
Targeting the Hsp90 C-terminal domain to induce allosteric 
inhibition and selective client downregulation

Kourtney M. Goodea, Dino P. Petrova, Renee E. Vickmanb, Scott A. Cristb, Pete E. 
Pascuzzic,d, Tim L. Ratliffb,d, V. Jo Davissona,d, and Tony R. Hazbuna,d,*

a Department of Medicinal Chemistry and Molecular Pharmacology, College of Pharmacy, Purdue 
University, West Lafayette, IN 47907, USA

b Department of Comparative Pathobiology, College of Veterinary Medicine, Purdue University, 
West Lafayette, IN 47907, USA

c Purdue University Libraries Purdue University, West Lafayette, IN 47907, USA

d Purdue University Center for Cancer Research, Purdue University, West Lafayette, IN 47907, 
USA

Abstract

Background: Inhibition of Hsp90 is desirable due to potential downregulation of oncogenic 

clients. Early generation inhibitors bind to the N-terminal domain (NTD) but C-terminal domain 

(CTD) inhibitors are a promising class because they do not induce a heat shock response. Here we 

present a new structural class of CTD binding molecules with a unique allosteric inhibition 

mechanism.

Methods: A hit molecule, NSC145366, and structurally similar probes were assessed for 

inhibition of Hsp90 activities. A ligand-binding model was proposed indicating a novel Hsp90 

CTD binding site. Client protein downregulation was also determined.

Results: NSC145366 interacts with the Hsp90 CTD and has anti-proliferative activity in tumor 

cell lines (GI50 = 0.2–1.9 μM). NSC145366 increases Hsp90 oligomerization resulting in allosteric 

inhibition of NTD ATPase activity (IC50 = 119 μM) but does not compete with NTD or CTD-ATP 

binding. Treatment of LNCaP prostate tumor cells resulted in selective client protein 

downregulation including AR and BRCA1 but without a heat shock response. Analogs had similar 
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potencies in ATPase and chaperone activity assays and variable effects on oligomerization. In 
silico modeling predicted a binding site at the CTD dimer interface distinct from the nucleotide-

binding site.

Conclusions: A set of symmetrical scaffold molecules with bisphenol A cores induced allosteric 

inhibition of Hsp90. Experimental evidence and molecular modeling suggest that the binding site 

is independent of the CTD- ATP site and consistent with unique induction of allosteric effects.

General significance: Allosteric inhibition of Hsp90 via a mechanism used by the 

NSC145366-based probes is a promising avenue for selective oncogenic client downregulation.

Keywords

Hsp90 inhibitor; C-terminal domain; Small molecule probes; Allostery; In silico modeling; 
Prostate cancer therapeutic

1. Introduction

Heat shock protein 90 (Hsp90) is a highly-conserved member of a multi-chaperone complex 

and one of the most abundant proteins in eukaryotic cells. Two cytosolic isoforms are 

present, constitutively active Hsp90β and the stress-inducible Hsp90α [1–3]. Hsp90 

facilitates protein homeostasis by enhancement of protein stability through reduction of 

aggregation and misfolding [4,5] via its chaperone cycle. This conformationally-dynamic, 

multi-domain protein functions as an obligate dimer and has ATPase activity. ATP binding to 

the N-terminal (amino) domain (NTD) and hydrolysis by Hsp90 drive a conformational 

cycle necessary for chaperone function [6–8]. Binding of ATP to each monomer shifts 

Hsp90 to a “closed” formation that can bind, fold, and activate client proteins [1,9].

The C-terminal domain (CTD) of Hsp90 plays important roles in Hsp90 chaperone function. 

The CTD contains a secondary nucleotidebinding site [10–12]. This site, which only 

becomes available for binding after adenine occupation of the N-terminal binding site, lacks 

nucleotide-binding specificity and has low affinity for nucleotides [13]. The Hsp90 CTD 

alone has no independent ATPase activity but has a higher affinity for ATP than full-length 

Hsp90 providing further evidence for interdomain modulation of conformation [12–14]. The 

Hsp90 CTD exhibits chaperone activity in vitro, independent of the N- terminal ATPase 

activity, and is necessary for dimerization and oligomerization of Hsp90 [7,12,15].

Hsp90 is commonly overexpressed in cancer cells and stabilizes many clients known to 

promote oncogenesis, including transcription factors, signaling proteins and kinases [9,16]. 

Multiple studies have shown that certain tumor cells are more dependent on Hsp90 activity 

compared to non-malignant cells [17–19]. First-generation Hsp90 inhibitors radicicol and 

geldanamycin (GA) and their derivatives bind to the NTD through ATP structural mimicry 

and inhibit ATP hydrolysis, which leads to degradation of oncogenic client proteins [20–22]. 

Hsp90 inhibitors that target the ATP binding pocket have shown potent antiproliferative 

effects though they are ineffective over time due to the compensatory mechanism involving 

induction of a heat shock response. The expression of chaperones Hsp27, Hsp70, Hsp40, 

and Hsp90 increase [23–25] leading to undesirable chemoprotective effects even though 

client proteins are being degraded simultaneously [26–28]. Clinical resistance has been 
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attributed to this chemoprotective effect, and dosage increases to overcome resistance are not 

a viable option due to toxicity. These results are motivating the pursuit of alternative 

strategies for modulating heat shock protein complexes [29–31].

An alternative molecular mechanism of inhibition is through interaction with the C-terminal 

ATP binding pocket. The aminocoumarin antibiotics novobiocin and coumermycin A1 (Cm 

A1) have been shown to bind weakly to the C-terminal ATP binding site and induce 

degradation of Hsp90 client proteins [7]. Mechanistically, C-terminal ATP site inhibitors are 

proposed to cause client protein release and degradation through induction of a 

conformational change that results in separation of the Hsp90 dimer [15]. In general, these 

types of inhibitors appear less potent than N-terminal inhibitors and none have reached the 

clinic, although novobiocin derivatives have demonstrated efficacy in prostate cancer cell 

lines [32,33]. A deguelin derivative was shown to disrupt ATP-binding to the CTD and have 

anti-proliferative activity in non-small cell lung cancer cell lines [34,35]. Recent evidence 

suggests that compounds binding to the CTD inhibit Hsp90 function and induce client 

protein degradation without a heat shock response [16,32,33,36,37], giving new promise to 

Hsp90 inhibition for cancer treatments. Additional compounds have been implicated in 

binding the CTD including a curcumin analog, [38] and peptide-based inhibitors that inhibit 

client protein interactions and dimerization [39].

The aim of this study was to elucidate the biochemical mechanism of action by which a 

novel chemical scaffold modulates Hsp90 function. Based upon our previous observations 

for NSC145366 binding to Hsp90 [40], a set of probe molecules related by a common 

symmetrical scaffold found in bisphenol A (BPA) have been evaluated in a series of 

biochemical assays. The evidence indicates that these probes bind to the Hsp90 CTD and 

induce allosteric effects that result in inhibition of the NTD ATPase activity. Testing of 

NSC145366 in prostate tumor cells provides evidence for Hsp90 client downregulation in 

the absence of a global heat shock induction. A molecular docking model for these new 

inhibitors implicates a novel site at the C-terminal dimer interface, which is independent of 

the CTD ATP-binding site or other proposed inhibitor binding sites.

