
Extended Data Fig. 8 | Hsp90 and Hsp70 pairs in the GR-loading complex. a, Hsp90A and Hsp70C are shown in 
ribbon representation (left) colored in dark blue and dark orange, respectively. The corresponding focused map 
(middle and right) at 3.77Å resolution is shown. b, Hsp90B and Hsp70S are shown in ribbon representation (left) 
colored in blue and orange, respectively. The corresponding focused map (middle and right) at 3.53Å resolution is 
shown. c, Overlay of the Hsp90:Hsp70 pairs from (a) and (b) with Hsp90s aligned. 
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Extended Data Fig.15 | Hsp90 may allosterically promote Hsp70’s ADP release –– a noncanonical NEF 
mechanism. a,b, Marked deviation (gray arrows) from the Hsp70NBD-IIB to the crystal structure. Superposition of 
human ADP-bound crystal structure of Hsp70 (green; PDB ID: 3ay9) to the Hsp70C (a, dark orange) and Hsp70S (b, 
light orange) with backbone chain-trace representation. The purple rectangles highlight the bound ADPs (sphere 
representation) and the corresponding densities (right). Two metal ions were found in the Hsp70NBD. Based on the 
buffer compositions and the 3AY9 crystal structure, the two metal ion densities were assigned to be Potassium 
(purple sphere) and Magnesium (green sphere). c, Hsp90:Hsp70’s interaction at Interface I may explain Hsp90’s NEF 
activity. By analogy with J-domains that interact with the Hsp70NBD interface to allosterically stimulate Hsp70 ATPase 
activity (Kityk et al. 2018), Hsp90 (blue) which contacts the same Hsp70NBD (orange) interface may use a similar 
allosteric mechanism to promote ADP release. Transparent green arrows indicate the hypothetical direction of the 
signal transmitting from Interface I to the ATP catalytic center of Hsp70NBD. 
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Extended Data Fig. 19 | Comparison of the HopTPR2A-TPR2B-DP2 structure with published experimental structures. 
a, Superposition of the HopTPR2A-TPR2B structure (pink) with the yeast crystal structure (blue; PDB ID: 3uq3). b, 
Superposition of the HopDP2  (pink) with the yeast HopDP2 NMR structure (blue; PDB ID: 2llw). c, Superposition of the 
HopTPR2A structure (pink) with the NMR structure (green; PDB ID: 2nc9). d, Superposition of the HopTPR2B structure 
(pink) with the NMR structure (green; PDB ID: 2lni) e, Sequence alignment used to derive the initial model for HopDP2; 
the ClustalX color scheme available in Jalview was used to color the alignment.
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Extended Data Fig. 19 | Comparison of the HopTPR2A-TPR2B-DP2 structure with published experimental structures. 
a, Superposition of the HopTPR2A-TPR2B structure (pink) with the yeast crystal structure (blue; PDB ID: 3uq3). b, 
Superposition of the HopDP2  (pink) with the yeast HopDP2 NMR structure (blue; PDB ID: 2llw). c, Superposition of the 
HopTPR2A structure (pink) with the NMR structure (green; PDB ID: 2nc9). d, Superposition of the HopTPR2B structure 
(pink) with the NMR structure (green; PDB ID: 2lni) e, Sequence alignment used to derive the initial model for HopDP2; 
the ClustalX color scheme available in Jalview was used to color the alignment.
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Extended Data Fig. 19 | Comparison of the HopTPR2A-TPR2B-DP2 structure with published experimental structures. 
a, Superposition of the HopTPR2A-TPR2B structure (pink) with the yeast crystal structure (blue; PDB ID: 3uq3). b, 
Superposition of the HopDP2  (pink) with the yeast HopDP2 NMR structure (blue; PDB ID: 2llw). c, Superposition of the 
HopTPR2A structure (pink) with the NMR structure (green; PDB ID: 2nc9). d, Superposition of the HopTPR2B structure 
(pink) with the NMR structure (green; PDB ID: 2lni) e, Sequence alignment used to derive the initial model for HopDP2; 
the ClustalX color scheme available in Jalview was used to color the alignment.
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Extended Data Fig. 20 | Conformation dynamics of HopTPR2A-TPR2B-DP2 revealed by focused classification 
(without alignment). a, The mask used for the focused classification (transparent blue surface). b, 10 classes from 
RELION focused classification. Hop ribbon model (pink) fitted into the highest resolution class (blue rectangle) is kept 
static as a reference for the rest of the 9 maps. The top 2 high-resolution classes are highlighted with boxes. c, 
Models refined into the top 2 high-resolution classes (left and middle), respectively. Overlaid models without 
superposition (right) from the left and middle panels. d, A network of polar interactions defines the unique angle 
between the HopTPR2A and HopTPR2B. This network is preserved in the two conformations. A similar network can also 
be found from the yeast homolog structure (PDB ID: 3uq3). e, Multiple sequence alignments of Hop from model 
systems. The residues involved in the network from (d) are indicated with green asterisks. Color scheme is 
BLOSUM62.
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Extended Data Fig. 19 | Comparison of the HopTPR2A-TPR2B-DP2 structure with published experimental structures. 
a, Superposition of the HopTPR2A-TPR2B structure (pink) with the yeast crystal structure (blue; PDB ID: 3uq3). b, 
Superposition of the HopDP2  (pink) with the yeast HopDP2 NMR structure (blue; PDB ID: 2llw). c, Superposition of the 
HopTPR2A structure (pink) with the NMR structure (green; PDB ID: 2nc9). d, Superposition of the HopTPR2B structure 
(pink) with the NMR structure (green; PDB ID: 2lni) e, Sequence alignment used to derive the initial model for HopDP2; 
the ClustalX color scheme available in Jalview was used to color the alignment.
