Methyl-TROSY spectra of apo (gray) and AMP-PNP-bound (green)
HtpG, highlighting labeled residues exhibiting resonance splitting. b Plot of che-
mical shift perturbations (CSPs) across residue numbers for AMP-PNP-boundHtpG,
with negative bars indicating doublet and triplet splitting signals (rosy and purple,
respectively). c Schematic representation of the sequential conformational transi-
tion pathway of HtpG from the open to the closed state upon ATP binding.
d Superposition of HtpG structures in open (gray), NTD-rotated (light pink), and
closed (green) states, with splitting profiles for selected residues depicted as red
spheres. Dashed arrows indicate linear shifts associated with triplet splitting.
e Overlay of Methyl-TROSY spectra of apo (gray), AMP-PNP-bound (green) HtpG,
and HtpGNM in AMP-PNP-bound state (purple) for residues L278 and L233.
f Population distribution analysis for the second conformational state in AMP-PNP-

bound HtpGFL (blue) and HtpGNM (black). Data are presented as individual data
points, with mean ± SEM, based on n = 10 biological replicates for each group
(ten representative residues selected; refer to Methods for details). Statistical sig-
nificance was assessed using a two-sided t-test, with p =0.0004 as indicated by
asterisks. g Negative stain EM analysis of AMP-PNP-bound HtpG, with additional
images available in Fig. S4. h Scheme of the rugged energy landscape for the
polymorphic AMP-PNP-bound HtpG. i Structural visualization based on PDB 2CG9,
illustrating the role of residueR33 in the active site interaction network. jOverlay of
Methyl-TROSY spectra for apo (gray), AMP-PNP-bound (green) HtpG, and the AMP-
PNP-bound HtpGR33A mutant (purple), showing residues representative of the
mutation-induced lack of resonance splitting. k Comparative analysis of turnover
rates betweenWT-HtpG and the HtpGR33A mutant. Data from three replicates (n = 3)
are presented as the mean ± SEM.
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experiments39, and obtained the relaxation-derived order parameter
S2, which quantifies the amplitude of motion (S2 = 0: no restriction;
S2 = 1: complete restriction). To ensure accurate interpretation, we
limited our analysis to methyl-bearing residues that are well-separated
and exhibit feasible intensities—specifically, 83 residues per protomer
in the case of apo HtpG. This approach helps avoid the risk of mis-
interpretation due to overlapping peaks or those with low intensities.

These data reveal that the mobile residues are clustered at (sub)
domain junctions and peripheral regions (Fig. 1c and Fig. S1). Notably,
the N-helix (residues 15 to 25 in HtpG), which undergoes critical posi-
tion shifting for HtpG dimer closure40, displayed significant structural
fluctuations (e.g., M20) (Fig. 1c). Elements critical for ATP catalysis,
including the nucleotide-binding site (e.g., I97), the “lid” segment that
swings substantially to ensure nucleotide docking (e.g., L106), and the
so-called catalytic loop (residues 327-343 in HtpG) comprising the
absolutely conserved Arg residue (Arg336) in the middle domain (e.g.,
L332 and T343), whose significant structure remodeling and sub-
sequent reaching to ATP enable catalysis (Fig. 1c)41, demonstrate
moderate to high mobility in absence of nucleotide (Fig. 1c). The sig-
nificant dynamics at these regions may contribute to moderating
nucleotide affinity by providing an entropic barrier. The amphipathic
helix in CTD (CTDamp, residues 543-565), known as the “client dis-
criminator helix”20, demonstrated somewhat structural rigidity at the
ps‐ns timescale (e.g., A557). Interestingly, the C-terminal dimer inter-
face showed conformational mobility, suggesting a breathing
motion42.

We next investigated the slow-exchange (micro- to millisecond,
μs‐ms) timescale dynamics in the full-length HtpG using
Carr–Purcell–Meiboom–Gill (CPMG) relaxation dispersion experi-
ments, and measured 1H-13C multiple-quantum methyl-TROSY dis-
persion profiles43. The presence of multiple interconverting states of
a protein result in line broadening of the NMR signal, and this effect
can bemodulated by applying of a series of 180° radiofrequency (RF)
pulses in the CPMG pulse sequence44. We observed substantial non-
flat relaxation dispersions with effective relaxation rates (R2

eff)
exceeding 5 S-1 in 60 methyl-bearing residues across the HtpG
structure, highlighting its dynamic properties (Fig. 1c). These resi-
dues, exhibiting intermediate-to-slow motions, are distributed as 29
in the NTD, 21 in the MD, and 9 in the CTD, with one additional
residue at the NTD-MD linker. Structural mapping reveal that these
mobile residues are predominantly clustered around the nucleotide-
binding pocket, the (sub)domain interfaces, and in the vicinity of the
CTDamp (e.g., M550) (Fig. 1c and Fig. S1). In contrast, the core regions
of the MD and CTD appear predominantly rigid. Notably, this dis-
tribution pattern of mobile residues at the domain interfaces aligns
with previous computational studies, which suggest that these
regions serve as dynamic hinges, facilitating conformational transi-
tions within Hsp9045. Particularly, regions crucial for ATPase cata-
lysis, including the N-helix (e.g., M20), lid segment (e.g., V125),
nucleotide binding pocket (e.g., L32), and the catalytic loop (e.g.,
L339 and T343), exhibited apparent conformational plasticity on the
μs‐ms timescale (Fig. 1c). All dispersion curves could be fit well to a
simple two-site exchange process, whereas in most cases the fast-
exchanging rates (kex > 3000 S-1) preclude accurate estimation of
populations of exchanging states or chemical shift differences.
Notably, the conformational exchange rates of lid segment, as well as
other regions involved in nucleotide binding and catalysis, appear
significantly higher than that of the nucleotide association/dis-
association, suggesting the nucleotide-binding process is largely
thermally driven, as previously proposed16.

Taken together, these results demonstrate the mobility profile of
HtpG over a broad spectrumof time scales. The highly dynamic nature
of HtpG may contribute for its remarkable capacity to accommodate
structurally diverse client proteins, and facilitate its functional struc-
ture reorientation.