2. Materials and methods

2.1. Recombinant protein purification

Proteins were purified as described previously [41]. GST-Hsp9α CTD (amino acids 626–

732; Addgene #22483) and GST-Hsp90α NTD (amino acids 9–236; Addgene #22481) were 

expressed in E. coli BL21-DE3 cells. Briefly, BL21-DE3 expression strains were grown 

overnight and used to inoculate LB medium at 25 °C supplemented with 100 μg/mL 

ampicillin to an OD600 of 0.4–0.6 followed by O/N induction of protein expression with 1 

mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 25 °C. After induction, cells were 

harvested by centrifugation at 4000 × g and lysed using B-Per bacterial protein extraction 

reagent (ThermoFisher). GST-tagged Hsp90 CTD And NTD proteins were affinity purified 

with glutathione agarose resin (Thermo Scientific) and eluted using elution buffer (50 mM 

Tris-HCl pH 8.0, 250 mM glutathione, 0.3 M NaCl). Protein aliquots were made and 

supplemented with 5% glycerol and stored at − 80 °C.
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pET28a( + )-hHsp90β (530–724) was provided by Dr. Thomas Ratajczak (University of 

Western Australia). Plasmid was transformed into E. coli BL21-DE3 cells and expressed as 

previously described [42]. Briefly, expression strain was grown overnight and used to 

inoculate LB medium supplemented with 40 μg/mL Kanamycin to an OD600 of 0.4–0.6 

followed by 3 h induction of protein expression with 1 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) at 37 °C. After induction, cells were harvested by 

centrifugation at 4000 × g and lysed using B- Per bacterial protein extraction reagent 

(ThermoFisher). The hexameric histidine (His6)-tagged Hsp90 CTD protein was affinity 

purified with Ni-NTA resin (Sigma Aldrich) and eluted using elution buffer (50 mM Tris-

HCl (pH 8.0), 250 mM imidazole, 0.3 M NaCl). Proteins were aliquoted, supplemented with 

5% glycerol and stored at − 80 °C.

2.2. Drug Affinity Response Target Stability (DARTs) assay using recombinant purified 
Hsp90β and Hsp90α

Recombinant Hsp90α protein purified from baculovirus culture was used (Stressmarq 

Biosciences Inc, SPR-102) for the DARTs assay as previously described [43]. Proteins were 

incubated with 200 μM compound (AUY922 or NSC145366), and binding buffer (50 mM 

Tris-HCl pH 7.5, 200 mM NaCl, 5% glycerol, 0.1% Triton X-100) to 20 μL final volume for 

2 h at room temperature. After compound treatment, samples were digested with pronase 

(Roche) at varying concentrations for 10 min at RT. Protease activity was stopped by adding 

5 μL of 5× SDS loading dye and boiling samples at 95 °C for 5 min. Samples were run in 

8% SDS-PAGE gels at 150 V for 60 min followed by western blotting. For domain studies, 

the Hsp90 CTD and NTD were incubated with 200 μM compound and binding buffer (50 

mM Tris-HCl pH 7.5, 200 mM NaCl, 5% glycerol, 0.1% TritonX-100) 20 μL final volume 

for 2 h at room temperature treated as previously described. Western blot images were 

acquired using the ChemiDoc (Biorad) and quantification was completed using ImageLab 

(Biorad). Briefly, following automated lane and band selection treated samples were 

compared to vehicle samples. Arbitrary units were converted to percentages and graphed 

using GraphPad Prism.

2.3. Microscale thermophoresis

Microscale thermophoresis (MST) experiments were performed on a Monolith NT.115 

system (NanoTemper Technologies) using 20% LED and 60% IR-laser power. Laser-on and 

off-times were set at 30 s and 5 s, respectively. Conditions used were nearly identical to a 

manufacturer technical note that measured 17-DMAG binding to Hsp90 [44] and binding of 

peptidic inhibitors to Hsp90 [39]. Recombinant Hsp90β was labeled with NT647 

(NanoTemper Technologies) and used at a final concentration of 40 nM. A twofold dilution 

series of compound (NSC145366 or 17-AAG) was prepared for binding experiments in 

binding buffer (20 nM NaPO4, 100 mM NaCl, 1 mM MgCl2, 0.1% BSA, 0.05% NP-40). 

Ten μL were transferred to 10 μL labeled Hsp90β, with the final compound concentration 

ranging from 3 nM to 100 μM. DMSO concentration was held at 2% across samples. 

Samples were loaded into hydrophilic capillaries for measurements. Each measurement was 

performed 3 times independently. Data fitting was performed with the Monolith software as 

per manufacturer instructions.

Goode et al. Page 4

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2019 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4. Dimerization and oligomerization assays

Hsp90 dimerization was assessed by chemical crosslinking using amine-reactive cross-linker 

bis(sulfosuccinimidyl) suberate (BS3) (Pierce) as previously described [15]. Protein was 

buffer exchanged into crosslinking buffer (50 mM NaPO4, 150 mM NaCl) using Zeba™ 

Spin Desalting Columns (Thermo Scientific). 2 μM protein was preincubated with 

compound for 1 h at room temperature to 25 μL final volume. BS3 was added to a final 

concentration of 66–200 μM of crosslinker depending on the desired amount of capture of 

dimer or oligomer. Samples were incubated for 1 h at room temperature and crosslinking 

was quenched by addition of 50 mM Tris-HCl pH 7.5 for 15 min. Following quenching, 

samples were mixed with 5X SDS loading dye and boiled at 95 °C for 5 min. Samples were 

run in 10% SDS-PAGE gels at 150 V for 60 min followed by western blotting. Blots were 

probed with anti-GST antibody (P1A12, Developmental Studies Hybridoma Bank, 

University of Iowa).

2.5. Anti-aggregation activity assays

Anti-aggregation function was measured using an alcohol dehydrogenase (ADH) 

aggregation assay adapted from previous methods [45]. Forty μL reaction mixtures were 

prepared containing 6.2 μM equine ADH (Sigma-Aldrich) in the presence and absence of 

500 nM GST- Hsp90α CTD and compound. Aggregation was induced at 55 °C while 

measuring absorbance at 360 nm every minute using an Epoch 2 microplate reader (BioTek) 

for 90 min. Experiments were performed three times and the end point read at 90 min was 

used to compare efficiency of inhibition. Mean value for ADH aggregation alone was set to 

100%. Another chaperone activity assay was used based on insulin aggregation: 200 μM 

insulin is pre-incubated with 10 μM Hsp90 CTD + /− 100 μM compound in reaction buffer 

(10 mM NaPO4 + 100 mM NaCl) at 30 °C for 1 h. Aggregation was induced using 20 mM 

DTT and monitored by absorbance at 650 nM using an Epoch 2 microplate reader (Biotek) 

for 40 min.

2.6. Luciferase refolding assay to assess in vitro chaperone function

Compound ability to inhibit Hsp90 chaperone activity was assessed using a luciferase 

refolding assay. QuantiLum Recombinant Luciferase (Promega) was diluted to 100 μg/mL in 

denaturation buffer (25 mM Tricine, pH 7.8, 10 mM MgCl2, 1 mM dithiothreitol, 0.1 mM 

EDTA, 10%(v/v) glycerol, and 10 mg/mL bovine serum albumin) and denatured at 41 °C for 

30 min. 0.5 μL denatured luciferase was added to 20 μL rabbit reticulocyte lysate (Promega) 

that was pre-incubated at 30 °C with compound. Two μL samples were removed every 15 

min for 90 min and added to 48 μL Bright Glo Luciferase assay system and luminescence 

was read using a Synergy 4 microplate reader (Biotek). Percent luciferase refolding was 

determined using luminescence of DMSO at 90 min as 100% and comparing all samples to 

this value. Each experiment was completed in triplicate (N = 3).

2.7. Competitive displacement studies of Hsp90 domains binding to ATP

Displacement studies were performed using recombinant GST- Hsp90α CTD and NTD with 

ATP-agarose (Sigma) as previously described [46]. Briefly, 6 μM Hsp90 CTD or NTD was 

pre-incubated with 200 μM compound for 30 min. ATP-agarose slurry was added to the 
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reaction and incubated at 30 °C for 30 min. After washing, Hsp90 domains were eluted with 

5 mM ATP and protein levels were assessed via western blot.

