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Abstract

The 90-kDa heat shock protein (Hsp90) is a homodimeric molecular chaperone with ATPase 

activity, which has become an intensely studied target for the development of drugs for the 

treatment of cancer, neurodegenerative and infectious diseases. The equilibrium between Hsp90 

dimers and oligomers is important for modulating its function. In the absence of ATP, the 

passive chaperone activity of Hsp90 dimers and oligomers has been shown to stabilize client 

proteins as a holdase, which enhances substrate binding and prevents irreversible aggregation and 

precipitation of the substrate proteins. In the presence of ATP and its associated cochaperones, 

Hsp90 homodimers act as foldases with the binding and hydrolysis of ATP driving conformational 

changes that mediate client folding. Crystal structures of both wild type and W320A mutant 

Hsp90αMC (middle/C-terminal domain) have been determined, which displayed a preference 

for hexameric and dimeric states, respectively. Structural analysis showed that W320 is a key 

residue for Hsp90 oligomerization by forming intermolecular interactions at the Hsp90 hexameric 

interface through cation-π interactions with R367. W320A substitution results in the formation of 

a more open conformation of Hsp90, which has not previously been reported, and the induction 

of a conformational change in the catalytic loop. The structures provide new insights into the 

mechanism by which W320 functions as a key switch for conformational changes in Hsp90 

self-oligomerization, and binding cochaperones and client proteins.
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1. Introduction

The 90-kD heat shock protein (Hsp90) is a molecular chaperone machine with ATPase 

activity that is highly conserved in bacteria and eukaryotes. The Hsp90 functions as a dimer 

to stabilize, regulate and activate hundreds of important client proteins under both normal 
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and stress conditions (1–3). As a key mediator of cellular homeostasis, Hsp90 plays an 

important role in preventing protein misfolding and aggregation, and Hsp90 overexpression 

is a factor in tumorigenesis (4,5). As a host chaperone, Hsp90 is also required for viral 

replication (6). Therefore, Hsp90 is a promising drug target for treatment of human 

cancer, infectious diseases and neurodegenerative diseases. Hsp90 family members include 

nucleocytoplasmic Hsp90α and Hsp90β, endoplasmic reticulum GRP94/HSP90B1 and 

mitochondrial TRAP1 (7,8). All Hsp90 homologues exist as flexible homodimers, with 

each protomer composed of three domains, an N-terminal domain (NTD), a middle domain 

(MD) and a C-terminal domain (CTD). A dynamic highly charged linker domain connects 

the NTD and MD in eukaryotic Hsp90α, Hsp90β and GRP94/HSP90B1 (9).

Conformational changes of the Hsp90 dimer with open, semi-closed or closed states 

accompanying ATP binding, hydrolysis and release of ADP, are modulated by the binding 

or release of co-chaperones, post-translational modifications, and its interaction with 

client proteins(7,10,11). Hsp90 homodimers can also spontaneously self-associate to form 

oligomers under heat shock(12,13), in the presence of divalent cations(14) or even under 

unstressed conditions (15,16), with the Hsp90 oligomers having been demonstrated to be 

fully capable of binding and preventing the irreversible aggregation and precipitation of 

denatured substrate proteins. In vitro, the Hsp90 co-chaperone Aha1, which stimulates 

the ATPase activity of Hsp90 has been reported to interact more favorably with Hsp90 

hexamers(17), while p23, which stabilizes the closed conformation of ATP-bound dimers, 

shifts the Hsp90 dimer/oligomer equilibrium towards the formation of the dimer (18).

Client protein activation by Hsp90 is dependent on binding and hydrolysis of ATP, 

which drives Hsp90 through a conformational cycle that is highly allosteric, propelling 

conformational changes in the MD and CTD. ATP binding induces the dimerization of the 

NTDs with a rearrangement of the interaction interface between the NTD and MD, which 

involves the rotation of the NTD, local structural rearrangements and the repositioning of 

specific elements (19). The MD participates in the ATP hydrolysis by stabilizing the ATP 

in the catalytic pocket, and through its interactions with co-chaperones and client proteins 

(20). In the MD, a key residue, W320 (W300 in yeast Hsp82) acts as a switch point that 

senses the interaction of Hsp90 with client proteins. The W300A mutation of yeast Hsp90 

resulted in a defect in client protein activation by Hsp90 in vivo, but stimulated its ATPase 

activity in vitro (20,21) W320 (W300 in yeast) functions as a switch point in Hsp90 MD, 

important for specific conformational changes to form a semi-closed structure associated 

during client processing (22). While W300 mutations in yeast have shown that this residue 

plays an important role in conformational switching, the actual structural consequence of its 

mutation has not been demonstrated.