ATP binding shifts HtpG’s conformational equilibrium
As the functional roles of Hsp90 rely on in its distinct, nucleotide-
dependent conformational plasticity, we next assessed the con-
formation of HtpG across various nucleotide states. First, we acquired
NMR spectra of HtpG in the presence of AMP-PNP, a “nonhydrolyz-
able” ATP analogue that has been shown to exert effects identical to
ATP40. Remarkably, upon binding to AMP-PNP, a significant number of
methyl resonances of HtpG (63 out of the 229methyl-bearing residues
per protomer) displayed signal splitting, accompanied by chemical
shift perturbations (CSPs) that are primarily localized in the NTD
(Fig. 2a, b and Fig. S2a). This signal splitting cannot be attributed to
insufficient AMP-PNP supply, as the residues around the nucleotide-
binding site (e.g. L94, V133 and V137) shift completely from their ori-
ginal positions (Fig. 2a). Moreover, the splitting is not a result of ADP
contamination; spectral overlays confirm that the split signals do not
alignwith thoseof theADP-boundHtpG (Fig. S2b). Notably, such signal
splitting does not occur in the isolatedNTDofHtpG, which only shows
significant CSPs upon AMP-PNP binding (Fig. S1c). This indicates a
distinct dynamic response of the full-length protein compared to the
isolated domain. We have assigned these methyl groups within the
AMP-PNP-bound HtpG, including the well-separated split signals (see
Methods for details). Further analysis reveals that resonance splitting
ofmethylmoieties extends throughout the entire HtpGmolecule, with
signals from 11 residues splitting into triplets (Fig. S2d). Among these,
seven residues are located around the nucleotide-binding pocket
within theNTD, two (M307 and L233) are at theNTD-MD interface, and
one (I512) is within the CTD.

Additional sets of NMR signals often indicate the presence of
multiple conformational states undergoing slow exchange (kex
<1000 s−1). The evaluation of NMR signal integration demonstrated
that different residues displayed varied splitting profiles concerning
the number of split resonances and populations of conformational
states (Fig. 2d). These observations ruled out the possibility that the
NMR resonancemultiplet was caused by an asymmetric configuration
for each Hsp90 protomer, which would otherwise exhibit a uniformly
distributed population profile. For instance, while the residues of L76,
V83, L233 and L278 exhibit characteristic of triplet splitting, the
population distribution ratio for the three states along the conforma-
tion transition pathway (states a, b and c, respectively) ranges from
5:1:4 to 2:1:1 (Fig. 2d). Residues displaying a doublet splitting profile,
such asM20, I222, I306 and T548, exhibited populations ratio of states
a and b ranges from 8:1 to 1:1 (Fig. 2d). These results thus provide a
multifaceted and highly polymorphic perspective of HtpG in its AMP-
PNP-bound state.

In the sequential transition model, Hsp90’s conformational
change from open to closed involves two principal stages: (1) a ~ 90°
rotation of the NTD accompanied by local structural alterations and
MD association; and (2) arm-arm approximation (Fig. 2c)20,25. Our NMR
data of HtpG-AMP-PNP may thus provide an allosteric fingerprint of
these essential conformational stages, supporting the sequential
model. We propose that ATP-bound HtpG exists in an equilibrium of
multiple conformational states, spanning all three on-path transitional
states: the open state (state a), the intermediate NTD-rotated state
(state b), and the closed state (state c). This is supported by multiple
lines of evidence. Firstly, NMR spectra of the AMP-PNP bound NTD of
HtpG, which lacks integral NTD-MD hinges necessary for rotation,
demonstrate no signal splitting (Fig. S2c). Secondly, NMR spectra of
the AMP-PNP-bound HtpGNM, capable of NTD-rotation but not arm
closure due to lacking the dimerization-pivoting CTD, show that con-
formation transition halts at state b, the NTD-rotated intermediate
state (Fig. 2e and Fig. S3a-d). Additionally, signal splitting in residues
I306 and M314, corresponding to residues I350 and I358 in yeast
Hsp82, has been shown to reflect the conformational transition to the
NTD-rotated phase20. The inability of residues to transition beyond
state b suggests a distinct chemical environment preserved across

Article https://doi.org/10.1038/s41467-024-55026-y

Nature Communications |        (2024) 15:10661 4

www.nature.com/naturecommunications


these states, resulting in unchanged chemical shifts or signal degen-
eration due to rapid averaging. Notably, the arm closure-impaired
HtpGNM construct in its AMP-PNP-bound state shows a decreased
relative population of state b, aligning with expectations for signal
degeneration (Fig. 2f). In the full-length protein, the additional set of
peaks represent both the NTD-rotated and closed states, whereas in
the HtpGNM, they indicate only the rotated state. Lastly, negative stain
EM analysis confirms that, in the presence of AMP-PNP, HtpG exhibits
both open and closed conformations (Fig. 2g and Fig. S4), consistent
with previous SAXS studies21.

These findings affirm the sequential nature of HtpG’s conforma-
tional transitions upon ATP binding and highlight the sophisticated
regulation of these transitions at the molecular level. Further group
analysis of the 11 triplet-splitted residues through signal integration
has quantified the populations of the AMP-PNP-bound HtpG con-
formations: 48 ± 7% in the open state (state a), 23 ± 11% in the inter-
mediate NTD-rotated state (state b), and 29± 10% in the closed state
(state c). These findings suggest that the conformations of AMP-PNP-
bound HtpG are best represented by a rugged energy landscape, as
illustrated in Fig. 2h.

HtpG closure is not required for ATP hydrolysis
Prior research has established the conserved arginine residue in the
α2 (R33 in HtpG) as a critical conformational switch within the
interaction network between the NTD and MD of Hsp90 and ATP20,46

(Fig. 2i). Supporting the transition scenario mentioned above
(Fig. 2c), mutation of R33 impedes the transition from the open to
the closed state, as evidenced by the absence of resonance splitting
in the NMR spectra of the HtpGR33A mutant bound to AMP-PNP (Fig. 2j
and Fig. S3d and S5a,b), which indicates a halt at the open state and
an inability to progress along the transition pathway. Furthermore,
the R33 mutation induces extensive chemical shift perturbations
beyond the NTD, including in MD residues such as I222, I306, and
L324, underscoring its central role in the conformational modulation
of Hsp90 (Fig. S5a).

