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Abstract

Gain-of-function mutations within the olfactomedin (OLF) domain of myocilin result in its toxic 

intracellular accumulation and hastens the onset of open-angle glaucoma. The absence of myocilin 

does not cause disease; therefore, strategies aimed at eliminating myocilin could lead to a 

successful glaucoma treatment. The endoplasmic reticulum Hsp90 paralog Grp94 accelerates OLF 

aggregation. Knockdown or pharmacological inhibition of Grp94 in cells facilitates clearance of 

mutant myocilin via a non-proteasomal pathway. Here we expand our support for targeting Grp94 

over cytosolic paralogs Hsp90α and Hsp90β and then developed a high-throughput screening 

assay to identify new chemical matter capable of disrupting the Grp94/OLF interaction. When 

applied to a blind, focused library of 17 Hsp90 inhibitors, our miniaturized single-read in vitro 
thioflavin T -based kinetics aggregation assay exclusively identified compounds that target the 

chaperone N-terminal nucleotide binding site. In follow up studies, one compound (2) decreased 

the extent of co-aggregation of Grp94 with OLF in a dose-dependent manner in vitro. In cells 

stably expressing the full-length myocilin variant I477N, compound 2 enabled clearance of the 

aggregation-prone mutant protein without inducing the heat shock response or causing 

cytotoxicity. Comparison of the co-crystal structure of compound 2 and another non-selective hit 

in complex with the N-terminal domain of Grp94 reveals a docking mode tailored to Grp94 and 

explains its selectivity. A new lead compound has been identified, supporting a targeted chemical 

biology assay approach to develop a protein degradation-based therapy for myocilin-associated 

glaucoma by selectively inhibiting Grp94.
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INTRODUCTION

Mutations in myocilin are causative for ~3–10% (~3 million patients) of the early-onset, 

heritable form of open angle glaucoma, a leading cause of blindness worldwide1–3. Myocilin 

is a protein secreted to the trabecular meshwork (TM)4–8, an extracellular matrix (ECM) 

located in the anterior eye segment. Though the specific function of myocilin in the ECM is 

not known3, the overall role of TM tissue is to regulate the outflow of nutrient-rich aqueous 

humor fluid4. Dysregulation of fluid outflow leads to ocular hypertension, currently the only 

known and clinically-addressable risk factor for glaucoma9, 10. Myocilin pathogenicity 

arises from coding mutations localized within the ~30 kDa myocilin C-terminal 

olfactomedin (OLF) domain11. OLF-directed mutations compromise protein stability12–14, 

resulting in its aggregation and accumulation in the endoplasmic reticulum (ER) of TM 

cells15, 16, which induces ER stress17–23 and ultimately causes cell death15, 19. Loss of TM 

cells is proposed to lead to loss of homeostatic control of intraocular pressure24, and initiates 

an accelerated path to vision loss and glaucoma.

The ER-associated degradation (ERAD) cellular system should efficiently respond to the 

insult of protein misfolding and aggregation25. In the case of mutant myocilin, however, 

glucose regulated protein 94 (Grp94)26, 27, the ER-resident heat shock protein 90 (Hsp90) 

molecular chaperone paralog, fails in its attempt to triage mutant myocilin for ERAD18. 

Grp94 and mutant myocilin co-aggregate and are retained in the ER18, 28 (Figure 1a). 

Cellular observations are recapitulated in vitro using an aggregation assay with purified 

proteins: Grp94 accelerates the rate at which the myocilin OLF domain forms thioflavin-T 

(ThT) positive amyloid aggregates, and Grp94 is recruited into the end-point aggregated 

material28. In cells, knockdown of Grp94 with siRNA or inhibition of Grp94 by 

pharmacologic intervention results in degradation of toxic mutant myocilin via autophagy, 

thus rescuing Grp94 from its co-aggregation fate18, 28. In vitro, pharmacologic inhibition of 

Grp94 rescues Grp94 from co-aggregation28. Grp94 has therefore been identified as a viable 

therapeutic target for the treatment of myocilin-associated glaucoma28–30, namely, as a 

means to enable mutant myocilin degradation and prevent TM cell death. Although Hsp90 

isoforms share >85% sequence identity in nucleotide binding site region31, Grp94 is unique 

as a drug target because it is essential to cells only during early organismal development32, 

and its N-terminal domain nucleotide binding pocket includes a 5 amino acid insertion that 

has been exploited for selective inhibition33–35.

