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            Abstract
Hsp90 is a conserved and essential molecular chaperone responsible for the folding and activation of hundreds of ‘client’ proteins1,2,3. The glucocorticoid receptor (GR) is a model client that constantly depends on Hsp90 for activity4,5,6,7,8,9. GR ligand binding was previously shown to be inhibited by Hsp70 and restored by Hsp90, aided by the co-chaperone p2310. However, a molecular understanding of the chaperone-mediated remodelling that occurs between the inactive Hsp70–Hsp90 ‘client-loading complex’ and an activated Hsp90–p23 ‘client-maturation complex’ is lacking for any client, including GR. Here we present a cryo-electron microscopy (cryo-EM) structure of the human GR-maturation complex (GR–Hsp90–p23), revealing that the GR ligand-binding domain is restored to a folded, ligand-bound conformation, while being simultaneously threaded through the Hsp90 lumen. In addition, p23 directly stabilizes native GR using a C-terminal helix, resulting in enhanced ligand binding. This structure of a client bound to Hsp90 in a native conformation contrasts sharply with the unfolded kinase–Hsp90 structure11. Thus, aided by direct co-chaperone–client interactions, Hsp90 can directly dictate client-specific folding outcomes. Together with the GR-loading complex structure12, we present the molecular mechanism of chaperone-mediated GR remodelling, establishing the first, to our knowledge, complete chaperone cycle for any Hsp90 client.
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                    Fig. 1: Architecture of the GR-maturation complex.[image: ]


Fig. 2: p23 tail helix interactions and effect on GR ligand binding.[image: ]


Fig. 3: Mechanism of GR activation by Hsp90.[image: ]
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              The cryo-EM maps generated in this study have been deposited in the Electron Microscopy Data Bank (EMDB) under the accession codes EMD-23004 (GR–Hsp90–p23), EMD-23006 (Hsp90–p23) and EMD-23005 (MBP–Hsp90–p23). The atomic coordinates have been deposited in the PDB under the accession code 7KRJ (GR–Hsp90–p23). Publicly available PDB entries used in this study are: 5FWK, 1M2Z, 4P6X, 1EJF, 2CG9, 1OMP and 1ANF. The human p23 structure prediction is available from AlphaFold v2.0 with the accession code P83868. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Sample Preparation.
a, Coomassie-stained raw, uncropped SDS-PAGE (4-12% acrylamide gel) with elution from the MBP-GR pulldown from the in vitro reconstituted GR chaperone cycle. Assay conditions are as follows- Lane 1: 5 μM MBP-GR only; Lane 2-5: 5 μM MBP-GR, 2 μM Hsp40, 5 μM Hsp70, 5 μM Hop, 15 μM Hsp90, 15 μM Bag-1, 30 μM p23, 5 mM ATP. Lane 2: no Molybdate addition, Lane 3: addition of 20mM Molybdate, Lane 4: addition of 20 mM Molybdate after 1 h pre-incubation (see Methods) b, Shodex KW-804 size exclusion chromatography profile of the GR-maturation complex purified by MBP-GR pulldown from the reconstituted GR chaperone cycle. mAU=milli-absorbance units. c, Coomassie-stained raw, uncropped SDS-PAGE (4-12% acrylamide gel) of the fractions from size exclusion chromatography. Colors indicate which gel lanes correspond to specific regions of the size exclusion chromatography profile. Sample fractions from the region highlighted in purple were collected and used for cryo-EM data collection. This experiment was repeated 4 independent times with similar results. d, Representative electron micrograph for the cryo-EM dataset (−2.32 μm defocus). A total of 5608 micrographs were obtained. Scale bar is 20nm. e, Domain organization of the proteins in the GR-maturation complex.