2.8. Competitive displacement of FITC-GA by Hsp90 inhibitors

Displacement studies were performed with recombinant Hsp90β (Stressmarq Biosciences 

Inc, SPR-102) and appropriate compounds (GA, AUY922 and NSC145366). Reaction mix 

was created containing 60 nM Hsp90β, 5 nM FITC-GA (Enzo life sciences) and 

fluorescence polarization (FP) assay buffer (20 mM Hepes pH 7.3, 50 mM KCl, 0.01% 

NP-40), aliquoted into a 96-well plate and pre-incubated for 3 h at room temperature. 

Compounds were serially diluted in FP assay buffer and added to the reaction plate. DMSO 

concentration is normalized to 2% (v/v) in all reactions. 25 μL reaction mixtures were 

transferred to shallow 384 well, black microplates (ProxiPlate-384 F plus, Perkin Elmer) and 

incubated for 16 h at room temperature. Endpoint FP values in mP were recorded with a 

Synergy 4 hybrid microplate reader (BioTek). The measured FP values were plotted against 

competitor concentration.

2.9. Hsp90 ATPase assay

The Transcreener™ ADP kit (Bellbrook Labs) was used to assay for ATPase activity. 

Conditions for the Hsp90 ATPase reaction were 50 mM HEPES (pH 7.4), 20 mM KCl, 4 

mM MgCl2, and 0.01% NP-40 in a 10-μL total assay volume in shallow 384 well, black 

microplates (ProxiPlate- 384 F plus, Perkin Elmer) as previously described [47]. 

Compounds were incubated in the presence of 250 μM ATP and 0.5 μM Hsp90β at 37 °C for 

30 min. ATPase activity was stopped via addition of 1X stop & detect buffer (200 mM 

HEPES (pH 7.5), 400 mM EDTA, and 0.2% Brij-35) with 100 mg/mL ADP2 Antibody-

IRDye® QC-1 and 8 nM ADP Alexa594 Tracer and incubated for 1 h at room temperature. 

Endpoint fluorescence intensity (RFU) was measured using a Synergy 4 hybrid microplate 

reader (BioTek). Experiments were performed three times and the measured RFU values 

were plotted against competitor concentration using GraphPad Prism and curves were fit to 

Sigmoidal, four parameter logistic, where X is log(concentration).

2.10. NCI-60 cancer cell line testing and chemoinformatics analysis

The NCI-60 tumor cell line screen was completed by the Developmental Therapeutics 

Program at National Cancer Institute (http://dtp.cancer.gov) as described previously [32,48]. 

NSC145366 tumor cell data was publically available on the PubChem website but was 

recently re-screened upon our request to confirm anti-proliferative effects of the compound. 

A 5-concentration dose response against the NCI 60 cell lines was determined and similar 

results were obtained. The concentration resulting in 50% reduction of net protein increase 

in control cells (measured via SRB staining) was calculated and presented as 50% growth 

inhibition (GI50).

The CellMiner web application was used to search the NCI-60 cellline database to identify 

compounds that had pharmacological responses similar to NSC145366. The log10(GI50) 

range value for NSC145366 of 1.12 was less than the 1.2 cutoff used to remove compounds 

from the CellMiner database. The GI50 data were converted to standardized values and 

represented as z-scores, and the resulting pattern was submitted to the CellMiner pattern-
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comparison tool, which returns other compounds, genes, and microRNAs based on the 

Pearson correlation between all patterns in the database. To compare Pearson correlation 

coefficients, the Fisher transformation was performed. These transformed values were used 

for the two-sample t-test, and the reported means were transformed back. CellMiner was 

then queried for the drug activities of the top ten hits for NSC145366 and twelve GA 

analogs and five other Hsp90 inhibitors in the CellMiner database. A custom R script was 

used to parse the drug activities from the resulting Excel files, formatted as a matrix of z-

scores representing 28 drugs in the analysis. These data were visualized as a heat-map with 

z-scores binned by deciles using CellMiner Companion [49]. Hierarchical clustering was 

performed on the Euclidean distances between the z- scores using average linkage to order 

the columns of the heat-map.

2.11. Cell culture and western blot analysis

LNCaP cells were purchased from the American Tissue Culture Collection (ATCC; 

Manassas, VA) and maintained in media conditions identical to those recommended by 

ATCC. Cell lines were verified using cell line authentication testing from DDC Medical 

(Fairfield, OH) [50]. All experiments were completed within 20 passages of acquisition from 

ATCC. Cells were harvested with trypsin and cell pellets were washed in 1x PBS and then 

lysed in RIPA buffer (Rockland MB-030–0520) containing protease inhibitor cocktail 

(Sigma P8340), 1 mM PMSF, 0.1% Triton X-100, and 1 mM DTT. Protein concentrations 

were determined using Quick start Bradford (Biorad) before analyzing cell samples via 

western blot. A Biorad ChemiDoc was used for quantitation because it has a broad linear 

dynamic range allowing accurate quantitation of relative protein levels. Bands were selected 

using Image Lab software (Biorad) and the treated samples were compared to vehicle 

samples and the ratios of band intensities converted to percentages. Western blots were 

performed a minimum of three independent times and a representative image is shown.

2.12. Statistical analysis

Experimental data was subject to One-way ANOVA analysis using Graphpad Prism version 

7.0. Statistical significance descriptors including error bars and number of replicates are 

noted in figure legends.

2.13. Synthesis of NSC145366 analogs

Analogs were synthesized based on the parent molecule NSC145366; 1-(4-(2-(4-(2-

hydroxy-3-(2,4,4-trimethylpentan-2-ylami-no)propoxy)phenyl)propan-2-yl)phenoxy)-3-

(2,4,4-trimethylpentan-2- ylamino)propan-2-ol hydrochloride. All analogs were synthesized 

from bisphenol A diglycidyl ether (BADGE) (Sigma-Aldrich). Badge (1 equivalent) was 

dissolved in methanol at room temperature. The corresponding amine was added (2.2 

equivalents) and the reaction was stirred at room temperature. Progress was evaluated by 

thin layer chromatography. Upon completion, as judged by disappearance of the BADGE 

spot, the reaction mixture was concentrated at 37 °C. The resulting oil was purified by flash 

chromatography and HPLC (where appropriate). Fractions containing the desired products 

were finally pooled, and dried under vacuum overnight.
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Compound identification: Summary of assigned NMR resonances, spectra and FPLC traces 

demonstrating purity are available in the supplementary information (Table S1). Synthesized 

analogs were verified as follows and were named A1, A2, A3 and A8.

a. A1: 3,3’-((propane-2,2-diylbis(4,1-phenylene))bis(oxy))bis(1-mor-

pholinopropan-2-ol) 1H NMR (500 MHz, Chloroform-d) δ 7.26 (s, 0H), 7.15–

7.09 (m, 4H), 6.85–6.78 (m, 4H), 5.30 (s, 2H), 4.09 (dq, J = 9.4, 4.9 Hz, 2H), 

3.96 (d, J = 4.9 Hz, 4H), 3.78–3.67 (m, 9H), 3.43 (s, 2H), 2.66 (dt, J = 9.8, 4.5 

Hz, 5H), 2.59–2.51 (m, 4H), 2.46 (dt, J = 9.9, 4.2 Hz, 5H); 13C NMR (500 MHz, 

Chloroform-d) δ 156.58, 143.58, 127.85, 113.95, 70.17, 67.13, 65.51, 61.19, 

53.86, 41.82, 31.15; HRMS: (ESI) calculated for C29H43N2O6 [M + H] + : 

515.3122, found: 515.3117

b. A2: 3,3’-((propane-2,2-diylbis(4,1-phenylene))bis(oxy))bis(1-(4- 

methylpiperazin-1-yl)propan-2-ol); 1H NMR (500 MHz, Chloroform-d (90%), 

Methanol-d (10%)) δ 7.08–7.03 (m, 4H), 6.73–6.67 (m, 4H), 3.89 (ddd, J = 37.9, 

9.8, 5.1 Hz, 4H), 3.83–3.66 (m, 10H), 3.62 (d, J = 5.2 Hz, 8H), 3.31 (d, J = 6.3 

Hz, 4H), 2.85 (s, 6H), 1.55 (s, 7H). 13C NMR (500 MHz, Chloroform-d (90%), 

Methanol-d (10%)) δ 155.81, 144.12, 127.89, 113.88, 69.48, 64.55, 59.81, 50.11, 

43.05, 41.74, 30.83. HRMS: (ESI) calculated for C31H49N4O4 [M + H] + : 