Since Hsp90s ATP binding site was discovered as the target of the potent anti-cancer natural 

product compounds geldanamycin and radicicol, the development of inhibitors that bind 

to this site (N-terminal inhibitors) has been intensely investigated(23). While a number of 

these drugs have made it to phase II clinical trials, in most cases their effectiveness as 

mono-therapy drugs has been disappointing. One of the primary deficiencies of this class 

of drugs is their induction of the pro-survival heat shock response (HSR). The induction of 
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the HSR required dose escalation leading to dose-limiting toxicities(24–27). As such, new 

druggable sites in Hsp90 are now being sought.

Druggable sites in Hsp90s MD and CTDs are now being pursued as possible superior 

alternatives to N-terminal inhibitors(28–31). Docking simulations have identified several 

sites in the MD and CTDs for allosteric inhibitors, but these studies have been hampered 

because the closed conformation of Hsp90 was the only structure used for these simulation 

studies, and these structures lacked critical structural information on amino acid residues 

in critical functional regions of Hsp90. To date, there is no high resolution structural 

information regarding open state conformation of eukaryotic Hsp90 and it is possible that 

allosteric inhibitors favor the open state conformation in the MD and CTD of Hsp90. 

In our attempts to acquire structural information on the binding of potential inhibitors 

that interact with Hsp90s MD and/or CTD, the W320A mutant of Hsp90α middle and 

C-terminal domains (Hsp90αMC_W320A) was expressed. Our hypothesis was that the 

free energy of drug binding and any structural changes required for its stabilization were 

insufficient to overcome the free energy driving the formation of the Hsp90αMC hexamer. 

This mutation in Hsp90αMC domain was previously found to form a dimer, in contrast 

to the hexameric state favored by the WT Hsp90αMC protein in vitro (32). However, the 

structural consequences of this mutation were not investigated.

Here, we report the crystal structures of both the wild type (WT) Hsp90αMC hexamer 

and Hsp90αMC_W320A mutant dimer. Compared to the previously reported human 

WT_Hsp90αMC hexameric structures (PDB ID: PDB 3Q6M and PDB 3Q6N) (32), the 

main chain of the catalytic loop (394-LPLNISREMLQQSKIL-408) in Hsp90αMD is clearly 

elucidated, and the loop 616-AQALRDNSTMGYMA-629 in Hsp90αCTD (we termed as 

CT loop) can also be partially traced in the WT Hsp90αMC hexamer, both of which play 

significant roles in Hsp90 conformational changes during its functional cycle. The W320A 

mutant of Hsp90αMC crystallized as a dimer in a unique open conformation not previously 

observed. The structure of the catalytic loop was found to be altered from that present in the 

hexamer. The W320A caused a large rotation in the MD which disrupts the interactions 

required for the assembly of Hsp90αMC to be hexamer and may represent an open 

conformation of Hsp90 that favors HOP-mediated client binding. Structural comparison 

of the two structures provides atomic details behind the allosteric mechanism by which 

W320 acts as a key switch point in Hsp90 conformational cycle through its effects on the 

conformation of the catalytic loop, and gives two new structures containing new structural 

information for pursuing in silico drug discovery.

2. Materials and Methods

2.1. Gene cloning, protein expression and purification

Human Hsp90α_293–699 was cloned into a modified pET28b vector using NdeI and 

BamHI cloning sites, with an N-terminal 6xHis-tag, including a Tobacco Etch Virus 

(TEV) protease cleavage site between the tag and the protein sequence. The proteins were 

expressed in Escherichia coli strain BL21(DE3) system and first purified through a Ni-NTA 

affinity fast flow column. The eluted proteins were subsequently subjected to TEV protease 

cleavage and collected as flow through of a second subtracting Ni-NTA column, followed 
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by a size exclusion column Superdex200 (GE Healthcare). The proteins were concentrated 

to 12 mg/ml in buffer (20 mM Hepes pH 7.2, 150 mM sodium chloride (NaCl)) for 

crystallization.

Human Hsp90α_293–714_W320A mutant was cloned using PCR-based site-directed 

mutagenesis method, which is expressed and purified by the same procedure as the wild 

type (WT) protein.

2.2. Crystallization and Data collection

10mg/ml of the WT hHsp90α_293–699 protein was crystallized in a solution containing 

0.1 M sodium acetate pH 6.0, 12 % PEG3350 by using sitting drop vapor diffusion method 

at 20 °C. The hHsp90α_293–714_W320A mutant protein was crystallized in a solution 

containing 0.1 M Hepes PH 7.5, 20% PEG 400. 20% glycerol was added to each of the 

mother liquids as cryoprotectant. All data were collected at the Advanced Photon Source, 

Argonne National Laboratory.