Extended Data Fig. 2 Cryo-EM Data Analysis.
a, Cryo-EM data processing procedure with 3D reconstructions colored by local resolution. b, Gold-standard Fourier shell correlation (FSC) curves of the 3D reconstructions. The black dashed lines intercept the y-axis at an FSC value of 0.143. For the GR:Hsp90:p23 reconstruction, the map-model FSC is plotted in blue, with the blue dashed line intercepting the y-axis at an FSC value of 0.5. c, GR maturation complex map density with atomic model showing ATP-magnesium density in both Hsp90 protomers (Hsp90A/B). Bottom images show increased contour level on the map density to indicate that the ATP γ-phosphate position has much stronger density relative to the α and β-phosphates, likely corresponding to molybdate, which may act as a γ-phosphate analog (see Methods).


Extended Data Fig. 3 Hsp90:GR Interfaces.
Atomic model of the maturation complex with Hsp90A (dark blue), Hsp90B (light blue), GR (yellow). a, View of the GRpre-helix 1 strand threaded through the Hsp90 lumen and GR helices 1 and 3 packing against the entrance to the Hsp90 lumen. Side chains on GR in contact with Hsp90 are shown. Hsp90A/B are in surface representation. Hydrophobic residues on Hsp90 are colored in pink. b, Interface 1 of the Hsp90:GR interaction depicting the GRpre-Helix 1 region (GR523–531) threading through the Hsp90 lumen. Side chains in contact between GR and Hsp90 are shown, along with hydrogen bonds (dashed pink lines). c, Interface 2 of the Hsp90:GR interaction depicting GRHelix 1 (GR532–539) packing against Hsp90B. Side chains in contact between GR and Hsp90 are shown, along with hydrogen bonds (dashed pink lines). d, Interface 3 of the Hsp90:GR interaction depicting residues on the Hsp90AMD loops (Hsp90AN318,W320,F349,R346) and Hsp90Bamphi-α (Hsp90BT624,Y627,M628) packing against GR. Side chains in contact between GR and Hsp90 are shown, along with hydrogen bonds (dashed pink lines).


Extended Data Fig. 4 GR is in a Native, Ligand-Bound State in the Maturation Complex.
a, Atomic model of GR from the maturation complex (yellow) compared with GR from the crystal structure (PDB ID 1M2Z) (light pink) with co-activator peptide NCoA2 (purple) and ligand (pink). GRHelix 12 is indicated. b, GR-maturation complex atomic model in surface representation with the co-activator peptide NCoA2 (purple) docked based on the GR:NCoA2 crystal structure (PDB ID M2Z). The NCoA2 peptide binding interface is available and the bound NCoA2 peptide does not clash with Hsp90. Hsp90A (dark blue), Hsp90B (light blue), GR (yellow), p23 (green). c, GR maturation complex map density (sharpened with B factor −40) with either the dexamethasone-bound crystal structure docked (left panel, PDB ID 1M2Z) or the cortisol-bound crystal structure docked (right panel, PDB ID 4P6X) into the GR map density. In the top images, the ligand density is shown with the agonist dexamethasone (left) or the agonist cortisol (right) from the docked crystal structures. Arrow indicates the extra carbon atom in dexamethasone compared to cortisol. In the bottom images, density for GRY735 is shown with either the dexamethasone-bound crystal structure docked (left) or the cortisol-bound crystal structure docked (right). d, GR-maturation complex atomic model in surface representation depicting the GR LBD dimerization interface. Hsp90A (dark blue), Hsp90B (light blue), GR (yellow), p23 (green). Left, the GR LBD dimerization interface is highlighted (light pink). Right, while the dimerization interface is solvent accessible in the GR-maturation complex, the binding of a second GR LBD (light pink) clashes with the Hsp90B CTD. The dimerization interface is based on the GR LBD dimer crystal structure (PDB ID 1M2Z).


Extended Data Fig. 5 Hsp90:p23 Interfaces.
Atomic model of the maturation complex with Hsp90A (dark blue), Hsp90B (light blue), GR (yellow), p23 (green). b, Interface 1 of the Hsp90:p23 interaction depicting Hsp90B interacting with one side of the p23 core. Side chains in contact between p23 and Hsp90B are shown, along with hydrogen bonds (dashed pink lines). c, Interface 2 of the Hsp90:p23 interaction depicting Hsp90B interacting with the base of the p23 core. Side chains in contact between p23 and Hsp90B are shown, along with hydrogen bonds (dashed pink lines). d, Interface 3 of the Hsp90:p23 interaction depicting Hsp90A interacting with the side of the p23 core. Side chains in contact between p23 and Hsp90 are shown, along with hydrogen bonds (dashed pink lines). e, Atomic model of a symmetric Hsp90 dimer (orange) compared with Hsp90 from the maturation complex atomic model, indicating a slight asymmetry in the Hsp90 dimer interface in the maturation complex. Hsp90A (dark blue), Hsp90B (light blue), p23 (green).