541.3754, found: 541.3745.

c. A3: 3,3’-((propane-2,2-diylbis(4,1-phenylene))bis(oxy))bis(1-((fur- an-2-

ylmethyl)amino)propan-2-ol); 1H NMR (500 MHz, Chloroform-d (90%), 

Methanol-d (10%)) δ 7.42 (dd, J = 13.2, 1.9 Hz, 2H), 7.09–7.01 (m, 5H), 6.70 

(td, J = 7.5, 1.6 Hz, 5H), 6.50 (d, J = 3.3 Hz, 1H), 6.35 (dd, J = 3.3, 1.9 Hz, 1H), 

4.63–4.52 (m, 1H), 4.21 (s, 3H), 4.05–3.98 (m, 1H), 3.93 (s, 2H), 3.84 (tt, J = 

9.6, 5.1 Hz, 3H), 3.39–3.29 (m, 3H), 3.14 (dd, J = 12.7, 2.9 Hz, 1H), 3.02 (ddd, J 

= 12.4, 9.9, 2.0 Hz, 1H), 1.55 (s, 6H). 13C NMR (500 MHz, Chloroform-d 

(90%), Methanol-d (10%)) δ 155.85, 144.49, 127.81, 113.87, 113.07, 111.18, 

69.49,65.17, 43.30, 41.75, 30.92. HRMS: (ESI) calculated for C31H39N2O6 [M + 

H] + : 535.2809, found: 535.2799.

d. A8: 3,3’-((propane-2,2-diylbis(4,1-phenylene))bis(oxy))bis(1-(iso-

butylamino)propan-2-ol); 1H NMR (500 MHz, Chloroform-d (90%), Methanol-d 

(10%)) δ 7.07–7.01 (m, 4H), 6.73–6.67 (m, 4H), 4.28 (dq, J = 9.0, 4.7, 3.5 Hz, 

2H), 4.10 (s, 4H), 3.94 (dt, J = 10.8, 5.4 Hz, 2H), 3.86 (dd, J = 9.7, 5.8 Hz, 2H), 

3.20 (dd, J = 12.6, 2.8 Hz, 2H), 3.07 (dd, J = 12.6, 10.0 Hz, 2H), 2.82 (d, J = 7.3 

Hz, 4H), 2.01 (non, J = 6.8 Hz, 2H), 1.55 (s, 6H), 0.97 (dd, J = 6.7, 2.6 Hz, 12H). 

13C NMR (500 MHz, Chloroform-d (90%), Methanol-d (10%)) δ 155.95, 

143.93, 127.83, 113.84, 69.53, 65.10, 55.45, 51.07, 41.74, 30.91, 25.75, 19.85, 

19.66. HRMS: (ESI) calculated for C29H47N2O4 [M + H] + : 487.3536, found: 

487.3525.

2.14. In silico modeling of ligand-protein interactions

The Hsp90 crystal structure used for all computational modeling was derived from 

previously published data (PDB ID: 3Q6N) [51]. Chains C, D, E, and F were removed, 
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leaving a middle domain and CTD dimer structure, which was most appropriate for docking 

studies with the CTD-binding analogs. All modeling efforts were carried out within the 

Schrodinger Maestro suite of programs. The ligands were first ionized and all possible 

tautomers generated at a pH 7.4 ± 2, using Epik [52,53]. The resulting structures were 

minimized using the OPLS- 2005 force field. The Hsp90 dimer was prepared via the Protein 

Preparation wizard, wherein all relevant hydrogen bonds (Asn, Gln, His) and residue 

orientations were optimized at pH 7.4 [54]. Water molecules with less than two hydrogen 

bonds to non-waters were removed and the whole protein structure was minimized to an 

RMSD of 0.3 Å (heavy atoms only). Flexible docking of the ligands was carried out via the 

Induced Fit docking utility [55–57]. First, a grid box was defined based on the binding “hot 

spots” identified using an FTMap unbiased search [58] of the complete surface of the dimer 

including the middle domain and CTD. Of the several identified hot spots, only one 

coincided with the CTD. This region is comprised of residues 672, 676, 677, 678, 681, and 

688 (occurring symmetrically on both HSP90 monomers), and does not overlap with the 

putative ATP-binding site (residues 611, 615, 624, 627, 632, and 680). Using the induced fit 

utility [55–57], NSC145366 was flexibly-docked to the identified location, and the protein 

structure was iteratively refined within a 10 Å radius from each point on the ligand. Finally, 

the most favorable protein conformation was held rigid, while the ligand was flexibly 

redocked with the XP algorithm to yield the best possible docking pose. This was 

subsequently used as a starting point for docking new analogs, using the same settings. A 

small region in the 3Q6N structure has a set of residues that are unassigned (617–630) and 

this is in common for many but not all other Hsp90 structures. This unstructured gap was 

filled in with equivalent residues of the yeast Hsp90 structure (2CGE) as previously 

described [59] for visualizing the ATP-binding site.

3. Results and discussion

3.1. NSC145366 directly interacts with human Hsp90β/α via the CTD

A liquid-culture based phenotypic screen employing Saccharomyces cerevisiae haploid 

deletion strains with differential sensitivities to Hsp90 inhibitors was used to identify small 

molecules with potential heat shock protein interactions [40]. NSC145366 emerged as a hit 

compound and possible Hsp90 inhibitor that affects CTD chaperone activity (Fig. 1A). We 

had used the DARTs assay to confirm the ability of the compound to directly bind Hsp90 in 

tumor cell lysates and also recombinant Hsp90β and Hsp90α [40]. Recombinant human 

Hsp90α was pre-incubated with 200 μM compound and exposed to proteolysis by pronase 

(Fig. 1). Protection from protease degradation indicates compound binding stabilizes a 

protein conformation more resistant to proteolysis [43]. NSC145366 protection of Hsp90α 
was clearly observed (Fig. 1B, lane with 1:30,000 dilution factor). A similar observation was 

made using the NTD inhibitor AUY922 (200 μM) although a protection pattern distinct from 

that seen with NSC145366 implicates a different mode of binding (Fig. S1). MST analysis 

was also used to determine the Kd of NSC145366 binding to Hsp90. To determine the 

compound binding affinity, Hsp90β was labeled and mixed with varying concentrations of 

compound. MST signals were plotted and indicated a value of approximately 3.8 μM (Fig. 

S2). The control compound 17-AAG yielded a Kd of 140 nM similar to the value published 
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previously and a manufacturer technical note for a closely related analog, 17-DMAG 

[44,60].

DARTs assays with recombinant GST tagged Hsp90α CTD and NTD, consisting of amino 

acids 626–732 and 9–236 respectively, were pursued to further characterize NSC145366 

interactions with Hsp90. The ligand binding in different Hsp90 domains appear to elicit 

different mechanisms of cellular action [7,32,35,61]. NSC145366 protects the Hsp90 CTD 

from pronase degradation at levels comparable to known CTD inhibitor KU-32 [62] and as 

expected, AUY922 does not (Fig. 1C). There is no protection observed when NSC145366 is 

pre-incubated with the Hsp90 NTD using identical experimental conditions, whereas 

AUY922 does protect the NTD from pronase degradation (Fig. 1D). These results 

demonstrate that protection of full-length Hsp90 is mediated by the interaction of 

NSC145366 with the CTD. The lack of compound protection of the NTD is consistent with 

iNSC145366 binding specifically in the CTD. We also demonstrated that NSC145366 

protects Hsp90 in tumor cell lysates but does not protect actin from degradation under the 

same proteolytic conditions [40].

