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Abstract

Heat shock protein 90 (Hsp90) is a molecular chaperone that facilitates the maturation of its
client proteins including protein kinases, transcription factors, and steroid hormone receptors
which are structurally and functionally diverse. These client proteins are involved in various
cellular signaling pathways, and Hsp90 is implicated in various human diseases including cancer,
inflammation, and diseases associated with protein misfolding; thus making Hsp90 a promising
target for drug discovery. Some of its client proteins are well-known cancer targets. Instead

of targeting these client proteins individually, however, targeting Hsp90 is more practical for
cancer drug development. Efforts have been invested in recognizing potential drugs for clinical
use that inhibit Hsp90 activity and result in the prevention of Hsp90 client maturation and
dampening of subsequent signaling cascades. Here, we discuss current assays and technologies
used to find and characterize Hsp90 inhibitors that include biophysical, biochemical, cell-based
assays and computational modeling. This review highlights recent discoveries that N-terminal
isoform-selective compounds and inhibitors that target the Hsp90 C-terminus that may offer the
potential to overcome some of the detriments observed with pan Hsp90 inhibitors. The tools and
assays summarized in this review should be used to develop Hsp90-targeting drugs with high
specificity, potency, and druglike properties that may prove immensely useful in the clinic.
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1. Introduction

Molecular chaperones are proteins that are important for the folding of client protein
substrates, as well as the degradation of misfolded proteins (Biebl & Buchner, 2019).

Hsp90 (heat shock protein 90) is one of the most well-recognized members of this family
and is an ATP-dependent molecular chaperone (Trepel, Mollapour, Giaccone, & Neckers,

2010). Hsp90 is also one of the most abundant proteins within the cell and binds ATP
at the N-terminal region wherein it hydrolyzes ATP to provide the requisite energy to
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fold and release its client protein substrates (Biebl & Buchner, 2019). More than 400
Hsp90-dependent clients have been identified, many of which are involved in important
biological functions such as signaling cascades, DNA damage repair, protein trafficking,
hormone receptor activation, innate immunity, and many more (Taipale, Jarosz, & Lindquist,
2010; Trepel et al., 2010; Whitesell & Lindquist, 2005). The Hsp90 machinery controls
client protein function by accelerating the client's conformational maturation, which allows
for ligand binding and/or the formation of biologically active complexes (Schopf, Biebl, &
Buchner, 2017).

Four isoforms of Hsp90 have been identified in humans: Hsp90a and Hsp90p are both
cytosolic, whereas GRP94 (94 kDa glucose-related protein) is present in the endoplasmic
reticulum and TRAP1 (tumor necrosis factor-associated protein 1) is localized to the
mitochondria (Csermely, Schnaider, Soti, Prohaszka, & Nardai, 1998; Sreedhar, Kalmar,
Csermely, & Shen, 2004). Structurally, an Hsp90 monomer consists of three domains; the
N-terminal ATPase domain (NTD), which is critical for ATP binding and hydrolysis; the
middle domain, which is important for binding clients and the y-phosphate of ATP; and the
carboxy-terminal domain (CTD), which is important for Hsp90 dimerization (Harris, Shiau,
& Agard, 2004; Prodromou et al., 1997) (Fig. 1A and B).

The extreme C-terminus of Hsp90 consists of a Met-Glu-Glu-Val-Asp (MEEVD) motif
that is important for binding co-chaperones that contain a tetratricopeptide repeat (TPR)
(Prodromou, 2017). It has been shown that both the N- and C-termini contain ATP binding
sites, however, only the NTD manifests ATPase activity (S6ti, Racz, & Csermely, 2002).