Here we first bolstered the premise of selective Grp94 inhibition to ameliorate mutant 

myocilin accumulation by comparing results of knockdown of cytosolic isoforms Hsp90α 
and Hsp90β on mutant myocilin degradation and their corresponding effects on OLF 

aggregation in vitro. We then developed a 384-well high-throughput screening (HTS) format 

single-readout biochemical aggregation assay with Grp94/OLF and used the assay to screen 

a focused library of Hsp90 family inhibitors to discover new chemical scaffolds capable of 

disrupting the Grp94/OLF interaction(s). Hits included only small molecules directed to the 

nucleotide-binding pocket. Secondary assays demonstrated dose-dependent rescue of Grp94 

co-aggregation with OLF. Cellular studies confirmed one selective hit (compound 2) that 

enabled mutant myocilin degradation and did not induce the heat shock response, a critical 

issue for Hsp90 family drug development. The structural basis of selectivity of this 
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compound was further revealed by comparing pan- and selective inhibitor-bound crystal 

structures. Taken together, our study has identified a promising chemical scaffold as well as 

supports a chemical biology approach for the discovery of other chemical matter with the 

potential to be developed into a disease-modifying therapeutic for myocilin-associated 

glaucoma.

RESULTS AND DISCUSSION

Effects of Cytosolic Hsp90s on Aggregation of OLF and Mutant Myocilin in Cells.

We first examined whether mutant myocilin aggregation is affected by levels of Hsp90α or 

Hsp90β, a scenario in which mutant myocilin is found in the cytosol36. Of particular interest 

was the result with Hsp90β, given analogous involvement with Alzheimer-associated tau37. 

Consistent with the observation that mutant myocilin aggregation predominantly occurs in 

the ER, knockdown of Hsp90α or Hsp90β does not promote mutant myocilin degradation 

nor its secretion in an inducible HEK293 cell model expressing I477N-mutant myocilin 

(iHEK) under a tetracycline promotor18, 38, 39 (Figure 1b, Supplementary Figure S1). 

Knockdown of Hsp90α or Hsp90β also increased levels of phosphorylated Ire1α (pIRE1α), 

an ER stress marker (Figure 1b, Supplementary Figure S1). By contrast, in vitro, OLF 

aggregation rates are enhanced in the presence of both Hsp90α and Hsp90β, and both 

proteins are observed in the end product (Figure 1c–d). The prominent enhancement 

observed with Hsp90β in vitro but not in cells suggests strict compartmentalization of 

aggregating mutant myocilin in the ER; otherwise, interactions between aggregating 

myocilin and Hsp90β would likely have led to significant toxicity37.

Design and Miniaturization of a Biochemical HTS Aggregation Assay.

After confirming the relevance of selective Grp94 inhibition to ameliorate myocilin 

aggregation, we developed a straightforward and statistically robust assay with a single end-

point fluorescence readout compatible with HTS robotics. Our previously reported OLF 

aggregation assay28 takes advantage of wild-type OLF aggregation at slightly elevated 

temperatures (42°C) as a proxy for mutant OLF misfolding40. However, it requires mg-scale 

quantities of proteins and continuously sampling ThT fluorescence for up to 96 hours and is 

thus not practical for nor compatible with the instrumentation available at HTS screening 

facilities. To adapt the assay for a HTS setup, first the signal window (difference between 

OLF+Grp94 and OLF-only sample readings) and plate-to-plate reproducibility were 

iteratively optimized in 96-well format by testing numerous variables (final parameters in 

Supplementary Table S1). The Z-factor metric (Zʹ)41 was used to quantify improvements, 

with >0.5 an acceptable threshold. One key improvement was altering the ratio of 

OLF:Grp94 from 1:128 to 10:3, keeping OLF at 30 μM (~1 mg mL–1). Reproducibility was 

further enhanced when purified proteins (stock solutions prepared at > 100 μM for OLF and 

> 50 μM for Grp94) were pre-equilibrated at 4°C for 96 h prior to mixing and assay 

initiation. Finally, 18 hours at 42°C is sufficient for the optimal signal window 