3.2. NSC145366 inhibits Hsp90 CTD anti-aggregation activity and FL Hsp90 chaperone 
activity

After establishing a direct interaction between NSC145366 and Hsp90 CTD, we assessed 

the effect of binding on Hsp90 functional activity. Previous studies have shown CTD 

nucleotide-binding site inhibitors, including novobiocin and coumarin derivatives, inhibit the 

anti-aggregation function of Hsp90 CTD through disruption of dimerization [15]. Hsp90 

CTD anti-aggregation function can be measured using an ADH aggregation assay [45]. At 

elevated temperatures, ADH forms aggregates that can be detected using light absorption at 

360 nm. This aggregation is greatly reduced in the presence of chaperone proteins including 

the Hsp90 CTD [12,15].

The ADH aggregation assay demonstrated that GST-Hsp90α-CTD can induce an ~84% 

reduction in ADH aggregation as previously documented [45] (Fig. 2A-B). Addition of 

NSC145366 increases the level of ADH aggregation in a dose dependent manner from 10 

μM to 40 μM (Fig. 2B). At 40 μM, NSC145366 completely eliminates CTD chaperone 

activity while the positive control, Cm A1 (50 μM), is only able to increase ADH 

aggregation by ~ 40%. An independent chaperone assay based on DTT-induced aggregation 

of insulin also demonstrated that NSC145366 inhibits CTD chaperone activity (Fig. S3). In 

combination, these results effectively demonstrate that NSC145366 is a more potent in vitro 
inhibitor of CTD anti-aggregation function than Cm A1.

To demonstrate that NSC145366 inhibits Hsp90 chaperone function, we performed a 

luciferase refolding assay. Denatured luciferase was incubated with rabbit reticulocyte lysate 

as previously described [63]. This lysate-based assay demonstrates that Hsp90 inhibition 

occurs in the presence of the complex system of co-chaperones and other cellular 

components that are involved in normal protein folding. The known Hsp90 inhibitors 17-

AAG, AUY922, and Cm A1 were all used as positive controls. Addition of NSC145366 to 

the lysate system showed that NSC145366 decreased luciferase activity as compared to 

vehicle treated lysates. The level of inhibition achieved by NSC145366 was greater than C-
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terminal inhibitor Cm A1 at 25 and 50 μM concentrations, and was comparable to that of N-

terminal controls when used at 75 μM (Fig. 3). The complete time course data are available 

in Fig. S4.

3.3. NSC145366 induces oligomerization of Hsp90

Since C-terminal-based inhibitors have been shown to disrupt Hsp90 dimerization [7,15,32] 

and eliminate N-terminal ATPase function, we investigated the compound effect on Hsp90 

dimerization. Previous studies have shown that the CTD and Hsp90 dimerization can be 

assessed using crosslinking [15,33]. Dimerization status of His6-tagged Hsp90β CTD or 

full-length recombinant Hsp90α were evaluated. The CTD protein was pre-incubated with 

compound and exposed to amine reactive crosslinking as described [15,33]. The addition of 

crosslinker captured the dominant oligomerized state of the CTD as evidenced by the 

presence of a slower migrating species compared to the uncrosslinked monomeric species, 

as previously observed for the Hsp90β isoform [15](Fig. 4A). Surprisingly, the addition of 

NSC145366 resulted in a band representing a species with markedly decreased mobility 

suggesting an even higher order oligomerized species (Fig. 4A lane 6). Interestingly, Cm A1 

increases the level of monomeric Hsp90 CTD and slightly increases the monomer level of 

full-length Hsp90α, while N-terminal inhibitor 17-AAG had no effect on dimerization or 

oligomerization as expected (Fig. 4A-B). The disruption of dimerization by Cm A1 has been 

previously described [15] and validates our crosslinking conditions. Aminocoumarins are 

widely reported to inhibit nucleotide binding [7,35,62,64,65] but it is not clear if this 

inhibition is a result of direct overlap in binding sites or if it involves an allosteric 

mechanism [59]. The compound-induced oligomerization of full-length Hsp90α (Fig. 4B 

lane 6) was less evident than the oligomerization level induced for the Hsp90β CTD. 

Hsp90α does not oligomerize as readily as Hsp90β and prefers the dimer state [66,67]. In 

addition, the CTD binding site may be more accessible when separated from the full-length 

protein.

We also investigated the effect of compound in crosslinking experiments comparing GST-

Hsp90α CTD with GST-Hsp90α NTD. We confirmed that induced CTD oligomerization 

increases in a dose dependent manner from 10 μM to 100 μM (Fig. 4C) while NSC145366 

had no effect on oligomerization of the NTD (Fig. 4D). The Cm A1 control compound 

increases the level of CTD monomers but also appears to decrease oligomerization of the 

NTD. To further ensure that induced oligomerization is specific to the Hsp90 CTD, we 

investigated the effect of NSC145366 on the oligomerization of BSA, which has a well- 

established oligomerization pattern [68–70]. NSC145366 does not induce oligomerization of 

BSA (Fig. S5). In total, these results show the induced oligomerization of Hsp90 is a novel 

and specific effect promoted by NSC145366 binding to the CTD in both Hsp90 isoforms.

3.4. NSC145366 allosterically modulates Hsp90 ATPase function

Previous Hsp90 inhibitors have been shown to inhibit N-terminal ATPase activity via two 

distinct mechanisms. NTD-based inhibitors compete with ATP-binding to prevent ATPase 

activity, while CTD-based inhibitors disrupt dimerization preventing the necessary 

conformational switch to a closed Hsp90 conformation and abrogate N-terminal ATPase 

function [7,15,47,71].
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The considerable shift in Hsp90 oligomerization induced by NSC145366 suggests large 

conformational changes in the protein. To assess the effect of the compound on Hsp90 

ATPase activity, we employed the Transcreener™ ADP assay for Hsp90 ATPase activity 

using an endpoint fluorescence readout [47]. Both Hsp90β and Hsp70 had readily detectable 

ATPase activity in a protein concentration dependent manner (Fig. 5A) in the 

Transcreener™ assay. A protein concentration with sufficient signal for inhibition activity 

assays was chosen to assess the effects of NSC145366 on ATPase function (0.5 μM Hsp90β 
and Hsp70). As expected, known NTD-based Hsp90 inhibitor 17-AAG inhibits Hsp90β 
ATPase function (IC50 ~11 μM) similar to previously published IC50 [19,72]. Interestingly, 

NSC145366 also inhibits Hsp90β ATPase function (IC50~109 μM) (Fig. 5B). The IC50 of 

~109 μM corresponds to compound concentrations which induced oligomerization of the 

CTD in crosslinking experiments. To determine specificity of compound inhibition, 

NSC145366 was also measured against Hsp70 and was found to have no inhibitory activity 

up to 200 μM (Fig. 5C). As expected, the known Hsp90 inhibitor 17-AAG had no effect on 

Hsp70 ATPase function. These results confirm that NSC145366 inhibits Hsp90 N-terminal 

based ATPase function.

To ensure this inhibition of ATPase function was not occurring through direct competition at 

the N-terminal ATP-binding site, ATP-site competitive fluorescence polarization, and ATP-

agarose pulldown assays were executed. As expected, ATP competitive inhibitors, GA and 

AUY922, compete with fluorescently labeled GA, FITC-GA. NSC145366 does not compete 

with FITC-GA binding, confirming that the observed inhibition of ATPase activity is not 

occurring by binding to the ATP site (Fig. 5D). We also performed a direct ATP-binding 

assay in which 200 μM of each compound was pre-incubated with 6 μM of CTD or NTD 

and assessed the capacity to inhibit the pulldown of the protein domains by ATP-agarose. As 

expected, AUY922 competes with ATP binding to the NTD but not the CTD. Cm A1, a 

known CTD ATP-binding site competitor, inhibits CTD binding to ATP but not the NTD 

consistent with its known mode of interaction. Interestingly, NSC145366 does not disrupt 

NTD or CTD binding to ATP, indicating that NSC145366 is binding to a site within the CTD 

other than the nucleotide-binding site (Fig. 5E).