In the absence of ATP, Hsp90 remains in an open conformation, whereas ATP binding
causes Hsp90 to undergo a conformational change that results in a closed conformation

at the N-terminus (Ratzke, Nguyen, Mayer, & Hugel, 2012). This conformational change
affects all three domains and brings the NTDs into close proximity. The CTD is critical

for the dimerization of two monomers and it also contributes to NTD dimerization and
ATPase activity (Prodromou et al., 2000). ATP hydrolysis at the N-terminus provides the
necessary energy for the Hsp90-dependent protein folding process (Burlison, Neckers,
Smith, Maxwell, & Blagg, 2006). The N-terminal ATP binding site must interact with the
middle domain for ATP hydrolysis to occur (Schopf et al., 2017). In fact, Hsp90 activates
and facilitates the proper folding of its client proteins through an ATPase cycle that has
been well studied (Garg, Khandelwal, & Blagg, 2016) (Fig. 2A). In brief, client proteins
are brought to the dimerized Hsp90 chaperone by Hsp70, Hsp40, and other factors to form
an early, client-bound Hsp90 complex. Transfer of the client is mediated by the adapter
protein, Hop/Stil, which stabilizes the open, client-bound conformation of the complex.
ATP binding to the Hsp90 NTD induces a transition to a more closed conformation, wherein
the two Hsp90 N-termini are brought into close proximity. p23/Shal stabilizes this closed
conformation of Hsp90 and promotes the dissociation of Hop/Stil from the complex. The
energy derived from ATP hydrolysis provides the energy used for the proper folding,
activation, and release of the client protein, which is followed by the disassociation of
p23/Shal and allows for the return of Hsp90 to its open homodimeric conformation (Garg et
al., 2016) (Fig. 2A). During this process, co-chaperones serve to regulate the Hsp90 protein
folding machinery (Prodromou, 2017). Some co-chaperones bind the NTD and/or MD,

Pharmacol Ther. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Banerjee et al.

Page 3

such as CDC37 which is crucial for the stabilization of Hsp90- kinase complexes (Bickel
& Gohlke, 2019). Other co-chaperones that contain a TPR domain, including HOP and
p23, bind the C-terminus of Hsp90 (Nelson, Huffman, & Smith, 2003; Patwardhan et al.,
2013; Wegele, Wandinger, Schmid, Reinstein, & Buchner, 2006). In general, co-chaperones
without TPR domains bind the NTD and/or MD of Hsp90 (Mayer & Le Breton, 2015;
Rohl, Rohrberg, & Buchner, 2013). A number of co-chaperone proteins, including protein
phosphatase (Pp5) and Ahal, have been shown to accelerate the Hsp90 ATPase cycle,
although these are not necessary for basal Hsp90 ATPase activity (Shelton, Koren, & Blair,
2017b). Hsp90 ATPase activity is vital for its function in vivo and any disruption halts

the normal Hsp90-mediated protein folding process (Mishra & Bolon, 2014; Obermann,
Sondermann, Russo, Pavletich, & Hartl, 1998; Panaretou et al., 1998).

Several Hsp90 inhibitors that bind the Hsp90 N-terminal ATP binding site have been
identified, as they prevent Hsp90 from completing the protein folding cycle. These inhibitors
destabilize the Hsp90 heteroprotein complex and prevent ATP binding and hydrolysis, which
results in the degradation of client proteins via the ubiquitin-proteosome pathway (Garcia-
Carbonero, Carnero, & Paz-Ares, 2013; Ou, Tan, Xie, Yu, & Tan, 2014) (Fig. 2A). As a
result, Hsp90 inhibitors transform the protein folding machinery into a process in which
Hsp90-dependent clients are degraded (Burlison et al., 2006). Hsp90 client proteins regulate
critical cellular functions, such as cell division, cell migration, and cell death. Many of these
Hsp90 client proteins become mutated and/or over-expressed during malignancy, further
enhancing their dependency upon Hsp90. Some examples of Hsp90-dependent oncogenes
include c-MET, the serine/threonine kinase Raf-1, the oncogenic tyrosine kinase v-Src, the
mutated oncogene Bcr/Abl, receptor tyrosine kinase of the erbB family, as well as the steroid
hormone receptors and numerous transcription factors such as hypoxia-inducible factor-1a
and tumor suppressor p53 (Koga, Kihara, & Neckers, 2009; Tatokoro, Koga, Yoshida, &
Kihara, 2015). As a result of Hsp90 inhibition, these client proteins are ubiquitinylated