(Supplementary Figure S2). The coefficient of variation (CV) for the signal window 

averaged ~10% under optimized conditions.
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Next, the assay was converted to 384-well format (optimized parameters in Supplementary 

Table S2) for compatibility with Emory Chemical Biology Discovery Center (ECBDC) 

robotics and for reducing protein quantity (7.5-fold per well). Tissue-culture- (TC)- treated 

plates42 reproducibly yielded Zʹ scores of > 0.5 (average Zʹ = 0.65 over 2 plates, Figure 

2a). Perhaps the oxidized plastic of TC plates stabilizes OLF because it mimics the 

extracellular milieu into which myocilin is secreted4–8. The CV for the 384-well plate setup 

averaged ~9%.

Throughout assay optimization, the Grp94-selective inhibitor 4-Br-BnIm28, 29 was used as a 

positive control (Figure 2). This inhibitor attenuates the rate enhancement effect of Grp94 on 

OLF aggregation (Figure 2a) and it rescues Grp94 from co-aggregating with OLF (Figure 2b 

and reference28) in a dose-dependent fashion.

Hsp90 N-terminal Domain Inhibitors Identified in Focused Library Blind Screen.

As a proof-of-concept test of the miniaturized HTS assay, we screened 17 Hsp90 inhibitors 

prepared by authors V.M.C. and B.S.J.B. This library contained both N- and C-terminal-

directed Hsp90 inhibitors, and was blind to remaining authors involved in assay 

development and implementation (D.J.E.H., M.O.T., Y.D., H.F., R.L.L.) until after the screen 

was completed and results were ranked. An initial ThT fluorescence reading (t = 0 h) 

revealed that 4 of the small molecules (1, 5, 8, 17) were fluorescent under the assay 

conditions (25 μM compound), and were adjusted for in the final fluorescence reading 

(Figure 3a). A naïve readout of the screen results suggested 8 of the compounds (1–4, 6, 7, 9 
and 11) exhibited the desired property of reverting the rate of OLF aggregation similar to 

samples where Grp94 is absent (Figure 3b–c). However, a heat gradient was apparent across 

the microplate row, complicating data interpretation. Specifically, the experimental controls, 

especially for the Grp94+OLF condition (Supplementary Figure S3a), each of which were 

dispensed in an individual row in the 384-well plate, exhibit an increase in ThT signal 

across-the-row from well positions 2–20. After correcting for this heat gradient and 

fluorescence (see Assay Data Analysis section of Supplemental Methods), the list of assay 

hits was expanded to 1–7 and 9–11 (Table 1, Supplementary Table S3). For future screening 

campaigns, minimizing this incubator-induced heat gradient will be necessary, by using a 

different incubator. After correcting for heat gradient effects, the average Zʹ score (0.57) and 

CV (12%) lent confidence to the assignment of compounds as preliminary hits.

To confirm the expected rescue of Grp94 from co-aggregation with OLF28, the end-point 

aggregate from the primary assay was visualized by SDS-PAGE (representative gel in Figure 

3d, results for all compounds screened Supplementary Figure S3b–h, summary in 

Supplementary Table S3). Compounds 1–11 displayed the expected rescue of soluble Grp94. 

Compound 8, an Hsp90α/β inhibitor, was a false-negative in the assay, perhaps due to 

solubility or handling issues. Treatment with non-hits 12–17 failed to mitigate co-

aggregation of Grp94 with OLF. Upon treatment with hit compounds (Figure 3d, 

Supplementary Figure S3b–h), there is an increase in soluble Grp94, and less co-aggregated 

Grp94, at the assay endpoint.
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Secondary Dose-Response Assays Confirm Reduced Grp94/OLF Co-aggregation.

Representative hits with initial rank as top- (1), mid- (2, 7), or low-tier (4, 9) and negative 

control (15) were tested for dose-response rescue of soluble Grp94 in 96-well format using 

TC-treated plates. Post-assay products analyzed by SDS-PAGE (Figure 4 and 

Supplementary Figures S4 and S5) reveal dose-dependent rescue of Grp94 from co-

aggregation with OLF in the presence of hit compounds (soluble Grp94 increased from 

~33% to ~65%), irrespective of initial ranking. Compound 15 had no effect on Grp94 

solubility (Figure 4b–c and Supplementary Figure S4) and OLF solubility was not impacted 

by the presence of hit compounds, either in the presence or absence of Grp94 

(Supplementary Figure S4). This result reinforces the supposition that the HTS assay hits act 

via inhibition of Grp94.