The necessity of conformational closure for ATP hydrolysis by
Hsp90 has remained uncertain. To address this, we measured the
ATPase activity of the conformation-transition impaired mutant,
HtpGR33A, finding it to exhibit substantial catalytic activity—approxi-
mately 80% greater than that of the wild-type protein (Fig. S5c). This

mutant, despite its inability to achieve dimer closure, efficiently
catalyzes ATP hydrolysis. Further enzymatic kinetics analysis
revealed that the mutation leads to an approximately 2.7-fold
increase in turnover rates, while the Michaelis-Menten constant (Km)
remains largely unchanged (Fig. 2k and Fig. S5d,e). These findings
align with hybrid quantum/classical (QM/MM) free-energy
calculations46, which suggest that mutation of the conserved argi-
nine residue significantly lowers the reaction energy barrier, thereby
enhancing the catalysis rate.

ATP Hydrolysis drives HtpG to a ‘compact’ conformation
We next sought to use NMR to elucidate the conformational state of
the ADP-bound HtpG in solution. In sharp contrast to the split
spectra observed for AMP-PNP-HtpG, the ADP-bound chaperone
displays a singularmethyl-TROSY resonance set (Fig. 3a and Fig. S6a),
suggesting both HtpG protomers are uniformly sampling the same
conformational space within the fast-exchange NMR timescale, spe-
cifically under 1ms, without slow conformation exchanging events
occurring. This observation precludes slow conformational
exchange events and indicates a homogenous conformation as
opposed to a heterogeneous mixture, challenging previous asser-
tions based on negative stain EM and SAXS studies10. Furthermore,
ADP binding induced substantial chemical shift perturbations (CSPs),
mapping not only to the NTD containing the nucleotide pocket, but
throughout all three HtpG domains and the inter-domain linkers
(Fig. 3b). These widespread CSPs suggest ADP binding triggers global
conformational rearrangements in HtpG. The controversy sur-
rounding whether ADP-bound HtpG assumes a parallel9 or a more
‘compact’ conformation10, with the NTD bending toward the MD,
persists (Fig. 3c). However, NMR’s high conformational sensitivity
enabled the distinction between these two disparate structures.
Specifically, the ‘compact’ conformation, characterized by the NTD’s
extensive interaction with the MD, was evidenced by significant CSPs
at the interface, notably at residues I30, V193, I196, A254, A284, and
M288 (Fig. 3d). These perturbations are consistent with the ‘com-
pact’model and cannot be readily explained by a parallel orientation.
Thus, our NMR findings support the conclusion that HtpG pre-
dominantly adopts a ‘compact’ conformation in solution, which is
further corroborated by our negative stain EM data (Fig. 3e and
Fig. S6b,c).
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Fig. 3 | ATP Hydrolysis Drives HtpG from Diverse Conformations to a Singular
‘Compact’ State. a Methyl-TROSY spectra overlay showing apo HtpG (gray) and
ADP-bound HtpG (orange), with residues that demonstrate significant shifts
labeled. b Chemical shift perturbations (CSPs) plotted against residue number for
ADP-bound HtpG, illustrating the extent of conformational change upon ADP
binding. c Structural models of ADP-bound HtpG: on the left, the parallel

conformation (PDB 2IOP); on the right, the ‘compact’ conformation derived from
EM data analysis10. d Detailed view of the ‘compact’ conformation, highlighting
representative residues affected by ADP binding. These CSPs support a significant
NTD bending that is incompatible with the parallel conformation. e Negative stain
EM analysis confirming the ‘compact’ conformation of ADP-bound HtpG, with
additional images available in Fig. S6b,c.
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Dynamic transitions of HtpG in the ATPase cycle
To ascertain whether the dynamics of HtpG, in addition to its con-
formations, are modulated during its chaperone cycle, we further
employedNMRto characterize the protein’s dynamics in complexwith
AMP-PNP or ADP. For AMP-PNP-bound HtpG, in most cases, our
dynamic analysis primarily centered on the strongest signals, those
corresponding to the open conformation (state a). Both nucleotides
were found to significantly influence the order parameters (S2) across
the entire HtpG molecule, including critical regions such as the
nucleotide binding pocket (e.g., residue L32), the lid segment (e.g.,
residue L119), NTD-MD interface (e.g., residues L339 and L352), MD
inter-subdomain interface (e.g., residue A397), and MD-CTD joint
region (e.g., residue V539), with each nucleotide state displaying dis-
tinct dynamic signatures (Fig. 4a). This data indicates that nucleotide
engagement at the NTD has a far-reaching effect, allosterically mod-
ulating HtpG’s movements across the ps-ns timescale. In particular,
regions proximal to the nucleotide-binding site exhibited decreased
mobility, suggesting an entropically favorable environment for
nucleotide accommodation (Fig. 4a). Of note, AMP-PNP binding,
compared to the apo or ADP-bound state, increases the order para-
meter for the catalytic loop residue L339 from ~0.2 to 0.4 (Fig. 4a). This
change implies that ATP’s gamma-phosphate rigidified the catalytic
loop “breathingmotion,” corroborating its role in reinforcing theNTD-
MD contacts47.

We recently elucidated the solution complex structure of HtpG
with a disordered client (Δ131Δ)38. Here we explored the dynamic
transitions in the client-engagement regions during the chaperone

cycle. Our results reveal a complex dynamic transition profile, with
residues proximal to or within the client-binding grooves displaying
stage-specific mobility patterns (Fig. 4b and Fig. S7a). These subtly
refined dynamic environments may exert distinct chaperoning influ-
ences on the client at each stage of the cycle, potentially facilitating
their processing.