These results are consistent with NSC145366 behaving as an allosteric modulator of Hsp90 

NTD ATPase activity through a novel CTD binding mechanism. The NSC145366 site does 

not compete with the nucleotide binding on the Hsp90 CTD but inhibits chaperone activity 

and NTD ATPase activity while inducing oligomerization of Hsp90. Previously 

characterized NTD inhibitors directly compete with ATP at the N-terminal site to inhibit 

ATPase activity while the CTD inhibitors used here bind to the CTD nucleotide-binding site 

and inhibit dimerization [7,35].

3.5. NSC145366 exhibits broad activity across the NCI-60 cancer cell panel and correlates 
with established Hsp90 inhibitor profiles

NSC145366 was previously screened against the NCI-60 panel of tumor cell lines and 

shown to have activity in nearly all cell lines (PubChem CID: 5351240). We further 

evaluated NSC145366 NCI-60 sensitivity profile using CellMiner [73] for the possible 

relationships of tumor-cell growth inhibition with over 20,000 drugs and chemicals from the 
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DTP database. The DTP data indicated that NSC145366 had robust GI50 values ranging 

from Log10 − 6.7 to − 5.6 with an average GI50 corresponding to 1.12 μM (Table S3) across 

the tested NCI-60 cell lines. To query CellMiner, the GI50 values for NSC145366 were 

converted to a z-score and submitted as a vector to search for compounds with a similar 

pattern of response across the NCI-60 cell lines. Although NSC145366 is not included in 

CellMiner, a query returned compounds screened by the DTP with vectors of GI50 values 

that strongly correlated with NSC145366 GI50 values. More importantly, upon analysis with 

the CellMiner tool, the established Hsp90 inhibitors such as GA analogs, macbecin and 

herbimycin were found to return highly correlated GI50 vectors. The average Pearson 

correlation coefficient for these known inhibitors is 0.438, which is considerably higher than 

that for all other compounds (mean 0.141) in the CellMiner database (two-sample t test; t = 

8.7477, df = 16.056, p-value = 1.662e-07; see methods). To further analyze the activity of 

NSC145366, we performed hierarchical clustering on the NCI-60 activities of NSC145366, 

the top ten compounds with the highest Pearson correlation coefficient to NSC145366, and 

known Hsp90 inhibitors and GA analogs in the CellMiner database. GI50 values were 

converted to z-scores using the mean and standard deviation of the 28 compounds in this 

analysis. Clustering on the Euclidean distance of the z-scores revealed both compound 

potency and cell line specificity. This analysis was performed using CellMiner Companion 

[49] and was visualized as a heatmap which demonstrated that macbecin I (NSC330499; r2 

= 0.573), macbecin II (NSC33050; r2 = 0.519) and a geldanamycin analog (NSC330512; r2 

= 0.626) were the most similar in cell-line specificity among the known Hsp90 inhibitors 

(Fig. S6). The robust GI50 values and correlation with established Hsp90 inhibitors support 

that NSC145366 is a Hsp90 inhibitor. Macbecin exhibits off target toxicities involving redox 

cycling and arylation of nucleophiles so it has been limited in clinical use [74] and it has 

been demonstrated to have several different binding features compared to geldanamycin 

[75]. Although NSC145366 had reasonable correlation with both NTD inhibitors, stronger 

correlation is not expected because of the different mode of binding to Hsp90. We also note 

that the NCI DTP had tested NSC145366 for preliminary assessment of toxicity and 

antitumor activity in mouse xenograft models. NSC145366 (3.12 mg/kg) appears to have 

very limited antitumor activity (68% treated/control) in a Lewis lung carcinoma mouse 

model and is toxic at 6.25 mg/kg or higher concentrations (http://dtp.cancer.gov).

To further verify the cancer cell line sensitivity profile, we requested the National Cancer 

Institute to rescreen against the NCI-60 tumor cell panel including prostate and breast cancer 

cell lines as described previously [32,48]. The re-screened results were very similar to the 

original screen and showed broad-spectrum cell growth inhibition activity across the NCI-60 

tumor cell lines similar to KU174, a CTD inhibitor that disrupts Hsp90 dimerization [32] 

(Table S3). GI50 values ranged from 0.20 μM to 1.86 μM. Notably, NSC145366 seems to 

have the most activity across colon cancer cell lines, followed by leukemias and melanomas. 

In the prostate cancer cell lines, PC3 and DU-145, NSC145366 showed GI50 of 1.85 μM and 

1.38 μM respectively. Based on previous prostate cancer studies using several CTD 

inhibitors [32,33,76], we focused on assessment of NSC145366 in LNCaP cells to further 

characterize its cellular effects.
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3.6. NSC145366 reduces AR and BRCA1 expression while generating a non-traditional 
heat shock response

Decreased Hsp90 client expression is a hallmark of Hsp90 inhibition. To determine if 

NSC145366 inhibited Hsp90 function in LNCaP cells, levels of Hsp90 clients including the 

Androgen Receptor (AR), BRAF, Akt and BRCA1 were examined after 48 h cell treatment 

(Fig. 6). Following NSC145366 treatment (1 μM and 3 μM), a decrease in AR expression to 

a 50% level compared to DMSO was observed. Though this decrease is modest, it is 

consistent with recently published CTD inhibitor KU675 treatment of LNCaP cells [33]. 

BRAF and Akt do not show significant downregulation in the presence of NSC145366. 

BRCA1 expression is considerably decreased in the presence of both GA (9% level) and 

NSC145366 (15% level at 3 μM). Because this decrease in BRCA1 expression is more 

pronounced than the decrease in AR expression levels, and NSC145366 does not affect 

BRAF or Akt expression, NSC145366 may be exhibiting some selectivity with respect to 

client degradation. The selective client down-regulation exhibited by NSC145366 could lead 

to a therapeutic advantage but further investigation is needed to elucidate the selectivity 

mechanism.

Interestingly, the induction of a classical heat shock response (induction of Hsp70, Hsp27, 

and Hsp40) was not detectable compared to the NTD Hsp90 inhibitors, GA, which did 

induce the classical heat shock response (Fig. 6 lane 2), NSC145366 only appears to induce 

Hsp40 expression after 48 h cellular treatment at the highest concentration (3 μM) (Fig. 6 

lane 4). It should be noted that classical heat shock response was also observed for GA after 

24 h (Fig. S7) and all treatment concentrations did not induce cellular apoptosis (Fig. S8). 

Because Hsp40 induction was only observed at the highest concentration and 5 μM 

NSC145366 treatment is completely cytotoxic to LNCaP cells (data not shown), this Hsp40 

response is attributed to a general heat shock response caused by overwhelming cellular 

stress induced by compound toxicity. The response would not represent the classical 

compensatory effect to Hsp90 inhibition as evidenced by a lack of induced Hsp70 

expression. In addition, it should be noted that Hsp40 levels are not commonly assessed in 

most studies investigating heat shock responses [32,33,35].

3.7. The symmetrical core of NSC145366, Bisphenol A (BPA) di-(2-hydroxyethyl) ether, is 
an important molecular determinant to inhibit Hsp90 function

To further test the hypothesis for the existence of a CTD specific binding site, chemical 

structure variants of NSC145366 were evaluated in the biochemical assays. The initial 

assumption is that the symmetrical features of NSC145366 have some role in binding; this 

assumption was used to guide selection of a minimal set of compounds for analysis. 