2.3. Data Collection and Structural determination

All data were collected from the beamline 19-ID at the Advanced Photon Source, 

Argonne National Laboratory. Diffraction data were collected at processed and scaled using 

HKL-3000 (33). The structures of hHsp90α_293–699 and hHsp90α_293–714_W320A were 

both solved by molecular replacement method using phaser (34), with PDB 3Q6M as 

the template (32). The PHENIX program was used for the refinement (35). Translation, 

libration, and screw-rotation displacement groups used in the refinement were defined by 

the TLMSD server (36). COOT was used for the iterative manual structural building (37). 

The current models are of good geometry and refinement statistics (Table I). Although 

the mutant construct contains 15 additional residues at its C-terminal end, nearly all are 

disordered and not visible in the structure. All molecular graphic figures were generated 

with PYMOL (38). The structures were deposited into the protein data bank, PDB ID: 7RXZ 

for hHsp90α_293–699, and PDB ID: 7RY0 for hHsp90α_293–714_W320A.

2.4. Dynamic light scattering

The particle sizes and estimated molecular weights of the proteins were analyzed using the 

Dynamic Light Scattering (DLS) instrument from Malvern zetasizer. 5μl of each protein 

at 3mg/ml in buffer (20mM Hepes pH 7.2, 150mM NaCl) was loaded in the cuvette and 

the DLS measurements were performed at 25 °C. The estimated MW by DLS was used to 

analyze the oligomeric states of each protein.

3. Results

3.1. Crystal packing forms of WT Hsp90αMC and Hsp90αMC_W320A mutant

Both WT Hsp90αMC and the Hsp90αMC_W320A mutant proteins could be crystallized 

although under different conditions, and the structures have been determined at the 

resolutions of 3.15 Å and 2.20 Å respectively. They were crystallized in different crystal 

packing forms, with different oligomeric states in the asymmetric unit (ASU). The WT 

Hsp90αMC protein was crystalized in space group P21, which is the same as one of the 
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crystal forms reported before, although the crystallization conditions are totally different 

(32). There are three Hsp90αMC homodimers forming a hexamer in each ASU, with 2 

asymmetric units packing in the unit cell (Figures 1A, S1A). The Hsp90αMC_W320A 

mutant was crystalized in space group P212121, which is totally different from the crystal 

forms of WT Hsp90αMC. There is only one Hsp90αMC homodimer in each ASU, with 

four asymmetric units packing in the unit cell (Figure S1B). The interaction interfaces 

involved in the hexamer and dimers were analyzed with PISA server (https://www.ebi.ac.uk/

pdbe/pisa/). In the hexamer, the average interface areas between molecules A-B, C-D and 

E-F is 1,674 Å2, that for C-B, E-D is 1,420 Å2, and for A-F is 991 Å2. In the W320A mutant 

dimer structure, the interface of molecules A-B is 1,288 Å2. The average accessible surface 

area (ASA) of residue W320 in the six molecules of WT Hsp90 hexamer structure is 190 

Å2. However, in the mutant structure, the average ASA of the residue A320 is reduced to 

100 Å2. When W320 was replaced by a phenylalanine, the calculated ASA of residue F320 

should be 190 Å2, the same as that from W320.

The different crystal packing forms of WT Hsp90αMC and Hsp90αMC_W320A suggested 

that residue W320 plays a key role in Hsp90 oligomerization. Sequence alignment of 

Hsp90s showed that W320 is conserved in all eukaryotic nucleocytoplasmic Hsp90s 

although it is a phenylalanine (F) in prokaryotic Hsp90 (HTPG_E. Coli, Figure S2).

3.2. Crystal structure of WT Hsp90αMC hexamer

The hexameric structure of the WT hHsp90αMC is similar to the structures of hHsp90αMC 

reported before (PDB 3Q6M and PDB 3Q6N) (32). The superimposition of each protomer 

molecule A in WT Hsp90αMC structure with that in PDB 3Q6N structure shows a 

root mean square deviation (r.m.s.d.) of 0.86 Å over 393 aligned Cα atoms (Figure 1B) 

(39). However, the current structure differs from the previous ones mainly in two loop 

regions, including the catalytic loop in the MD containing Arg400 that stabilizes the 

closed conformation of Hsp90 required for ATP hydrolysis, and the CT loop following 

the C-terminal amphipathic helix. Both loops are disordered in the earlier structures while 

the polypeptide main chain atoms and some of the side chains in the current structure are 

clearly visible, with the catalytic loop traced in all of the six molecules and the CT loop 

completely traced in molecules B, C and E (Figure 1B, Figures S3 & S4). However, parts 

of the central region of the Src-loop region (349-FDLFENRKKK-358) of Hsp90 MD were 

disordered in human Hsp90αMC hexameric structures reported here and previously (32).