CPMG experiments have provided further insights into the μs-
ms timescale dynamics of HtpG during the distinct stages of the
chaperone cycle. In particular, residues M85, I91, L109, V125, and
V164 near the nucleotide pocket and A254 at the NTD-MD interface
exhibited individualized relaxation dispersion profiles according to
the nucleotide state (Fig. 4c). While AMP-PNP binding appears to
stabilize the nucleotide-binding pocket and surrounding residues—
evidenced by the decreased conformational exchange rates for
residues such as I91, V125, and V164—this is not uniform across all
residues (Fig. 4c and Fig. S7b,c). Conversely, the ADP state revealed a
varied response, with some residues (e.g., residues L109 and V125)
displaying increased exchange rates and others showing decreased
(e.g., V164) or unchanged rates (e.g., M85). These differences in the
conformational exchange rates of residues around the nucleotide-
binding pocket, notably higher in the ADP-bound state compared to
AMP-PNP (e.g. I91 and V125), align with the more rapid kinetics of
ADP binding and release, shedding light on nucleotide turnover
rates. Notably, the μs-ms dynamics of the catalytic loop residue
L339 remained largely unchanged (Fig. S7b), exhibiting an exchange
rate (kex ≈ 3000 s-1) that greatly surpasses the catalytic rate
(kcat≈0.005 s

-1). This suggests that movements of the catalytic loop

Fig. 4 | Dynamic changes in HtpG across its chaperone cycle. a Global shifts in
conformational entropy of HtpG across different nucleotide states. The left panel
shows changes in the order parameter (S2) upon AMP-PNPbinding, calculated from
single measurements of each protein sample. Data points represent changes for
each residue, with error bars indicating propagated standard errors based on
uncertainties in the S² values derived from spectral data. The right panel displays
changes upon ADP binding, with data plotted against residue numbers. The center
panel depicts representative S2 profiles for selected residues across various
nucleotide states. b Structural representation of ps-ns motion changes of methyl
groups near the client-binding grooves, colored by changes in order parameters
(ΔS2). ΔS2 is calculated as the difference between the current and the previous

nucleotide state values. The bound client protein (Δ131Δ) is represented as a
transparent yellow surface. Thefigurewasprepared using PDB8K2T. Fit profiles for
selected individual residues are displayed in Fig. S7a. c Characteristic relaxation
dispersion profiles of active site residues inHtpG across different nucleotide states,
accompanied by a structural illustration on the left. This panel highlights the
residue-specific dynamics that underpin functional transitions. d Conformation-
specific CPMG profiles for residues M20 (top) and L76 (bottom) in the AMP-PNP-
bound state of HtpG, demonstrating distinct dynamical behaviors within the
intermediate to slow time regimes. In panels c and d, error bars for R2eff rate values
were calculated as twice the noise level measured in the spectra.
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are not the rate-limiting step for ATP hydrolysis, in agreement with
prior observations47.

In the nucleotide-bound states (AMP-PNP or ADP), specific resi-
dues within the client-binding groove, such as M314, L400, A411 and
L447, demonstrate reduced dynamics compared to the nucleotide-
free state (Fig. S7c). This high flexibility when nucleotide-free may be
crucial for initially positioning or accommodating diverse client pro-
teins, thereby preparing the chaperone for subsequent functional
stages. Moreover, these dynamic alterations across the chaperone
cycle are likely vital for the effective modulation of client protein
release and folding processes.

Furthermore, each conformational state of AMP-PNP-bound
HtpG, as illustrated by residues M20 and L76, presented distinct
CPMG profiles within the intermediate to slow exchange time regime
(Fig. 4d). This observation introduces an additional dimension of
dynamic intricacy, underscoring the complex conformational land-
scape that HtpG navigates during its functional cycle.

Collectively, our findings assemble a detailed picture of the
dynamic reconfiguration of HtpG throughout its chaperone cycle,
presenting the nuanced allosteric regulation and conformational
adaptability essential to its function.

The dynamic response of HtpG to client binding
The modulation of Hsp90 ATPase activity by client binding has been
proposed as a general mechanism of the action for the chaperone,
however, the underlying mechanism remains unclear. To investigate
this aspect in terms of protein dynamics, we conducted NMR analyses
on the 13CH3 methyl moieties of the HtpG-Δ131Δ complex. The quality
of the NMR spectra for the HtpG-Δ131Δ complex is suboptimal38, per-
mitting reliable analysis of only a subset of residues, such as the
dynamics of 34 residues at the picosecond to nanosecond timescale.
Surprisingly,weobserved anoverall increase inps-ns timescalemotion
(ΔS2 < 0) in HtpG upon client binding, particularly around the
nucleotide-binding pocket in the NTD (Fig. 5a and Fig. S8a). Notably,
A114 and A551, situated in the lid and “client discriminator helix”,
respectively, gained a large amplitude of structural mobility in
response to Δ131Δ binding, with marked decrease in S2 values of ∼0.5

and ∼0.9, respectively (Fig. S8a,c). However, the effects of client
binding on HtpG’s internal motions are non-uniform; certain residues,
like L339 that at the NTD-MD interface, displayed decreased con-
formational entropy (Fig. S8a,c).

Consistent with these findings, relaxation dispersion experiments
indicated that client binding to the MD caused an overall increase in
the fluctuation rates of HtpG at the μs-ms timescale, with many of
these residues being remotely located in theNTD, indicating a reduced
activation energy barrier for conformational transitions at the catalysis
center (Fig. 5b and Fig. S8b,d). Additionally, while the “client dis-
criminator helix” (e.g., A555 and M550), along with residue L360,
exhibited significant conformation-exchanging profiles in the client-
free form, client binding eliminated any alternative conformational
states occurring on the μs-ms timescale (the detection limit of the
relaxation dispersion experiments is ∼0.5%) (Fig. S8d).