Cell-based Assays Reveal a Promising Grp94-Selective Inhibitor Scaffold.

Inhibition of Grp94 with small molecules should enable the degradation of mutant 

myocilin18, 28 and thus reduce levels of accumulated intracellular mutant myocilin in cell 

culture, similar to the effect of 4-Br-BnIm. A selection of hit compounds (1, top-tier; 2 and 

4, mid-level; 9, low-ranking; 8, false-negative, 15, negative control), were used to treat iHEK 

cells18, 38, 39. Only treatment with compound 2 or 9 resulted in a statistically significant 

clearance of I477N-mutant myocilin (Figure 5a–b). Treatment with 2 at up to 30 μM did not 

induce the pro-survival heat shock response as tracked by levels of Hsp70 (Figure 5c) and 

was not cytotoxic (Supplementary Figure S6). In addition, loss of Grp94 activity due to 

inhibition by 2 did not induce ER stress, as evidenced by reduced levels of Grp78 (Figure 

5d), and no changes in pIRE1α (Figure 5e). By contrast, 9 induced the expression of Hsp70 

(Figure 5c,f) suggesting undesirable non-selective Hsp90-family inhibition.

After cell-based assays were concluded, the identities of the focused library molecules were 

disclosed. Compounds 1–11 are inhibitors of Hsp90 designed to target the N-terminal 

domain nucleotide-binding pocket. The top five ranked compounds based on the initial HTS 

assay are Grp94-selective. Compound 7 was revealed to be 4-Br-BnIm, the positive control 

used throughout assay development/optimization. Library members not positively identified 

as hits, 12–17, bind the C-terminal domain of Hsp90. Compounds 6, 8 and 9 are in early 

development and thus their chemical structures were not disclosed.

Proposed Structural Basis for Grp94 Selective Inhibition.

To gain molecular insight into the differing responses of compounds 2 and 4 in clearing 

mutant myocilin at 30 μM (Figure 5a,b,f), we solved co-crystal structures of Grp94 N-

terminal domain construct NΔ41 (see Supporting Information and Supplementary Table S4). 

Compounds 2 and 4 feature the decorated resorcinol base of pan-Hsp90 inhibitor 

radamide43, plus either the BnIm-like44 imidazole linker (2) or a pyridine (4), resulting in 

two distinct poses in the nucleotide binding site of NΔ41 (Figure 6). The resorcinol anchors 

both molecules by direct interaction with Asp149 and Thr245, an interaction stabilized by a 

modest hydrogen bonding network (Figure 6). Compound 2 projects its benzyl side chain 

into the Grp94-specific hydrophobic pocket, and is stabilized by a number of nonpolar 

residues (Figure 6d); electron density coverage of the terminal ethyl ether substituent is 
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absent, but the steric environment suggests a surface-directed orientation (Figure 6b–d). The 

benzyl moiety of 4, on the other hand, folds back away from the Grp94-exclusive pocket 

toward the solvent-exposed region of the nucleotide binding site and forms a cation-π 
interaction with Lys114. This residue is conserved among all Hsp90s (Figure 6f–h), 

suggesting that 4 is a pan-Hsp90 inhibitor and thus capable of inducing the heat shock 

response as indicated by Hsp70 induction (Figure 5c,f).

In summary, our data support the strategy of specifically inhibiting Grp94 to abrogate co-

aggregation of Grp94 and OLF. Our HTS ThT aggregation assay identified only molecules 

in the focused library that target the N-terminal nucleotide binding pocket, suggesting that 

the conformation of the N-terminal domain of Grp94 modulates its interaction with OLF. 

Thus, conformational dynamics localized to the C-terminal dimerization domain of Grp94, 

which are relevant to the overall conformational cycle of Hsp90s45, do not appear 

consequential with respect to the aberrant myocilin-Grp94 interaction. Compound 2, the 

most promising hit from secondary assays, is similar to 4-Br-BnIm, in vitro and in cells28. 