Bisphenol A core and the diglycidyl ether are both symmetrical agents that contain the 

central core. Four additional symmetrical analogs were also synthesized (A1, A2, A3 and 

A8) to vary the cLogP (1.6–5.1), LogS ( − 4.1 to − 5.6) and basicity values (2–3 ionizable 

functional groups with pKa varying from 3.1 to 14) (Fig. 7A). Each of these analogs was 

screened for inhibitory properties in both the ADH chaperone activity assay and the ATPase 

assay. A1–3 and A8 inhibited Hsp90 CTD chaperone activity at 40 μM but were less 

efficient than NSC145366 at lower concentrations (Fig. 7B). A2 is the most potent of the 

analogs demonstrating inhibition to ~75% of NSC145366 levels. BPA did not exhibit 
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inhibition and BADGE exhibited slight inhibition at 40 μM (Fig. S9). When the panel was 

tested using the Transcreener™ ADP assay, it was evident that analogs A1–3 and A8 were 

able to allosterically modulate N-terminal Hsp90 ATPase function similarly to NSC145366 

(Fig. 8A). Consistent with the ADH assay, A2 was the most potent (IC50~216.3 μM) and A8 

was the least effective (IC50~262.1 μM). Again, the BPA core was not able to exhibit 

considerable inhibition (Fig. 8B).

To assess if all the analogs affected oligomerization of Hsp90 at similar levels to the parent 

compound, we also tested them in the crosslinking assay using the His6-tagged Hsp90β 
CTD under similar conditions as Fig. 4A. The CTD monomer band was eliminated in the 

lanes containing NSC145366, A1, A2 and A8 and increased signal was observed in bands 

corresponding to the higher order oligomeric species (Fig. 8C). However, a dramatic reversal 

in behavior was observed for A3 in which oligomer formation was completely inhibited and 

the compound actually behaves in a very similar manner to the Cm A1 control. A3 appears 

to disrupt dimer formation more efficiently than Cm A1 (Fig. S10). This result implicates a 

binding site capable of triggering disparate allosteric changes in Hsp90 depending on the 

composition of the terminal moieties of the analogs. The disruption of dimerization by A3 

should result in inhibition of the NTD ATPase activity because CTD dimerization is required 

for trapping ATP at the NTD and for maximal ATP hydrolysis [77]. Further studies are 

needed to assess the roles of oligomer formation (or not) in the biochemical mechanisms of 

action.

While NSC145366 and all four active analogs share the BPA di-(2- hyroxyethyl) ether core, 

it does not appear to impart the inhibitory capacity of NSC145366 or the analogs tested to 

date. The comparison offered by this minimalistic structure-activity analysis implicates the 

variant regions in A1–3 and A8 as determinants for functional antagonism in both assays. If 

the BPA core alone is capable of binding to the CTD, it is not sufficient to induce inhibition 

of chaperone activity or the NTD ATPase activity. It is also noted that a relatively wide range 

of structural variants are tolerated and can alter the course for oligomerization vs CTD dimer 

disruption. This chemical scaffold warrants further investigation to delineate a binding 

site(s) and suitable SAR of NSC145366 to better inform a pharmacophore model with 

improved biological properties and assess if improved potency and selectivity can reduce 

toxicity and retain inhibitor-mediated client degradation.

3.8. In silico modeling of Iigand-Hsp90 interactions

The biochemical results with NSC145366 and the additional symmetrical analogs provided a 

basis for identification of the Hsp90 binding site. The experimental data constrain the 

binding model to account for the symmetrical features of NSC145366, existing in a location 

in the CTD of Hsp90 distinct from the ATP and/or Cm A1 sites, and with potential to 

modulate the dimeric features. The Hsp90α hexameric crystal structure (PDB ID: 3Q6N) 

[51] was used after removal of chains to render the middle domain and CTD dimer structure. 

A search for binding “hot spots” was conducted using FTMap for an unbiased screen [58] of 

the complete surface of the middle domain and CTD dimer (Fig. S11). Of the binding sites 

identified, one hot spot site emerged as the main candidate due to its location at the tips of 

the CTD, where a dimer interface exists. This region displays inter-subunit distances that fall 
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within the variable regions in NSC145366 and A1–3, A8. It is also comprised of 

symmetrically disposed areas on each HSP90 monomer. None of the other identified hot 

spots appears near the CTD and/or bear symmetry features, which can accommodate 

NSC145366 or its analogs. A further constraint on the search for the binding site is based 

upon the minimal protein construct used for our DARTs and crosslinking experiments, 

which encompassed residues 626–732 (GST-Hsp90α CTD) (Fig. 9A). The proposed 

NSC145366 binding site is proximal to, but distinct from, the proposed binding sites of 

other C-terminal binders [7,64,65,78] and the recently modeled putative nucleotide-binding 

site within the CTD [59]. The identified hot spot is comprised of residues 672, 676, 677, 

678, 681, and 688, whereas the nucleotide-binding site consists of residues 611, 615, 624, 

627, 632, and 680 [59] (Fig. 9B and S11). These relationships would suggest that 

NSC145366 does not compete with ATP for the same binding site, also consistent with the 

ATP-agarose pulldown results.

The four new analogs (A1–3, A8) docked readily in the same location as NSC145366, with 

near perfect overlap of their respective BPA cores and similar docking scores (− 10.923 

± 0.927). There was notable variation in side chain positions interacting with two distinct 

symmetrically disposed areas on each monomer (Fig. 9C). The surface areas for molecular 

contacts consist of residues A608, N609, E611, G675, and F676 (A), and Q501, L672, P681, 

and Q682 (B). However, the residues involved in hydrogen bond and salt bridge formation 

are shared among the five ligands and include E497, Q501, L672, G675, S677, and Q682. 

Previous docking simulations combined with experimental data suggest a partially 

unstructured region (617–630) that is stabilized by nucleotide binding [59] and may enhance 

dimerization. The unstructured region was filled in as previously described [59] and the 

ATP-binding site colored pink showing that it is adjacent to but distinct from the 

NSC145366 binding site (Fig. S12).

Based on the biochemical evaluation of the ligands, it is evident that the BPA scaffold alone 

is insufficient to induce N-terminal effects. The molecular fragments that engaged the A and 

B sub-pockets are implicated in important roles for eliciting the effects seen with 

NSC145366 and analogs. In addition, the models indicate that the A3 terminal moieties 

extend in a pose that is distinct from the other analogs and warrants further investigation to 

determine how the furan ring impedes dimerization. The current docking model also reveals 

important information about the BPA scaffold. While the BPA scaffold alone is insufficient 

for inhibition of Hsp90, it does interact with the dimer in a conserved manner and is 

instrumental in directing the proper orientation of the side chains. Further, it is important to 

note that the binding site is composed of identical and symmetrically disposed residues in 

both dimer subunits, which accounts for the importance of the symmetrical BPA core. 

Confirmation of the proposed binding site and additional mechanistic insights to reveal how 

these molecules modulate the Hsp90 oligomerization state and induce allosteric effects on 

the NTD ATPase will be the subject of a separate focused study requiring additional 

experimental approaches.
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4. Conclusion

The inhibition of Hsp90 has been a long-sought therapeutic strategy and efforts have mainly 

focused on compounds that bind to the NTD; more recently, attention has refocused to other 

Hsp90 domains. In addition to the novobiocin-based derivatives that target the CTD 

[7,33,65], recent efforts have identified alternative modes of inhibition including the 

identification of compounds that bind to the Hsp90 middle domain [37,79] and the CTD 

[35,80,81]. Most CTD-based inhibitors compete with ATP-binding although the precise 

binding location and ability to directly bind to the nucleotide-binding site is unclear [59]. 

Several CTD inhibitors appear to disrupt dimer or oligomer formation while others have not 

been assessed for this property. We describe a unique mechanism of Hsp90 inhibition that 

increases the oligomerization state of Hsp90 and our biochemical binding studies in concert 

with in silico modeling suggest a noncompetitive binding site with respect to ATP at the 

dimer interface. The minimal domain construct used in this study that binds NSC145366 

also contains the dimerization domain, nucleotide-binding site and exhibits chaperone-like 

anti-aggregation activity. In addition, we have evidence that the NSC145366 binding site is a 

particularly sensitive allosteric site because substitution to a furan moiety in the case of A3 

results in disruption of CTD dimerization. Since in silico modeling cannot explain the 

oligomerization process, further investigation is required to probe the mechanistic details. 