Subsequently, we acquired methyl-TROSY NMR spectra of the
HtpG-Δ131Δ complex in the presence of AMP-PNP, displaying reso-
nance patterns akin to the client-free state (Fig. S9a,b). These data
indicate that in the AMP-PNP state, the HtpG-Δ131Δ complex, resem-
bling client-free HtpG, adopts multiple conformations in equilibrium.
Nevertheless, conformational populations of HtpG-Δ131Δ complex in
the AMP-PNP state differ significantly from those of client-free Hsp90
(Fig. 5c,d). For instance, residues M20 and M314 exhibited increased
populations of state b, corresponding to the transitioned state upon
AMP-PNP binding, by 2- and 3-fold, respectively (Fig. 2d and Fig. 5c).
Furthermore, residues L76 and L233 displayed a substantial decrease
in the intermediate state (state b) due to Δ131Δ binding, shifting the
conformation equilibrium towards the closed state (state c) by around
10% and 15%, respectively (Fig. 5e).

Taken together, our results reveal that despite the spatial
separation of ATP hydrolysis and client binding sites in the NTD and
MD, respectively, these distinct functional processes are dynamically
communicated across the full-length HtpG. In this scenario, client
binding reconfigures the global internal motions, potentially lowering
the rate-limiting conformational barrier and shifting the conforma-
tional equilibrium of Hsp90 during the chaperone cycle, in line with
recent yeast Hsp90 studies20.

Fig. 5 | Client binding primes the global dynamics and conformational equili-
brium of HtpG. a Structural view of ps-ns motion changes of methyl groups upon
client binding, colored by the values of changes in order parameters, ΔS2, which is
defined as ΔS2 = S2

HtpG-Δ131Δ - S2
HtpG. HtpG is shown in gray, with the bound client

protein (Δ131Δ) represented in light pink. The figurewas prepared using PDB 8K2T.
b Structural view of μs-ms timescale motion changes of methyl groups colored by
the values of changes in exchange rates on the μs-ms time scale Δkex, which is
defined as Δkex = kex

HtpG-Δ131Δ - kex
HtpG. c Methyl-TROSY spectral overlay for repre-

sentative residues that exhibit resonance split in unliganded HtpG (black) and

HtpG-Δ131Δ (pink), annotated with transition states and population ratios.
d Population distribution analysis for the second conformational state in AMP-PNP-
boundHtpG (gray) andAMP-PNP-boundHtpG-Δ131Δ (green).Data arepresented as
individual data points with mean± SEM, based on n = 9 biological replicates for
each group (nine representative residues selected; refer to Methods for details).
Statistical significance was assessed using a two-sided t-test, with p =0.0006 as
indicated by asterisks. e Population analysis of three split states for L76 (left) and
L233 (right) in unliganded HtpG (gray) and HtpG-Δ131Δ (pink), presented as bar
graphs.
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Discussion
In this study, we unveil the complex interplay within HtpG, the E. coli
Hsp90,which is orchestratedby its ATPase-driven functional cycle that
meticulously integrates conformational shifts with dynamic transi-
tions. Our findings highlight the mechano-chemical coupling between
ATP hydrolysis and the extensive structural rearrangements within
HtpG. ATP binding initiates HtpG’s transition towards a closed state,
setting the stage for an equilibrium among the discrete conformations
of open, NTD-rotated intermediate, and closed states. Crucially, the
observation of all on-path transition states during this conformational
shift, coupledwith the demonstrative effects of specific truncation and
mutations, strongly support a sequential transition mechanism for
HtpG (Fig. 2c). Following ATP hydrolysis, this structural heterogeneity
is resolved, and our solution NMR spectra suggest that the chaperone
transitions into a distinct, singular ‘compact’ conformation in its ADP-
bound state. This sequence of events yields insights into how the
energies from nucleotide binding and hydrolysis are elegantly utilized
to drive protein conformational changes.

A noteworthyparallel is drawnwith eukaryoticHsp90 through the
R33Amutation,which similarly restrictsHtpG to anopen state, thereby
impeding the transition to subsequent conformations along the
pathway (Fig. 2i)20,46. This similarity suggests a conserved conforma-
tional transition mechanism across prokaryotic and eukaryotic
Hsp90s, orchestrated by an electrostatic network between the NTD
and the catalytic loop within the MD46,48. In this scenario, the allosteric
signal of ATP binding, initially detected by the nucleotide-binding
pocket, is propagated throughout the entire protein, reaching the
client-binding regions. Although ATPase-active, this mutation has
proven lethal in the yeast Saccharomyces cerevisiae46. This underscores
that the capacity for structural transition, rather than mere ATPase
activity, is crucial for Hsp90’s ability to mature and regulate client
proteins, a finding that aligns with recent studies49.

Interestingly, this portrayal of E. coli Hsp90’s conformational
change as being unilaterally linked to ATP hydrolysis appears to
diverge from that observed in eukaryotic Hsp90s. FRET analyses sug-
gest that for yeastHsp90, thermalfluctuations rather thanATPbinding
or hydrolysis predominantly dictate conformational states, exhibiting
minimal directionality in this transformation16,18. Previous NMR studies
using a yeast Hsp90 construct with the NTD-MD linker deleted did not
show appreciable resonance splitting upon AMP-PNP binding50. Con-
versely, recent NMR studies demonstrate that ATP binding induces
signal splitting in yeast Hsp90 into doublets—representative of the
open and NTD-rotated states20—a stark contrast to the triplet signals
observed in a significant portion of residues in E. coli Hsp90, which
span all three identified states (Fig. 2a, d and Fig. S2d). 19F NMRanalysis
reveals that yeast Hsp90 bound to AMP-PNP adopts a range of con-
formations, with a ratio of 4:6 between open and closed states, sug-
gesting a somewhat larger proportion of the closed state compared to
E. coli Hsp90 (Fig. 2h). Meanwhile, the ADP-bound protein pre-
dominantly adopts an open conformation51. Moreover, SAXS data
indicate that human Hsp90 does not exhibit significant conforma-
tional changes upon ATP binding31. This discrepancy raises an intri-
guing question about the evolutionary advantages conferred by the
distinct conformational states and dynamics between these species-
specific Hsp90 homologs.