3.3. Hexameric interface of WT Hsp90αMC structure

We found W320 and R346 are involved in important intermolecular interactions at the 

hexameric interface of WT hHsp90αMC. The side chain of W320 is in involved in strong 

a hydrophobic interaction with P295 in a third molecule from a neighboring dimer, which 

is stabilized by a π-π interaction with W297 and cation-π interaction with R367 in the 

third molecule, and the NE1 atom on the indole side chain of W320 forms a hydrogen bond 

interaction with the main chain carbonyl of R367 in the third molecule (Figure 2A). The 

NH2 atom on the side chain of R346 forms a hydrogen bond with the main chain carbonyl 

of R366 in the third molecule (Figure 2A). These molecular interactions are similar to those 

observed before (32). However, additional intermolecular interactions of the catalytic loop 
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with the residues on the MD and CTD at the hexameric interface were identified in the 

newly solved WT hHsp90αMC structure (Table S1), which were consistent with the MDCC 

binding hHsp90αMC hexameric structure(40) but not observed in the previous apo WT 

hHsp90αMC structures (PDB ID: 3Q6M, 3Q6N). These regions are known to be important 

in the modulation of Hsp90 function.

The catalytic loop interacts with the MD of a third molecule in an inactive closed 

conformational state and R400 forms the hydrogen bonds with the main chain of E380, and 

the side chains of N383 and N444 on the third molecule. In addition, R400 forms cation-π 
interaction with F349 on the third molecule (Figure 2B). The interaction of the catalytic loop 

region with a third molecule further contributes to the stabilization of the hexamer interface.

Besides the contributions of W320 and R400 in the formation of the hexamer interface 

interactions, another key residue in the WT Hsp90αMC hexameric structure is R620, which 

is located in the CTD loop region and interacts with residues on the catalytic loops from two 

other molecules. In the WT hHsp90αMC hexamer structure, although the R620 can only be 

traced in one of the molecules in each homodimer block (B, C, E), it forms intermolecular 

hydrogen bonds to stabilize the hexamer interface, i.e. R620 in molecule B is hydrogen 

bonded with N397 and I398 on the catalytic loops of molecules C and F, respectively 

(Figure 2C).

3.4. W320A mutant disrupts hexamer association in solution

W320 was mutated to alanine to evaluate the role of W320 in the hexameric association 

of hHsp90α. Both WT hHsp90αMC and hHsp90αMC/W320A proteins were purified 

initially as dimers in solution by SEC at 4°C (Figure 3A). However, the purified WT 

hHsp90αMC dimeric protein was observed to oligomerize over time at room temperature, 

at low concentrations of salt or after a freeze thaw cycle following storage at −80 °C, which 

is consistent to that described before (32). The thawed frozen hHsp90αMC sample from 

−80 °C displayed a heterogeneous/polydisperse oligomer from SEC (hexamer or tetramer) 

(Figure 3B). In contrast, hHsp90αMC/W320A protein continued to elute as a dimer over 

time by SEC (Figure 3B). The oligomeric states of protein samples by SEC results are 

consistent with the results of DLS experiments (Table S2).

3.5. Crystal structure of Hsp90αMC_W320A dimer

The Hsp90αMC_W320A crystallized as a dimer rather than a hexamer, displaying a large 

conformational change compared to the WT hHsp90αMC hexameric structures (Figures 4 

& S1B). When the hHsp90αMC_W320A mutant dimeric structure is compared with the 

dimeric blocks from the WT hHsp90αMC hexameric structure, it displayed a r.m.s.d. of 

0.75 Å over 768 aligned Cα atoms (Figure 4A) (39). However, the W320A mutant structure 

displayed a more open conformation when compared with the block dimers in the hexamer. 

The distance between two P295 residues in each homodimer is about 60 Å in the hexameric 

structure but 75 Å in the dimeric W320A mutant structure (Figure 4). In addition, the MD of 

one protomer of the mutant dimer displayed a twist of about 5°. This new structure has not 

been previously observed, and precludes the interactions required for the formation of the 

hexamer.
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Similar to the WT hexamer structure, the catalytic loop region can also be traced in the 

mutant dimeric structure, albeit displaying different conformations (Figures 4C, S5, S6). 

However, the CT loop region is disordered in the mutant dimeric structure, while the main 

chain can be traced in molecules B, C and E of the WT Hsp90αMC hexameric structure 

(Figures 4C, S4).