Hsp90 appears to have multiple allosteric regulation points that are part of its conformational 

cycle; these may be modulated by interactions with co-chaperones [82,83] and mutations 

appear to affect oligomerization [83]. Although Hsp90 is a homodimer, it also exists in other 

oligomeric forms that are important for its biological activity including the ability to interact 

with clients and/or co-chaperones [66,84,85]. This ligand class exploits the natural 

oligomerization properties of Hsp90 resulting in a unique and promising approach to Hsp90 

inhibition with selective client down- regulation. NSC145366 has a narrow NCI-60 

selectivity GI50 range and very limited efficacy in the NCI xenograft models but due to its 

novel mechanism of action and chemical structure it offers insight into a unique approach to 

Hsp90 inhibition. This alternative site to modulating Hsp90 function could potentially 

improve the scope and utility of Hsp90 targeted probes and future experimental therapeutics.
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Fig. 1. 
NSC145366 interacts with human Hsp90α and specifically binds to the Hsp90 CTD. A) The 

chemical structure of NSC145366. B) The DARTs assay demonstrating NSC145366 binds 

to Hsp90α. Hsp90α was incubated with 200 μM of compound and pronase added at the 

indicated dilution factors (DF). Addition of NSC145366 results in protection of Hsp90α. C) 

The presence of NSC145366 protects GST-Hsp90α CTD (626–732) from proteolysis in the 

DARTs assay. KU-32 is a known CTD binder and AUY922 is a NTD binder. D) 
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NSC145366 does not inhibit the proteolysis of GST-Hsp90α NTD (9–236) in the DARTs 

assay but AUY922 does inhibit proteolysis of the NTD.
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Fig. 2. 
NSC145366 inhibits Hsp90 CTD anti-aggregation function. A) The ADH aggregation assay 

was used to monitor CTD chaperone activity. ADH aggregation was induced by incubation 

at 55 °C and the level of aggregation monitored by measuring absorbance. A representative 

set of curves are shown showing inhibition of chaperone activity with 40 μM of NSC145366 

compared to lack of compound or the CTD. B) Graph showing quantitation of all 

absorbance curves. Mean values at 90 h (n = 3) are shown and the SEM error bars are 

displayed. *significant between untreated (Hsp90 C-terminus alone) and compound treated 

groups P ≤ 0.0001.
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Fig. 3. 
NSC145366 inhibits Hsp90 chaperone function. Luciferase refolding in rabbit reticulocyte 

lysate following pre-incubation with Hsp90 inhibitors. Mean values at 90 min are shown and 

SEM error bars are displayed. *significance between the DMSO control and compound 

treated lysates P < 0.006.
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Fig. 4. 
NSC145366 increases the oligomerization state of the Hsp90 CTD. A) Crosslinking of the 

His6-Hsp90β CTD in solution followed by SDS-PAGE. Addition of the BS3 crosslinker 

captures CTD oligomerization compared to no crosslinking. Addition of NSC145366 

increases the oligomerization state while decreasing monomer and dimer states. B) 

Crosslinking of full length Hsp90α demonstrates the presence of a higher-order oligomer 

when NSC145366 is added. C) Crosslinking of the GST-Hsp90α CTD. Presence of 

NSC145366 increases the oligomerization state whereas Cm A1 increases monomer levels. 

AUY922 has no effect on oligomerization level. D) Crosslinking of GST-Hsp90α NTD 

results in higher order oligomers. Note that GST can dimerize and is effectively substituting 

for the native Hsp90 CTD in this case. NSC145366 does not affect oligomerization of the 

NTD but Cm A1 decreases oligomerization despite being a CTD inhibitor. Veh = DMSO 

vehicle used to dissolve compounds. All proteins were used at 2 μM concentration.
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Fig. 5. 
NSC145366 allosterically inhibits Hsp90 ATPase function. A) Concentration dependent 

assessment of Hsp90β and Hsp70 ATPase activity using the Transcreener™ assay. RFU = 

relative fluorescence units. 0.5 μM of protein generated sufficient signal for subsequent 

inhibitor activity experiments. B) Inhibition of Hsp90β ATPase activity by 17-AAG and 

NSC145366. N = 3 with SEM error bars. C) ATPase activity of Hsp70 is not affected by 

NSC145366 or 17-AAG. N = 3 with SEM error bars. D) Competitive displacement assay of 

FITC- GA. AUY922 and GA displace FITC-GA from Hsp90β but NSC145366 does not 
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displace. Competitive inhibitor concentrations range from 3 nM to 3 μM and are presented 

as Log (competing ligand) (nM) SEM is represented by the dashed trendlines. E) ATP-

agarose pulldown assay of the Hsp90 CTD and NTD. Addition of NSC145366 does not 

inhibit pulldown of either domain. AUY922 inhibits NTD pulldown and coumermycin A1 

preferentially inhibits the CTD pulldown. Hsp90 CTD or NTD (6 μM) were pre-incubated 

with 200 μM compound before pulldown with ATP-agarose. ATP-agarose pulldowns were 

performed three times and similar results were observed.
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Fig. 6. 
NSC145366 mediates AR and BRCA1 degradation without inducing classical heat shock 

response. LNCaP cells were incubated with indicated treatments for 48 h. Cell lysates were 

prepared and Protein levels were quantified in the linear dynamic range of a digital imager. 

The percentage expression level compared to DMSO is displayed for notable signals. 

Western blots were performed on a minimum of three independent biological replicates and 

similar results were observed for all replicates.
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Fig. 7. 
Inhibition of Hsp90 CTD chaperone activity is driven by BPA di-(2-hydroxyethyl)ether. A) 

Structure of NSC145366 and four symmetrical analogs (A1, A2, A3 and A8); all contain the 

same Bisphenol A (BPA) di-(2-hydroxyethyl) ether core but differ in their terminal moieties. 

B) Inhibitor activity of the analogs in the ADH chaperone assay. Cm A1 = coumermycin A1. 

All assays used identical conditions including 500 nM of Hsp90 CTD. *significant between 

untreated (Hsp90 C-terminus alone) and compound treated groups P ≤ 0.02 ‡significant 

between NSC145366 and analog groups P ≤ 0.003.
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Fig. 8. 
The BPA di-(2-hydroxyethyl) ether drives allosteric modulation of Hsp90 ATPase function 

in the context of side chains but BPA alone is not sufficient for inhibitory activity. A) 

Inhibition of ATPase activity by the analogs compared to NSC145366 and BPA. IC50 for 

each analog is shown. BPA does not have a measurable IC50. N = 3 with SEM error bars. B) 

ADH aggregation assay examining the ability of BPA to inhibit ADH aggregation. Minimal 

inhibition occurs at 40 μM. C) Crosslinking assay demonstrating the oligomerization of 

His6-Hsp90β CTD in the presence of all analogs and compounds. 66 μM of BS3 crosslinker 
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was used in these samples. An identical experiment using 200 μM of BS3 (Fig. S10) enabled 

improved visualization of the A3-mediated dimer disruption.
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Fig. 9. 
In silico model of ligand binding to the CTD. A) Structure of the middle domain and CTD 

of Hsp90α. Yellow represents residues (530–625) in the CTD that that are missing in the 

minimal CTD construct that can be bound by NSC145366 (GST-Hsp90α CTD 626–732). B) 

Structural view showing the residues predicted to contact the ligand (Brown) and the 

residues that are involved in nucleotide binding (Pink). An alternative view is depicted in 
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Fig. S12. C) Close-up view of all ligands docked with near identical overlap between their 

respective BPA cores.
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