Additionally, we present distinct dynamic signatures for HtpG at
each stage of the chaperone cycle, covering timescales from nanose-
conds to milliseconds, which are critical for the chaperone’s function.
Notably, our dynamics data are in remarkable agreementwithprevious
computational studies. For example, the observed stiffening of the H3
region within the NTD (I30–A50) upon AMP-PNP binding aligns with
computational models, where it acts as a critical hinge, and its stif-
fening is pivotal for the signal transmission propagation from the
nucleotide-binding pocket to other domains (Fig. 4a)52. Moreover, our
CPMG measurements corroborate these computational predictions:

regions with high betweenness profiles, indicative of rigidity and
resistance to conformational changes, showed no significant
exchange, affirming the stability of these allosteric pathways53. In
contrast, areas identified computationally as dynamic hinges, specifi-
cally the NTD-MD and MD-CTD interfaces, exhibited notable motions
(Fig. 1c), validating their role in facilitating essential conformational
transitions within HtpG45. These findings highlight a well-balanced
interplay between structural stability and flexibility, crucial for HtpG’s
allosteric regulation and chaperone activity.

Recent NMR studies on human Hsp90α NTD have identified
transiently populated states, presumably representing the lid-closed
state, within the isolated domain54. Our findings extend this observa-
tion, demonstrating that such conformational exchanges are not
confined to the NTD but also occur across multiple regions of the full-
length E. coli Hsp90 molecule. While we cannot yet unambiguously
assign these transient states, many are situated near the nucleotide-
binding pocket or at (sub)domain interfaces, emphasizing the critical
role of this structural plasticity in ATP catalysis and subsequent con-
formational rearrangements. Notably, the conformational exchange
rates are remarkably similar across HtpG, human Hsp90α54, and yeast
Hsp9017, suggesting a comparable level of structural plasticity con-
served across different Hsp90 species.

The precise functional role of Hsp90 ATPase activity in its cha-
peroning machinery continues to be a subject of debate. While it has
been suggested to regulate client interactions55, our recent findings
indicate that the engagement ofHtpGwith the disordered clientΔ131Δ
is largely nucleotide-independent38, consistentwith interaction studies
of Hsp90 with Tau31 and p5320. Building on the structure of the HtpG-
Δ131Δ encounter complex, we have proposed that Hsp90 functions as
an ATP-driven mechanochemical clamp, where two protomers syner-
gistically capture discrete hydrophobic segments within client
proteins38. In this study, we extend our model by demonstrating that
HtpG not only adopts distinct conformations but also exhibits distinct
dynamic signatures across various nucleotide states. Our findings
compile a detailed view of how the ATP-driven chaperone cycle intri-
cately fine-tunes HtpG’s dynamic properties, shedding light on its
functional mechanisms. Specifically, nucleotide accommodation leads
to a reduction in fast timescale motions around the binding pocket
(Fig. 4a), creating an entropically favorable environment that prevents
premature release and ensures a sufficient processing window for cli-
ent proteins. Furthermore, nucleotide binding significantly stiffens the
otherwise flexible domain-domain interfaces and the long helix H3 in
theNTD (Fig. 4a).We propose that this rigidificationnot only stabilizes
the domain-domain contacts, promoting a more compact conforma-
tion, but also establishes a rigid pathway essential for the propagation
of inter-domain allosteric signals52.

Furthermore, during the chaperone cycle, the S2 values of the
client-binding grooves in HtpG exhibit subtle but meaningful changes
(Fig. 4b and Fig. S7c). The S2 value, a recognizedmeasure of the rigidity
or flexibility within a protein’s structure, serves as an indicator of
conformational entropy which is crucial for mediating interactions
between proteins56. Thus, alterations in the conformational entropy
environment can profoundly influence the local HtpG-client affinities
at multiple sites, facilitating the conformational sampling necessary
for optimal client processing. Consequently, the dynamic signatures of
HtpG at various stages offer diverse platforms for client processing,
each adapted to different phases of the chaperone cycle.

These findings have led us to propose a refinedmodel of Hsp90’s
chaperoning mechanism (Fig. 6). In this model, the conformations of
bound clients are synchronized with Hsp90’s open-to-closed con-
formational cycle, and the local dynamic properties of the client-
binding grooves significantly influence transient, low-affinity (re)
bindings of clients at multiple sites. This refined understanding sug-
gests that ATP’s role extends simply providing mechanical forces for
macroscopic manipulation of clients, such as stretching and
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squeezing. More subtly, ATP is crucial for fine-tuning the dynamic
environments that balance client hold-folding processes at numerous
sites, thereby facilitating their conformational sampling and eventual
maturation. This comprehensive view highlights ATP’s dual function in
driving the mechanical aspects of client processing while finely reg-
ulating the molecular dynamics essential for optimal chaperone
activity.

Our study also presents compelling evidence that client binding
instigates a widespread transformation in HtpG dynamics. This trans-
formation effectively triggers chaperone activation by lowering the
dynamic and conformational barriers required for the transition to the
closed state. These findings enhance our understanding of how client
binding intricately regulates Hsp90’s ATPase activity. By dynamically
adapting to the presence of a client, Hsp90 showcases its capacity to
modulate its behavior in response to the cellular context. In this reci-
procal interaction scenario, the client binding functions as a dynamic
switch, priming Hsp90 with a refined platform that potentially facil-
itates both the chaperone process and the sampling of client con-
formations, thereby facilitating efficient client remodeling.

Methods
Expression and preparation of proteins
Protein expression and preparation were carried out using the fol-
lowing constructs: The E. coli Hsp90 (residues 1-624), which was
cloned into a pET-SUMO vector with an N-terminal 6×His tag and an
Ulp1 cleavage site. Additionally, The HtpGNM construct (1-495) was
cloned into a pET-16a vector and fused to a 6×His tag, including a
tobacco etch virus (TEV) protease cleavage site. Fusion construct
between Hsp90 and Δ131Δ was prepared by fusing the Δ131Δ to the C
terminus of Hsp90, with a linker of 65 residues to ensure no bias in the
complex conformation. The HtpG mutant R33A was generated using
PrimeSTAR Max DNA Polymerase (Takara).