3.6. W320A mutant results in conformational changes of the catalytic loop

When comparing each monomer in the W320A mutant dimeric structure with that in the WT 

hexameric structure, we found that the W320A mutation lead to the loss of its hydrophobic 

interaction with P295, and the hydrogen bond and cation-π interactions with R367 as in 

the WT hexameric structure. In addition, the hydrogen bond interaction of R366 with R346 

(Figure 2A) is also lost. The loss of these intermolecular interactions led to the disruption of 

hexameric interface and caused further conformational changes of the MD, in particular the 

catalytic loop region (Figures 2B, 5A, S3, S5). Specifically, R366 forms a salt bridge with 

the side chain of D393 within the same molecule (Figure 5A), while in the WT hexameric 

structure it forms a hydrogen bond with the main chain carbonyl group of L394 located in 

the catalytic loop (Figure 5B). The salt bridge between D393-R366 in the W320A mutant 

dimeric structure induces conformational changes of D393 and L394, which further leads to 

the conformational changes of P395 and L396 in the catalytic loop. L396 forms hydrophobic 

interactions with V365 and V368, which do not exist in the hexametric structure (Figure 

5A). In four of the main chains (chains B, C, D & E) of the WT Hsp90αMC hexamer 

structure, P395 forms a hydrogen bond with the side chain of Q405, while its side chain 

forms hydrophobic interactions with the side chain of I408 (Figures 5B, S6A). In the 

other two main chains (chains A & F) of WT Hsp90αMC hexamer structure, P395 forms 

hydrophobic interactions with the side chain of I408 but does not hydrogen bond with the 

side chain of Q405 (Figures 5C, S6A). On the other hand, in the Hsp90αMC_W320 mutant, 

the H-bond with Q405 is not present and Pro395 is sandwiched by hydrophobic interactions 

with L394, L396, and I398 (Figures 5A, S6B). The structural comparisons indicate that 

Q405 plays an important role for a transition from coil to helix in the catalytic loop, which is 

stabilized by hydrogen bonding via its side chain (Figures 5, S6).

The conformation of the catalytic loop region in hHsp90αMD is flexible, which allows it 

to adopt multiple conformations, and as mentioned previously, the electron densities for 

this region often could not be assigned. With ATP binding, the catalytic residue R400 

(R380 in yeast Hsp82) displays the open active state and forms the hydrogen bond with the 

γ-phosphate ATP in the NT domain, and without ATP binding it is held in an inactive state 

(10,41). Structural alignment of each protomer in the wildtype hexamer and W320A mutant 

dimer showed that they both displayed the inactive closed state with different conformations 

(Figure 4C). In the hHsp90αMC_W320A mutant dimer structure, the conformation of the 

catalytic loop is semi-closed, and R400 forms the hydrogen bond with E375 in the same 

molecule (Figure 2B). However, in the WT hexamer structure, the catalytic loop displays 

an inactive closed conformation by interacting with the MD of a third molecule (Figure 

2B), with loops showing two somewhat different conformations due altered intramolecular 

H-bonding patterns. Therefore, W320 is important for protein oligomerization by both direct 
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interaction with a third molecule and inducing the conformational change of the catalytic 

loop responsible for hexameric association.

4. Discussion

In this study, we report two structures of hHsp90αMC, the WT and the W320A mutant. 

We found W320A mutation disrupted the hexameric association of Hsp90 and displayed 

a dimeric structure instead, due to the loss of molecular interactions from the side 

chain of W320 when replaced with alanine. The mutant dimer structure displays a large 

conformational change in the MD and its catalytic loop region, and adopts a more open 

conformation when compared to the hexameric WT structure. Our structural comparison 

provides insights into how conformational changes of Hsp90 associated with W320 in the 

MD could play a critical role in the allosteric regulation of its biological function.

We found that residues W320 of Hsp90α is important for MC domain to oligomerize 

and form a hexamer, which is consistent with a previous report (Figure 2A) (32). The 

structural data show that W320 plays an important role in tethering the hexamer interface, 

by forming exquisite intermolecular interactions through cation-π and hydrogen bond 

interactions (Figure 2A). The W320A mutation abolished these intermolecular interactions 

at the hexamer interface, resulting in the disruption of the hexamer via inducing a more 

opened conformation and a large conformational change of the catalytic loop.

Our structural observation shows that W320 as well as other residues including P295, R366 

and R367 are involved in hexameric association of WT Hsp90. These residues were also 

observed previously in various conformations of Hsp90 and when in complex with either 

client protein or cochaperones. Collectively, our data and those from others suggest that 

these residues could play important roles in the regulation of Hsp90 conformational changes 

associated with its oligomerization, client and cochaperone binding and therefore its cellular 

function. W320 is highly conserved in both eukaryotic nucleocytoplasmic Hsp90s, although 

it is a F257 in E. coli HtpG (Figure S2). P295 and R366 are conserved in eukaryotic 

nucleocytoplasmic Hsp90s and R367 is conserved in both eukaryotic nucleocytoplasmic 

Hsp90s and E. Coli HptG. W320 plays an important role in client protein interaction-

induced conformational changes via a cation-π interaction (22). W320 is located on a loop 

that is sandwiched by an α-helix and another loop, each containing a conserved basic amino 

acid, K314 and R346 respectively in the eukaryotic nucleocytoplasmic Hsp90s (Figure 

S7). In the closed state structure of homodimeric Hsp90 full length protein bound with 

AMPPNP and complexed with p23 (PDB ID: 7L7J), W320 is tethered to the MD through 

intramolecular hydrogen bond interaction with K314 and cation-π interaction with R346 

(42).