and targeted for degradation via the proteasome (Garg et al., 2016; Koga et al., 2009;
Whitesell & Lindquist, 2005; Zuehlke & Johnson, 2010). In tumors, Hsp90 exists as a
multi-chaperone complex and exhibits ~200 fold higher affinity for ATP than homodimeric
Hsp90. In normal tissue, Hsp90 exists in an uncomplexed form that has a lower affinity

for both ATP and competitive inhibitors, which results in a large therapeutic window for

the development of new anti-cancer agents (Kamal et al., 2003). In addition, Hsp90 is
overexpressed in various cancers, which further increases the opportunity to selectively
inhibit tumor-derived Hsp90 (Chatterjee & Burns, 2017). Unfortunately, most of the Hsp90
inhibitors that underwent clinical evaluation for cancer have been terminated due to a lack of
efficacy and/or detrimental side effects. Due to its suitability as a cancer target, researchers
have sought to identify inhibitors of Hsp90 that do not exhibit adverse effects or induce
resistance mechanisms. In addition, clinical trials with Hsp90 N-terminal pan inhibitors
produced both off- and on-target Hsp90-related toxicities, and consequently, there is a need
to develop inhibitors with a more acceptable therapeutic profile (Garcia-Carbonero et al.,
2013) (Aherne et al., 2003) (Fig. 2B).

Hsp90 also plays a critical role in the modulation of the heat shock response (HSR), which
is a pro-survival mechanism that enables a cell to respond to a wide range of cellular
insults/stress. Under normal conditions, Hsp90 suppresses the transcriptional activity of heat
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shock factor 1 (HSF-1) by existing as an Hsp90-Hsfl complex. However, in response to
stress, Hsf-1 is disassociated from Hsp90, undergoes trimerization, and then translocates to
the nucleus to initiate transcription of Hsp70, Hsp90, and other heat shock proteins that can
alleviate cellular stress and refold denatured proteins (Prodromou, 2016). Disruption of the
Hsp90 protein folding machinery by Hsp90 inhibitors leads to the dissociation of HSF-1
from Hsp90, resulting in induction of the pro-survival HSR. It has been hypothesized that
HSR induction can accelerate the disaggregation of misfolded proteins and increase the
protein level of various molecular chaperones, including Hsp70 and Hsp90. Consequently,
HSR induction may be beneficial for the treatment of neurodegenerative disorders such

as Alzheimer's and Parkinson's diseases (Luo, Sun, Taldone, Rodina, & Chiosis, 2010;
Paul & Mahanta, 2014; Urban, Dobrowsky, & Blagg, 2012; Whitesell, Bagatell, & Falsey,
2003), as previous studies have demonstrated that Hsp90 inhibitors inhibited amyloid-beta
(AP) aggregation and inhibited amyloid-beta (AB) formation (Luo & Le, 2010; Ou et

al., 2014). Another report suggested that inhibition of Hsp90 significantly decreases
disease-associated phosphorylation of tau species via proteasomal degradation (Koren et
al., 2009). While Hsp90's role in HSR activation may be exploited to treat conditions

such as neurodegeneration, the HSR represents a considerable obstacle to overcome while
pharmacologically targeting Hsp90 to treat cancer. Specifically, pan Hsp90 inhibition also
induces the HSR to upregulate Hsp90 along with other cellular proteins. As a result of

the increased expression of Hsp90, higher doses of the inhibitor are required to achieve a
therapeutic effect. However, this dose-escalation pushes the patient towards the MTD and
elicits detrimental effects. In recent years, Hsp90 inhibitors that do not induce the HSR have
been sought and discovered,