Extended Data Fig. 6 The p23tail helix:GR Interface.
a, Focused map of GR:p23tail helix showing density for the p23 tail with the atomic model built in. GR (yellow), p23 (green). b, Interface between the p23tail helix (green) and GR (colored by hydrophobicity, surface representation) showing that the p23tail helix binds to a hydrophobic patch on GR. p23 side chains interacting with GR are shown. c, Sequence identity across human SHRs (GR, mineralocorticoid receptor, androgen receptor, progesterone receptor, estrogen receptor α and β) plotted onto the GR structure. The p23tail helix (light green) was overlaid to indicate the p23:GR interface. d, Secondary structure predictions for human p23 from four different servers. Porter 4.0 (orange), RaptorX (blue), Psipred (purple), AlphaFold v2.0 (pink). The p23tail helix from the maturation complex atomic model is shown with the top green line. e, Atomic model of GR (yellow) and p23 (green) from the maturation complex highlighting the interaction between the p23tail helix and the GR C-terminus, which connects to GRHelix 12. f, Sequence alignment of eukaryotic p23 showing conservation of the p23tail helix sequence. The p23tail helix from the maturation complex atomic model is shown with the top green line. The bottom aligned sequence is the p23tail helix -like motif identified in NCoA3 using the ScanProsite server. Red boxes on the S. cerevisiae p23 sequence indicate predicted helices from the PsiPred server. The alignment is colored according to the ClustalW convention.


Extended Data Fig. 7 Effect of p23 Tail Mutants on GR Activity and Cell Survival.
a, Depiction of the two p23 tail mutants used in the GR activity assays. b, Individual data points corresponding to Fig. 2d. Equilibrium binding of 20 nM fluorescent dexamethasone to 250 nM GR with chaperones and p23 tail mutants measured by fluorescence polarization (mean±SD). n=3 biologically independent samples per condition (n=6 biologically independent samples for the GR only condition). Significance was evaluated using a one-way ANOVA (F(3,8) = 636.2; p < 0.0001) with post-hoc Dunnett’s multiple comparisons test (n.s. P ≥ 0.05; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001). P-values: p(p23 vs. p23Δtail) = 0.1512, p(p23 vs. p23ΔhelixΔtail) = 0.0002, p(p23 vs. no p23) = <0.0001. c, Equilibrium binding of 20 nM fluorescent dexamethasone to 250 nM GR with addition of 15 μM p23 or p23 tail mutants measured by fluorescence polarization (mean±SD). n=7 biologically independent samples per condition (n=6 biologically independent samples for the GR + p23Δtail condition). Fluorescence polarization values are baseline subtracted in accordance with the measured fluorescent dexamethasone baseline polarization value. There were no statistically significant differences between group means as determined by a one-way ANOVA (F(3,23) = 1.708; p=0.1933). d, Yeast survival assay with human p23 or p23 tail mutants. Top panels: hsc82hsp82Δ yeast expressing Hsc82 I588A-M589A exhibit a growth defect at 37 °C in the presence of SBA1 and enhanced defects in cells lacking SBA1 (sba1). Bottom panels: Growth is restored by addition of human p23, although p23ΔhelixΔtail exhibits reproducibly reduced growth relative to p23 or p23Δtail. e, GR activation assay in wild-type yeast strain JJ762 expressing p23, p23 mutants, or Sba1 in addition to wild-type amounts of Sba1 from the native promoter. The fold increase in GR activities compared to the empty vector (e.v.) control are shown (mean±SD). n=18 biologically independent samples per condition (10 independent samples for the +Sba1 condition). Significance was evaluated using a one-way ANOVA (F(4,77) = 7.077; p < 0.0001) with post-hoc Šídák’s multiple comparisons test (n.s. P ≥ 0.05; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001). P-values: p(e.v. vs. p23) = 0.0001, p(p23 vs p23Δtail) = 0.0164, p(p23 vs. p23ΔhelixΔtail) = 0.0021, p(p23 vs. Sba1) = 0.0002, p(p23Δtail vs. p23ΔhelixΔtail) = 0.9721. f, Expression of human p23 or p23 tail mutants in wild-type yeast strain JJ762 assayed by immunoblot with polyclonal antisera raised against Sba1 or human p23.
Source data