Apo-Hsp90 dimers exist in an equilibrium predominated by two open states, with one 

conformation being more extended that the other (19,43,44). Hsp90 adopts multiple 

conformations when transitioning between open, semi-closed and closed states during its 

functional chaperone cycle driven by its interactions with co-chaperones, client proteins 

and the binding and hydrolysis of ATP. Molecular dynamic studies of new cryo-EM 

structures implicate the catalytic loop region, W320, F395 in the src-loop in the MD, and the 
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amphipathic helix and its following loop in CTD as critical regions involved in the allosteric 

communications that occur between all three domains during Hsp90s reaction cycle(45).

Interaction interfaces and the effect of co-chaperones and clients on Hsp90 structure have 

been studied using a variety of biophysical techniques including SAXS, NMR, FRET, PET, 

X-ray crystallography and cryo-EM (reviewed in (46,47)). When analyzing the complex 

structures of Hsp90 with co-chaperones reported by Agard’s group, W320 was found to be 

essential for binding Cdc37 and Aha1 (48,49). In the Hsp90-Cdc37-Cdk4 structure (PDB 

ID: 5FWL), Hsp90β W312 (W320 in Hsp90α) forms the cation-π interaction and hydrogen 

bond with residue R231 in the middle domain of Cdc37 (48) (Figure S8A). It is noteworthy 

that the W300 mutation in Hsp82 in yeast decreases its ability to fold a stabilize v-src 

(20). In the apo structure of yeast Hsc82 bound to Aha1 (PDB ID: 6XLB), the NT-domain 

of Hsc82 is undocked from the middle domain and the CTD of Aha1 is bound to F328 

(F352 of Hsp90α) in a semi-closed conformation. In the yeast Hsc82-Aha1CTD-AMPPNP 

structure (PDB ID: 6XLE), both W296 (W300 in yeast Hsp82, W320 in human Hsp90α) 

and R322 (R326 in yeast Hsp82, R346 in human Hsp90α) are involved in association 

with the C-terminal domain of Aha1(49) (Figure S8B). Specifically, W296 forms π-π 
interactions with Y335 and W285, and hydrogen bonds with N331 and N267, while R322 

forms a cation-π interaction with Y335 on the CT domain of Aha1. In contrast, both 

W320 and R346 are involved in intermolecular interactions at the hexamer interface of WT 

Hsp90αMC structure. Overlay of the cryo-EM structures and the hHsp90αMC hexamer 

indicates that these interaction interfaces are buried in the hexameric structure, and structure 

is incompatible with the binding of either of these co-chaperones.

In the closed homodimer structure of the full length (FL) Hsp90 bound with p23 (PDB 

ID: 7L7J) R400 coordinates the γ-phosphate of AMPNP, while P295, R366 and R367 are 

located at the interface between the MD and the NTD (Figure S9A) (42), indicating that the 

hexameric structure of hHsp90αMC is incompatible with the binding of p23. A recent study 

using FRET measurements and molecular dynamic simulations suggests that upon ATP 

hydrolysis, R380 (R400 in human) becomes completely detached from the nucleotide. This 

converts Hsp90 from the closed state A to the closed state B, with structural conformational 

changes transferred via the central long MD α-helix (50), suggesting that changes in the 

conformation of the catalytic loop play an important role in the allosteric communication 

between the three domains of Hsp90.

When overlaying the dimeric unit of WT Hsp90αMC structure with the newly available 

cryo-EM structures of Hsp90 in complex with co-chaperones and client, the best matching 

structure was that of the Hsp90-Hsp70-HOP-GR loading intermediate before dimerization of 

Hsp90s NTD (7KW7, r.m.s.d= 1.58Å over 688 amino acids). While the catalytic loops of 

the two structures have somewhat similar conformations, it should be noted that the Hsp90-

Hsp70-HOP-GR loading intermediate is in a more compact semi-closed conformation(51). 