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Extended Data Fig. 22 | Hsp70EEVD-bound HopTPR2B-DP2 revealed by focused classification (without alignment). 
a, The mask (transparent purple surface) used for the focused classification. b, The 10 classes from the focused 
classification. The top 2 high-resolution classes are highlighted with blue and red boxes. Arrows indicate differences 
in density. c-f, The highest resolution class (blue box in b) has extra Hsp70EEVD density (arrows and orange volume 
surface) in HopTPR2B-DP2 (pink volume surface). The atomic model of HopTPR2B-DP2:Hsp70EEVD refined in this “blue box” 
class is shown in d-f with various volume rendering schemes. g-j, The second-highest resolution (red box in b) has no 
density in the EEVD binding pocket (arrows). The atomic model of HopTPR2B-DP2:Hsp70EEVD from the blue box class (d-
f) was fit in h and i; arrows in h and i indicate where the Hsp70EEVD would have been located. The atomic model 
refined in this “red box” class is shown in j with the density shown as transparent surface. Volumes are shown at the 
same contour level for c and d, e and f, g and h, as well as i and j. k, Refined atomic model of HopTPR2B with 
Hsp70EEVD fragment bound, in which the starting homology model was derived from the yeast homolog (PDB ID: 
3UPV). Polar interactions are depicted with dashed lines in yellow. l. Rigid-body fitting of the yeast homolog (cartoon 
representation in yellow) to the blue box class (gray volume surface) with the atomic model of HopTPR2B-DP2:Hsp70EEVD
(pink:orange) present. m, Overlaid atomic models without superposition from the blue box (f) and red box (j) class. 
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Extended Data Fig. 25 | Hop may first prepare Hsp90 for Hsp70 and client interaction. a, A mirror image of the 
~15-Å-resolution cryo-EM map of the Hsp90:Hop complex (Southworth & Agard, 2011). In cryo-EM single-particle 
analysis, there is a 50% chance to get a mirror reconstruction and the correct handedness is difficult to distinguish in 
medium to low resolution. b, Guided by the z-flipped map and the GR-loading complex structure, now the Hop 
density (pink shade in (a)) can be interpreted as the TPR2A-TPR2B module of Hop as it possesses a unique 
dumbbell-like structure. Dashed circle indicates a contact of HopTPR2B to Hsp90AMD in this state. c, The Hsp90 and 
Hop structure in the GR-loading complex. After interacting with Hsp70 and GR, the Hsp90 dimer and HopTPR2A-TPR2B 
undergo conformational changes from the Hsp90:Hop complex. Movement corresponding to conformational changes 
of Hsp90 and Hop are indicated with the blue and pink arrows, respectively. 
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Extended Data Fig. 28 | The density connected to the GRpre-Helix 1 strand belongs to Hsp70CSBD-β rather than the 
MBP tag from the GRLBD construct. a, The 6Å low-pass filtered map from the global reconstruction (gray semi-
transparent volume surface) with atomic model fitted. The Hsp70CSBD-β density is highlighted with boxes at various 
angles (top, middle, bottom). b, Close-up views of the density highlighted in a. c, The crystal structure of Maltose-
binding protein (MBP) (PDB ID: 3Q27) was manual placed in the Hsp70CSBD-β density with the C-terminus oriented at 
the position of GRL525. Middle and bottom panels, close-up views of the fitting of MBP with the orientations as shown 
from the left panels of b. These data clearly demonstrate that Hsp70CSBD-β agrees with the density very well. In 
contrast, docking of an MBP domain to the density showed that the size of the MBP domain much exceeds the 
density volume. Hence, the density must belong to Hsp70CSBD-β, rather than MBP.
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Extended Data Fig. 29 | Determination of the GR segment that Hsp70CSBD binds. a, Two 7-residue GR segments 
(SIVPATL and IVPATLP) of a continuous sequence (residues 518-525; note that residue 518 in the native GR 
sequence is T, not S) in the pre-Helix 1 regions are predicted as Hsp70 binding sites (Extended Data Fig. 32a). Using 
the crystal structures of E. coli Hsp70SBD (DnaK) with “reverse” binding peptides as templates (PDB ID: 4ezz (a), 4ezt 
(b), and 4ezq (c)), sequences of the two GR segment and human Hsp70 were threaded into the backbone of the 
crystal structures, resulting in two starting homology models of Hsp70SBD:peptide for each template. Rosetta full-
atom energy minimization was carried out for the individual threaded models. 100 models were generated for each 
threaded model. Density plots show the energy distribution (Y-axis=count) of the 100 models, where the top plot 
shows the total energy (X-axis) from Hsp70:peptide and the bottom plot shows only energy contributed by the 
peptide. b, Same as (a), but using 4ezt as the template. c, Same as (b), but using 4ezq as the template. d, The 
selected model, which was the lowest energy model from the job using 4ezq as the template and SIVPATL as the 
bound peptide. e, Close-up view of the Hsp70SBD from (d) with surface representation with positive/negative charged 
residues colored in blue/red (left) and stick representation (right) around the peptide binding pocket. f, Atomic model 
of Hsp70 loading GR onto HopDP2. Green dashed lines indicate polar interactions.  
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