Extended Data Fig. 8 Hsp90:p23 Complex.
a, Cryo-EM density map of the Hsp90:p23 complex. Hsp90A (dark blue), Hsp90B (light blue), p23 (green). This color scheme is maintained in all figures that show the structure. b, Atomic model of Hsp90 and p23 from the GR-maturation complex docked into the Hsp90:p23 map density. c, Top view of the Hsp90:p23 complex density map with clipping plane to show unidentified density (gray) through the Hsp90 lumen. d, Cartoon representation of the Hsp90:p23 complex illustrating that MBP and GR LBD are not present in the map density (represented by a gray box).


Extended Data Fig. 9 MBP:Hsp90:p23 Complex.
a, Cryo-EM density map of the MBP:Hsp90:p23 complex. Far right image shows the density map lowpass-filtered to 8Å. Hsp90A (dark blue), Hsp90B (light blue), p23 (green), MBP (orange). This color scheme is maintained throughout b, Apo MBP crystal structure (PDB ID 1OMP) and atomic model of Hsp90 and p23 from the GR-maturation complex docked into the MBP:Hsp90:p23 map density. Note the missing density for the two MBP C-terminal helices. Far right image shows the density map lowpass-filtered to 8Å. c, Maltose-bound MBP crystal structure (PDB ID 1ANF) docked into the MBP:Hsp90:p23 map density. MBP (orange), maltose (pink). d, Top view of the MBP:Hsp90:p23 complex density map with clipping plane to show unidentified density (gray) through the Hsp90 lumen. e, Cartoon representation of the MBP:Hsp90:p23 complex illustrating the GR LBD is not present in the map density (represented by a gray box).


Extended Data Fig. 10 Comparison of the GR-Maturation Complex with the Hsp90:Kinase Complex.
a, Structure of Hsp90 bound to an unfolded kinase client (PDB ID 5FWK) with a strand of the kinase client threaded through the Hsp90 lumen. The two hydrophobic residues on the kinase (Cdk4V89,V92) that occupy the Hsp90 hydrophobic pockets are displayed. In the GR-maturation complex, two hydrophobic residues on GR (GRL525,L528) occupy the Hsp90 hydrophobic pockets, demonstrating a conserved client binding mode. Hsp90A (dark blue, surface representation), Hsp90B (light blue, surface representation), Cdk4 kinase (purple). Hydrophobic residues on Hsp90 are colored in pink. b, Structure of Hsp90 bound to an unfolded kinase client (PDB ID 5FWK) depicting Hsp90AF341 (Hsp90 isoform β) and Hsp90Bamphi-α packing against the kinase. In the GR-maturation complex, the corresponding residue Hsp90AF349 (Hsp90 isoform α) and the Hsp90Bamphi-α also pack against GR, demonstrating a conserved Hsp90:client binding interface. Hsp90A (dark blue), Hsp90B (light blue), Cdk4 kinase (purple, surface representation). c, Top, atomic models of the GR-maturation complex and Hsp90:kinase complex showing that both clients thread through the closed Hsp90 lumen. Hsp90A (dark blue, surface representation), Hsp90B (light blue, surface representation), GR (yellow), Cdk4 kinase (purple). Bottom, schematics demonstrating that both clients thread through the mostly hydrophobic Hsp90 lumen, but have different folding outcomes (H=hydrophobic interface).


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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