Overlay of the two structures indicates that only the interface of Hsp90 that interacts 

with TRP2A of HOP is accessible and does not clash with the hexameric structure of 

Hsp90αMC. However, the overlay indicates that the structure of the TPR2B domain that is 

adopted in the Hsp90-Hsp70-HOP-GR loading intermediate has major steric clashes, and the 

DP2 binding interface is buried in the hexameric structure of the Hsp90αMC (not shown). 
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As WT Hsp90αMC was initially purified as a dimer, these observations suggest that the 

current structure represents a more opened structural intermediate prior to client loading 

or a precursor to an inactive hexamer in the absence of an abundance of Hsp90 clientele 

(32,52). In regards to the latter, the work from both Kamal and coworkers (53) and Rodina 

and coworkers (54) suggests that in non-transformed cells the bulk of Hsp90 exists in state 

with a paucity of interactions with its co-chaperones.

Of interest is that a similar overlay of the Hsp90-Hsp70-HOP-GR loading intermediate 

with the Hsp90αMC_W320A dimer structure indicates that the mutant appears to be fully 

capable of binding the TPR2A-TPR2B_DP2 domain construct of HOP (Figure S10). In 

addition, amino acid residues previously implicated in client binding are all solvent exposed 

and accessible(46,47). These observations suggest that the conformation of the W320A 

mutant dimer may represent that which precedes HOP mediated client binding.

Lopez and coworkers have recently demonstrated that the shift from the open to closed 

state are allosterically transmitted across all three domains of Hsp90s, with the conserved 

R380 and R32 (R400 and R46 in human) residues playing a central role in the rotation of 

Hsp90s NTD that is required in the open state allowing its dimerization upon nucleotide 

binding (55). Relevant to these observations, in the open state structures of FL and an 

NM-domain construct of apo-HtpG (PDB 2IOQ, 1Y4U), R303 (R367 in human Hsp90) 

is totally exposed (Figure S9B) (56). In the hexameric WT hHsp90αMC structure, R367 

forms intermolecular cation-π interaction with W320 at the hexamer interface, while in the 

W320A mutant structure, it is solvent exposed. In addition, in the open state of the Hsp90 

homologue HtpG, the NTD and MD are tethered together by an important intramolecular 

interaction between R33 (R32 in yeast Hsp82 and R46 in hHsp90α) and F257 via cation-π 
interactions (Figure S11A). It was previously shown that R32 in yeast Hsp82 plays a 

critical role in stabilizing the catalytic center for ATP hydrolysis in the closed state (57), 

suggesting this R33/F257 cation-π interaction should be removed to allow conformational 

changes of NTD in order to carry out catalysis. Superimposition of the Hsp90αMC_W320A 

structure with the 2IOQ and 1Y4U HtpG structures indicates that R33 is in position to 

form a cation-π interaction as A320 and F257 overlap (Figure S7B). Mutation of A320 

back to tryptophan in the Hsp90αMC_W320A structure using PyMol indicates that the 

orientation of the W320 residue fills the same pocket as F257 and can form a similar cation-

π interaction with R33 (Figure S11B). In addition, the position of R336 in the two HtpG 

structures and R400 in the W320 mutant are similarly placed, with amino acids substitutions 

in the catalytic loop possibly accounting for the somewhat different structures of the loops 

(Figure S11C). However, in a similar overlay of the WT hHsp90αMC dimeric unit with 

the apo-HtpG structure, all rotamers of W320 showed substantial steric clashes with amino 

acid residues in the pocket that accommodates F257, and the structure of the catalytic loops 

show no similarity (not shown). These observations suggest that the conformational change 

displayed by the hHsp90αMC_W320A mutant is representing the unique open state of 

human Hsp90MC and is likely physiologically relevant. It is expected in the FL hHsp90 

that the W320A mutation would abolish its cation-π interaction with R46 and offer greater 

flexibility of NTD to change its conformation to the closed state for ATP binding and 

catalysis. Therefore, our study suggests a mechanism of conformational switch by W320 in 

regulating Hsp90 intramolecular and intermolecular interactions for its chaperone functions. 
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In support of this conjecture, previous work on characterizing the effect of mutating W300 

to Ala in full length yeast Hsp82 demonstrated that the W300A mutant had a more closed 

compact conformation in the presence of ATP (21), a higher ATPase activity than wildtype 

Hsp82 (20,22), and a decrease in Aha1 stimulated ATP hydrolysis (48). The Hsp82 W300 

mutation also exhibited a differential ability to affect the maturation of two of its major 

clients: the mutant demonstrated a marked decreased ability to chaperone the maturation of 

v-src at 30°C, but not the glucocorticoid receptor(20,21). While these experiments have been 

found to be experimentally tractable using the power of the yeast genetic system, they have 

yet to be carried out with the human Hsp90α or -β isoforms.