All constructs were transformed into BL21(DE3) cells. Cells were
grown in LB medium at 37 °C with kanamycin (100 µg/ml). Protein
expression was induced by adding 0.1mM IPTG at OD600 ~ 0.5, fol-
lowed by 4 to 6 hours of incubation at 37 °C.

Purification of proteins
Cells were harvested by centrifugation at 5000 g for 20min at 4 °C,
resuspended in lysis buffer (25mM Tris-HCl pH 8.0, 500mM NaCl,
10mMimidazole, and 1mMPMSF), and stored at -80 °C until use. After
thawing, cells were lysed by a JN-Mini Pro Low-temperature Ultra-high
pressure cell disrupter (JNBIO) at 4 °C. The lysate was clarified by
centrifugation at 50,000 g for 30min at 4 °C, and the supernatant was

passed through a Ni2+-chelating column (GE Healthcare) pre-
equilibrated with lysis buffer.

The column was then washed with 25mM Tris-HCl pH 8.0,
500mMNaCl, and 25mM imidazole to remove non-specifically bound
proteins, and the target protein was eluted with 25mM Tris-HCl pH
8.0, 150mM NaCl, and 300mM imidazole. The eluted protein was
subjected to TEV protease or SUMOprotease cleavage for the removal
of amino-end tags by dialysis. Briefly, the eluted protein was mixed
with SUMO protease and dialyzed overnight against 50mM Tris-HCl
pH 8.0, 100mM NaCl, and 1.5mM β-mercaptoethanol (βme). The
protein mixture was then subjected to another round of Ni2+-chelating
column purification to subtract the amino-terminal tag and His-tagged
TEV protease or His-tagged SUMO protease.

The flow-through was collected, concentrated, and applied to a
HiLoad 16/600 Superdex 200 size exclusion column (GE Healthcare).
HtpG samples were eluted with 50mM phosphate pH 7.0, 100mM
NaCl, and 3mM βme. The purity of each protein was assessed by SDS-
PAGE analysis, and the concentration was determined using the Epoch
2 Microplate Spectrophotometer (BioTek) at 280 nm with the corre-
sponding extinction coefficients.

Protein isotope labeling for NMR studies
Toproducemethyl-protonated samples, we grew cells in 99.9%D2O (CIL
and Isotec) supplemented with D7,

12C-glucose (2 g/L), [13CH3]-a-keto-
butyric acid (46mg/L), [13CH3]-Met (50mg/L), [2H2,

13CH3]-Ala (50mg/L),
[2H2,

13CH3]-Thr (50mg/L), [13CH3]-a-ketoisovaleric acid (85mg/L), and
[2H5]-Gly (100mg/L) to the culture 30minutes before adding IPTG.

NMR spectroscopy
Isotopically labeled samples were prepared in 50mM phosphate pH
7.0, 100mM NaCl, 0.05% NaN3, and 7% D2O. NMR experiments were
conducted using Bruker Avance III 600MHz and 850MHz spectro-
meters that are equipped with cryogenic probes. NMR data were
acquired using Topspin 4.0.9. NMR experiments of HtpG and its
complex were conducted at 37 °C. The protein sample concentrations
ranged from 0.5 to 1.0mM. Nucleotides were added to a final con-
centration of 10mM. All NMR spectra were processed by NMRPipe57

and analyzed using the NMRViewJ software [http://www.
onemoonscientific.com].

NMR assignments of HtpG in various nucleotide states and
population analysis of split states
We have previously documented the NMR assignments for the apo
state of HtpG38. Given the excellent resonance correspondence
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Fig. 6 | Refined model of HtpG’s client chaperoning functional cycle. HtpG
initially captures the client in its open state, engaging unfolded proteins with one
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between the isolated N-terminal domain (NTD) and the full-length (FL)
protein across various nucleotide states, we initially assigned the NTD
in its AMP-PNP- and ADP-bound states using conventional methods.
Sequential backbone and side-chain assignments were accomplished
through standard triple-resonance NMR pulse sequences employing
nonuniform sampling, including HNCACB, HN(CO)CACB, HNCA,
HNCO, HN(CO)CA, HN(CA)CO, and HBHA(CO)NH. Methyl group side-
chain assignments utilized three-dimensional (3D) 1H–13C
HMQC–NOESY with 1H–13C HMQC, 1H–13C HSQC–NOESY with 1H–15N
HSQC, and 1H–15N HSQC–NOESY with 1H–13C HSQC experiments. All
NOESY spectra were acquired using the SOFAST version with a mixing
time of 300ms. Typically, each NOESY experiment required 80 scans
and spanned an acquisition period of approximately four days. Protein
sample concentrations varied from 0.6 to 2.0mM.

Subsequent to NTD assignments, HtpGNM samples in various
nucleotide states were prepared, and data from 3D 1H–13C
HMQC–NOESY with 1H–13C HMQC experiments were collected. Spec-
tral overlays confirmed that the majority of assignments from the
isolated NTD were transferrable to this construct. Methyl-methyl NOE
analysis helped resolve any remaining ambiguities.

Assignments for HtpGNM were then extrapolated to the full-length
HtpG, with CTD assignments refined through spectral comparison.
Notably, significant CSPs were observed predominantly in the NTD. In
contrast, CSPs in MD and CTD were moderate, consistent with struc-
tural studies indicating limited conformational changes in these
domains during the chaperone cycle.

The assignment of split resonances of the AMP-PNP-bound
HtpGNM and HtpGFL, indicative of multiple conformational states, pre-
sented challenges due to the large size. Initial attempts to correlate
split resonances in the AMP-PNP-boundHtpG using EXSY spectra were
hampered by insufficient data quality. Well-separated split resonances
were straightforward to assign, whereas ambiguities persisted in cases
where it was challenging to identify the origin of split resonances. To
address these complexities, we applied a combination of spectral
comparison, NOE analysis, and peak intensity analysis. For sufficiently
intense signals, NOE patterns were compared, as they should theore-
tically exhibit similarities. We also anticipated that split resonances
would demonstrate lower relative intensities, reflecting the distribu-
tion of signal across multiple states. Analysis was confined to avoid
residues in central regions where signal overlap was prevalent.