However, whereas the binding mode of 4-Br-BnIm in Grp94 is ambiguous beyond the 

resorcinol ring46, structural comparison of 2 versus 4 reveals that 2 interacts robustly with 

the unique secondary pocket of Grp94 furnishing selectivity; 4 forms a cation-π interaction 

with a conserved lysine residue that likely promotes non-selectivity among the Hsp90 

isoforms.

Screening our assay against a chemically diverse compound library should be able to 

identify not just Hsp90-family N-terminal-directed small molecules, but also compounds 

that target the Grp94-OLF protein-protein interaction interface, as well as compounds that 

inhibit OLF aggregation by only binding to OLF. Compounds in the first two categories 

should result in mutant myocilin degradation by intracellular non-proteasomal 

degradation18; the third category may stabilize mutant myocilin and avoid detection by 

Grp94. In the latter scenario, mutant myocilin should be secreted where either it will be 

functional and thus the compound will serve as a pharmacological chaperone47 or myocilin 

will be removed by TM cell phagocytosis48, a major biological function of such cells in the 

TM ECM.

METHODS

Recombinant Protein Expression and Purification.

OLF was expressed and purified as described previously40. The truncated N-terminal 

domain of Canis lupus familiaris Grp94 (NΔ41, cloned by ATUM), which comprises amino 

acid residues 69–337 but 287–327 is replaced with Gly as in Dollins et al.34, was expressed 

and purified as before29. Procedures for expressing and purifying full-length Hsp90s (Grp94, 

Hsp90α, Hsp90β) are described in Supporting Information.

ThT Fluorescence Kinetics Aggregation Assay, 96-Well Format.

A working stock of 200 μM ThT (Sigma-Aldrich) was prepared in PBS, diluted from a 1 mg 

mL–1 master solution in water. A stock solution of 20 mM 4-Br-BnIm29 was prepared in 

DMSO and stored at –80°C prior to use. All aggregation assay samples contained 10 μM 
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ThT, 0.5% (v/v) DMSO (absent in assay samples in Figure 1c), and PBS buffer. Protein-

containing samples had either 30 μM OLF and/or 9 μM Grp94, diluted from concentrated 

stocks (>100 μM for OLF and >50 μM Grp94) that were equilibrated for at least 4 days at 

4°C prior to assay setup. Hsp90 isoform experiments in Figure 1c were conducted similarly 

except 3 μM Grp94, Hsp90α, and Hsp90β were used without pre-equilibrarion. 4-Br-BnIm 

was used at 20 μM. Master mixes were prepared at room temperature, then dispensed in 150 

μL aliquots into 96-well (black well, black bottom, medium binding) microplates (Grenier); 

each sample type was represented by at least 9–12 replicates per experiment (3 or greater 

replicates per sample type for the data in Figure 1c, representing 2 or more biological 

replicates). Plates were sealed with clear MicroAmp PCR film (Applied Biosystems) and 

loaded into a Biotek Synergy 2 microplate reader set to 42°C. ThT fluorescence (λex = 440 

nm, λem = 485 nm) was measured every 10 minutes up to 66 hours (Figure 1c) or at 18 

hours after incubation (Supplementary Figure S2). Dose-response assays were performed 

similarly (Supplementary Table S5), however TC-treated plates were used.

384-Well Format Aggregation Assay and Blind Library Screening.

To accommodate screening capabilities at ECBDC (Supplementary Table S5), 384-well low 

volume TC-treated plates with black wall and clear bottom from Corning (Cat#3542) were 

used. After dispensing samples (20 μL/well), plates were centrifuged (200 xg) for 5 min to 

remove air bubbles prior to reading ThT fluorescence (λex = 440 nm, λem = 485 nm) with 

an EnVision 2103 multilabel plate reader (Perkin Elmer). Plates were incubated at 42°C in a 

Cytomat incubator. Fluorescence measurements were taken with the plate-sealing film 

removed, and from top-down. The Blagg lab compound library was tested at 25 μM.

Assay Data Analysis.

Zʹ score, CV, as well as % inhibition are outlined in Supporting Information.

Post-assay Product Analysis by SDS-PAGE.