In general, conformational changes of the catalytic loop is essential for Hsp90 activity 

(10). Our study found that in addition to performing the function of ATP hydrolysis, the 

catalytic loop is also important for Hsp90 assembly to form a hexamer by interacting with 

residues in MD and CTD domain in other Hsp90 molecules. Mutation of W320 will disrupt 

the hexamerization by further regulating the conformational change of the catalytic loop 

in dimeric Hsp90, which is a previous unobserved phenomenon. W320 is important for 

intramolecular interactions with NTD, intermolecular interactions with cochaperone and 

client proteins, as well as forming the hexmeric interface in Hsp90 hexamer. Therefore, our 

research result provided the basic structural information on W320 of Hsp90 to act as a key 

switch point in allosterically regulating its intramolecular and intermolecular interactions of 

key structural regions required for chaperone functions.
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Figure 1. 
(A) Crystal structure of WT hHsp90αMC hexamer (chain A, green; chain B, cyan; chain C, 

magenta; chain D, yellow; chain E, orange; chain F, grey. (B) Structural alignment of the 

monomer chain E in WT hHsp90αMC (orange) with that in the previous solved structure 

(PDB: 3Q6N) (cyan).
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Figure 2. 
(A) Interactions of W320 and R346 with P295, R366 and R367 in a third molecule at the 

hexameric interface. (B)Conformational differences of the essential catalytic residue R400 

(shown in stick) in the structures of WT hHsp90αMC (orange) and hHsp90αMC_W320A 

(green). (C) Interactions of R620 with residues N397 and I398 on the catalytic loops in WT 

hHsp90αMC hexamer structure.
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Figure 3. 
Size-exclusion Chromatographs for WT Hsp90⍺MC and Hsp90αMC_W320A mutant 

proteins. (A). Chromatographs from fresh protein samples. The MWs are indicated for the 

protein peaks. The theoretic MW of hHsp90αMC is about 50kDa. Due to its elongated 

shape, the apparent MW is calculated as 67kDa in solution (www.fluidic.com) based on 

its hydrodynamic radius of 35 Å calculated from the current crystal structure(58). The 

estimated MW of the protein from the retention volume is about 140 kDa, representing a 

dimer in solution. (B).Chromatographs from the thawed protein samples after frozen at −80 
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oC. The retention volumes as well as the estimated MWs are indicated for the protein peaks. 

Note WT protein oligomerized while W320A mutant protein retained as a dimer in solution.
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Figure 4. 
(A) Structural comparison of the homodimers of W320A vs WT hHsp90αMC (orange: WT 

hHsp90αMC; green, W320A mutant dimer). (B) Structural alignment of the monomer in 

WT hHsp90αMC (orange) and that in the W320A mutant (green) structures.
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Figure 5. 
Various conformations of the catalytic loops. (A) W320A mutant (green), (B) chain E of WT 

hHsp90αMC (orange), (C) chain F of WT hHsp90αMC (grey).
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Table 1.

Crystallographic data collection and refinement statistics

Data collection Hsp90αMC Hsp90αMC_W320A

Beamline 19-ID, APS 19-ID, APS

Wavelength, Å 0.97922 0.97918

Space group P21 P212121

Cell parameters a, b, c, Å 153.8, 88.0, 166.2
β=114.36°

38.9, 154.3, 156.7

Resolution, Å 50.00–3.15
(3.26–3.15)

50.00– 2.20
(2.28–2.20)

Total reflections 231,203 317,128

Unique reflections 70,092 (6,937) 49,628 (4,888)

Redundancy 3.3 (3.2) 6.4 (5.9)

Completeness, % 99.7 (99.7) 99.9 (99.7)

I/σ 11.6 (1.7) 35.4 (1.0)

Rsym, % 13.2 (81.1) 11.1 (101.5)

Rpim, % 8.6 (53.1) 4.7 (43.5)

CC1/2 0.620 (0.732) 0.754 (0.885)

Refinement statistics

 Resolution range used, Å 48.1–3.15 49.49–2.20

 No. reflections used 64,549 49,018

 Rwork/Rfree, % 19.2/24.8 20.5/25.4

 Rmsd bond lengths, Å 0.012 0.010

 Rmsd bond angles, ° 1.405 1.302

 Wilson B value, Å2 76.9 41.2

Number of atoms (average B, Å2)

 Protein 19,425 (88.8) 6,312 (89.9)

 Ligand 0 24 (83.8)

 Water 0 138 (51.0)

Ramachandran values

 Preferred regions, % 95.1 97.5

 Allowed regions, % 4.9 2.5

Values in parentheses are for the highest-resolution shell. 
Rsym = Σ /obs − /avg /Σ/avg; Rwork = Σ Fobs − Fcalc | | /ΣFobs. Rfree was calculated using 5% of data.
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