This approach enabled the assignment of ~90% and 100% of the
backbone and methyl groups, respectively, for HtpGNTD across various
nucleotide states. For the full-length protein, we assigned ~90% of
methyl groups for ADP-boundHtpG (190out of 218 residues) and ~70%
for AMP-PNP-bound HtpG (Fig. S10a-d).

For the statistical analysis of the population of split states in
Figs. 2f and 5c, nine residues (M20, L178, I280, I306, M314, I396, I430,
I464, and M468) and ten residues (M20, L76, V133, I222, T275,
I306, M314, M359, I433, and I464) were consistently selected across
protein samples based on their well-separated peaks in the NMR
spectra, ensuring reliable data. Resonance intensity values were
extracted using NMRViewJ software. Statistical significance was
assessed using a two-sided Student’s t-test.

NMR relaxation experiments
To analyze side-chain dynamics in the fast timescale (ps-ns), we used
an 850MHz spectrometer equipped with a Bruker AVANCE III console.
We prepared methyl-labeled samples of HtpG, HtpG-AMP-PNP, HtpG-
ADP, and HtpG-Δ131Δ fusion in 50mM phosphate buffer (pH 7.0,
100mMNaCl, 0.05% NaN3, and 7% D2O) and collected relaxation data
at 37 °C. The homogeneity of all samples was confirmed by dynamic
light scattering, and the global rotational correlation time (τc) was
determined. Spectra were collected using an interleaved acquisition
scheme with relaxation delays of 2, 7, 12, 17, 22, 27, 32, 37, and 42ms.
The order parameters were extracted as described58.

For changes in order parameter (ΔS²) values, the propagated
standard errors were calculated by combining the individual standard
errors of S² values from different nucleotide states. The propagated
error in ΔS² was calculated using the Eq. (1):

Error in ΔS2 =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Error in S2state1
� �2

+ Error in S2state2
� �2

r

ð1Þ

Methyl relaxation dispersion experiments
Multiple-quantum 13C-CPMG experiments were carried out on both
600 and 850MHz spectrometers equipped with Bruker AVANCE and
AVANCE III consoles, respectively. Spectra were acquired in an inter-
leaved manner with CPMG field strength of 100, 200, 300, 400, 500,
700, 1000, 2000, 3000, 4000, 5000, 6000, 8000, 10000, and
12000Hz on 600MHz and 100, 200, 400, 600, 800, 1000, 2000,
3000, 4000, 5000, 6000, 7000, 8000, 10000, and 12000Hz on
850MHz (Fig. S11a-d). The data were processed using NMRPipe, and
peak intensities were extracted using NMRViewJ. Subsequently, the
peak intensities were converted to transverse decay rates, R2eff.

kex and + were measured by using the Eq. (2)59:

Ref f
2 =R2

0 +
+

kex
1� 4vCPMG

kex
tanh

kex

4vCPMG

� �� �

ð2Þ

The software NESSY was used to fit the relaxation data60. All dis-
persion curves could be well-fitted to a simple two-site exchange pro-
cess. However, in most cases, the fast-exchanging rates (kex > 3000 s−1)
hindered accurate estimation of populations of exchanging states or
chemical shift differences.

NMR chemical shift perturbations
The interactions of HtpG with nucleotides were monitored by methyl-
TROSY experiments. AMP-PNP (10mM) or ADP (10mM) was add to
250 µM (dimer concentration) of methyl-labelled Hsp90 in 50mM
phosphate pH7.0, 100mM NaCl, 0.05% NaN3, and 7% D2O. CSPs were
calculated in Hz at 850MHz using the Eq. (3)61:

Δv = Δ1H*850
� �2

+ Δ13C*213:8
� �2

� �1=2

ð3Þ

Negative stain electron microscopy (EM)
For conformation visualization of HtpG at different nucleotide states,
we incubated 4μL of HtpG (0.007mg/mL) and HtpG (0.007mg/mL)
with AMP-PNP (10mM) or ADP (10mM) for 1 h with 20mM sodium
molybdate at roomtemperature in25mMTris-HCl, pH8.0, 25mMKCl,
and 10mM MgCl2. Subsequently, we negatively stained the samples
with 1% (w/v) uranyl acetate on carbon-film400meshcopper grids and
imaged them using a FEI TF20 operated at 200 keV with 62,000×
nominal magnification. The structure figures were made using PyMol
3.1 [https://pymol.org/2/].

ATPase activity measurements
Enzymatic assays were carried out according to previously described
methods62. Briefly, the reactions were performed using 5μM
(monomer concentration) HtpG or HtpGR33A at 37 °C in 25mM Tris-
HCl pH 8.0, 25mM KCl, 10mM MgCl2, and 0.5mM ATP for 1 hour.
Steady-state kinetic analysis was performed with 2 μM enzyme under
the same conditions, except with various concentrations of ATP from
0.05 to 10mM. Steady-state kinetic parameters were determined by a
double reciprocal Lineweaver-Burk plot for reactions that followed
Michaelis-Menten kinetics. The data were analyzed using Prism
10.1.2. All experiments were repeated independently at least
three times.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The structural data used in this study are available under the following
accession codes: 2IOQ, 2IOP, 2CG9, and 8K2T. The NMR assignments
of methyl groups for AMP-PNP-bound and ADP-bound HtpGNTD have
been deposited in Biological Magnetic Resonance Bank (BMRB) under
the accession codes of 52724 and 52725, respectively. The assignments
for AMP-PNP-bound and ADP-bound HtpGFL were deposited under the
accession codes 52723 and 52722, respectively. The NMR assignment
data used in this study are available under the following BMRB
accession codes: 52364, 52366, 52720 and 52721. Data supporting the
findings of this manuscript are available from the corresponding
author upon request. Source data are provided as a Source Data
file. Source data are provided with this paper.
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