After ThT fluorescence measurements were acquired for aggregation assays (controls, blind 

screen, dose-response), the plates/samples were allowed to incubate for an additional 78 

hours at 42°C; 30 additional hours of incubation for samples in Figure 1c. Wells containing 

identical samples were then harvested, pooled, and pelleted by centrifugation (10 minutes at 

4°C and 17,000 xg), washed, and analyzed by SDS-PAGE as before28. After staining with 

Coomassie blue, densitometry was performed on the resulting bands with ImageJ software 

(http://imagej.nih.gov/ij/).

Cell Culture.

iHEK cells38 were grown and maintained in Dulbecco’s modified Eagle’s Medium (GE 

Healthcare) supplemented with 10% fetal bovine serum (VWR), 1% sodium pyruvate 

(Corning), and 1% GlutaMAX (Invitrogen) at 37°C under 5% CO2. Cells were plated and 

induced the next day with 5 μg mL–1 tetracycline. At 48 hours post induction, cells were 

treated with compounds (1, 2, 4, 8 or 9 at 3–30 μM) or DMSO vehicle and grown for an 

additional 24 hours. For Western blot experiments, cells were plated in a 6-well plate at a 

density of 3.0 ×105 cells/well. For cytotoxicity and cell viability assays, cells were plated 7.0 
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×104 cells/well in 96-well plates (Corning, Cat#07-200-90). Experiments were conducted in 

duplicate.

siRNA Transfections.

siRNAs were transfected as reported previously18. Cells were harvested 48 hours post 

transfection with siRNA for Western blot analysis. Medium was collected for LDH analysis.

Western Blots.

See Supporting Information.

Cell Viability Assays.

Lactose dehydrogenase (LDH) and sulforhodamine B (SRB) assays were performed as 

outlined in the Supporting Information.

Structure Determination of NΔ41 in Complex with Compounds 2 and 4.

See Supporting Information.

Synthesis of Small Molecule Library.

Compounds 1, 4, and 5 were prepared as in reference49; 2, 3, and 7 were synthesized as in 

reference29; 10, 11 were synthesized as in reference50; 12, 14, 15 were synthesized as in 

reference51; 13 was synthesized as in reference52; 16 and 17 were synthesized as in 

reference53. The structures of compounds 6, 8, and 9, designed to target the nucleotide 

binding pocket of Grp94, are undisclosed; related manuscripts are in preparation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of Hsp90 paralogs on mutant myocilin aggregation. a) Schematic of possible 

interactions between Hsp90 paralogs and aggregating mutant myocilin in a cellular context. 

b) Effects of Hsp90α, Hsp90β, and Grp94 siRNA knockdown on mutant myocilin levels, as 

well as ER stress markers Grp78 and pIRE1α. c) All Hsp90s enhance the rate of OLF 

aggregation in vitro. d) Post-assay analysis of aggregates from (c) by SDS-PAGE (right) 

reveals Hsp90α and Hsp90β co-aggregation with OLF. S = supernatant; W = wash; P = 

aggregate pellet. Left: Hsp90α or Hsp90β at the start of the aggregation experiment.
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Figure 2. 
Assay development. a) Plate-to-plate reproducibility of optimized, single-point readout, 384-

well plate format miniaturized assay. A Zʹ score of 0.5 or greater was achieved per plate. 

Inhibitor 4-Br-BnIm was used as a positive control. b) Post-assay analysis of aggregates by 

SDS-PAGE reveals dose-responsive rescue of Grp94 from co-aggregation with OLF. S, W, P 

as in Figure 1.
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Figure 3. 
Blind screen of Blagg lab library. a) ThT fluorescence at time = 0 hours reveals intrinsic 

fluorescence of compounds 1, 5, 8, and 17 at 25 μM (purple line). b) Raw data from ThT 

fluorescence at 18 h suggests hit compounds are 1–7, 9–11. Average signals for OLF (solid 

black line) and OLF+Grp94 (solid blue line) controls are presented with ± 3 standard 

deviations (paired color bars). Data for odd-numbered compounds/replicates designated by 

black spheres; even-numbered compound data are shown by magenta spheres. c) Calculated 

percent inhibition scores using different methods. Heat gradient and compound intrinsic 

fluorescence adjustments classify compounds 5 and 10 as hits. d) Representative post-assay 

aggregate analysis SDS-PAGE gels. Grp94 co-aggregation with OLF seen in control (0, left) 

and non-hits (15, right). Hits (1, middle) resulted in partial rescue of Grp94. S, W, P as in 

Figure 1. For post-assay analysis of all compounds, see Supplementary Figure S3b–h.
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Figure 4. 
Dose-responsive rescue of Grp94 from co-aggregation with OLF. a-b) Representative post-

assay SDS-PAGE analysis of hit compound (2, a) and negative control (15, b), with control 

conditions given at the left of each gel. S = supernatant; W = wash; P = pellet/aggregate. c) 

Densitometric analysis of post-dose-response aggregation assay bands on SDS-PAGE 

reveals that compounds identified as hits increase the percentage of soluble Grp94 by 

inhibiting chaperone activity. Data reflect at least 2 experiments and 2 gels per experiment. 

Error bars indicate standard deviation. Raw data appear in Supplementary Figures S4 and 

S5.
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Figure 5. 
Cellular profiling of hits. a) Western blot analysis of lysates from iHEK cells reveals that 

treatment with 2 results in dose-dependent clearance of mutant myocilin. Representative of 

two independent experiments is presented. b) Quantification of intracellular myocilin bands 

in (a). c-e) Compound 2 does not evoke the ER stress response (c, Hsp70; d, Grp78; e, 

pIRE1α) . f) Comparison of cellular responses to highest dose (30 μM) of compounds tested 

for compounds 2, 4, and 9; p <0.05, p<0.01, p<0.001, and p<0.0001 by Bonferoni Multiple 

Comparisons Post-hoc test. GAPDH serves as a load control and error bars are ± SEM.
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Figure 6. 
Crystal structures of 2 (a-d) and 4 (e-h) bound to NΔ41. a, e) Surface representation of NΔ41 

nucleotide binding pocket bound by inhibitors, shown as sticks. b, f) Zoomed view, with 

direct protein-inhibitor interactions highlighted. The final 2Fo-Fc map (blue mesh), 

contoured at 1.0 σ for ligands and 1.3 σ for amino acid residues, are superimposed with Fo-

Fc densities (green mesh) contoured at 2.5 σ after initial molecular replacement (see 

Supporting Information). Inhibitors and residues are depicted as sticks, waters are red 

spheres. c, g) NΔ41-inhibitor interactions mediated by hydrogen bonds (dashes) in zoomed 

view. d, h) NΔ41-inhibitor interactions (dashed lines, hydrogen bonds or cation-π 
interactions; dashed crescents, hydrophobic interactions. Panels a-c, e-g were prepared with 

PyMOL (http://www.pymol.org). Panels d, h were generated with ChemDraw (version 

16.0.1.4, Perkin Elmer).
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Table 1.

Hit Ranking and Properties of Blagg Lab Blind Screen Compounds

Compound # Tier of
Inhibitor Chemical Structure Isoform Selectivity Domain Targeted % Inhibition

a

5 Top Grp94 N-term 159.6

1 Top Grp94 N-term 148.4

3 Mid Grp94 N-term 54.3

7 Mid Grp94 N-term 52.8

2 Mid Grp94 N-term 52.3

11 Mid Hsp90β N-term 43.2
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Compound # Tier of
Inhibitor Chemical Structure Isoform Selectivity Domain Targeted % Inhibition

a

10 Low Grp94 N-term 31.4

4 Low Non-selective N-term 28.4

6 Low Structure Not Disclosed Hsp90α N-term 27.9

9 Low Structure Not Disclosed Hsp90β N-term 27.4

13 Non -- C-term −31.7

16 Non -- C-term −32.0

12 Non -- C-term −38.7

17 Non -- C-term −43.5

14 Non -- C-term −85.1

15 Non -- C-term −86.7

8 Non Structure Not Disclosed Hsp90α/β N-term −98.3

a
See Supporting Information for calculation of % Inhibition after correction for the heat gradient experienced and intrinsic compound fluorescence. 

Tier ranking: >66% inhibition (top), >33% (mid), >0% (low), <0% (Non) non-hit).
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