Hsp90 is not only a contributor to cancer and neurodegeneration, but it also plays a key role
in other human diseases too. Recent reports suggested that Hsp90 can be inhibited to reduce
ischemia/reperfusion injury, (Der Sarkissian et al., 2020) while others have shown that
Hsp90 is utilized by parasites as a response to cellular stress (Rochani, Singh, & Tatu, 2013).
Hsp90 plays a critical role in the growth of various pathogens including Candida, Giardia,
Plasmodium, and Trypanosoma (Rochani et al., 2013); and as a result, Hsp90 has emerged
as a target for the treatment of infectious diseases as well (Rochani et al., 2013). Due to

its involvement in various diseases, there is a strong interest to identify small molecules
that can inhibit specific Hsp90 functions. Some N-terminal Hsp90 inhibitors with different
scaffolds are shown in Fig. 3A. Some of these reported N-terminal Hsp90 inhibitors have
demonstrated clinical efficacy, but off-target effects and/or Hsp90- related toxicities exist
for many (Garcia-Carbonero et al., 2013; Neckers & Workman, 2012; Scaltriti, Dawood, &
Cortes, 2012).

Due to toxicities associated with the drugs undergoing evaluation, medicinal chemistry
campaigns have recently focused on the development of Hsp90p isoform-selective inhibitors
as a method to increase efficacy, while reducing toxicity and on-target issues related to

pan inhibition of all four isoforms (Khandelwal et al., 2018) (Fig. 4B). Parallel efforts

have also been invested to find C-terminal inhibitors that do not induce the HSR. (Fig.

3B). Unfortunately, no co-crystal structures are available for the CTD of Hsp90 in complex
with an inhibitor. However, based on multiple computational models, several C-terminal
inhibitors have been designed and synthesized. One such C-terminal inhibitor, KU-596,
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manifests strong neuroprotective activities in preclinical studies and is currently undergoing
clinical trials for the treatment of neuropathy (Neckers et al., 2018) (Fig. 3B). Compounds
have also been discovered that disrupt interactions between Hsp90 and it's co-chaperones
(Fig. 4A). In summary, Hsp90 inhibitors can regulate a wide variety of chaperone function
(e.g. blocking ATP hydrolysis at the N-terminal domain, inhibiting the Hsp90 C-terminal
dimerization process, disrupting the interaction between Hsp90 and co-chaperones) and
consequently, can produce various downstream effects. However, there is no FDA approved
Hsp90 inhibitor to treat cancer or any other human disease at present. Therefore, new
methods that can be used to elucidate alternative mechanistic inhibitors are needed. In this
review, a summary of assays and technologies that can be used to identify and characterize
Hsp90 inhibitors for future development is outlined.

2. Assays and technologies to identify and characterize Hsp90 inhibitors

There are many approaches to identify and characterize Hsp90 inhibitors that focus on

any of the three domains that can be targeted to disrupt chaperone function. However,
most inhibitors discovered thus far inhibit the N-terminal ATPase domain, however, small
molecules that target the C-terminal domain of Hsp90 have also been identified. Some

of the C-terminal inhibitors disrupt Hsp90 function by preventing interactions between
Hsp90 and its co-chaperones, which are critical for the maturation of most client proteins.
However, inhibitors of the middle domain have been discovered that also inhibit Hsp90
ATPase activity, but do not disrupt Hsp90/co-chaperone interactions, and/or promote client
protein degradation (Zhang, Ho, & Wong, 2018a). Most of the N-terminal inhibitors were
discovered through biochemical assays or computational studies and later evaluated in cell
based assays. Consequently, most of the assays that were developed for the identification
of N-terminal inhibitors have been miniaturized into a high-throughput screening (HTS)
format. A representative list of compounds that have been identified and/or characterized
as Hsp90 inhibitors using these different assays is provided (Fig. 5). Since the majority of
these assays exhibit both advantages and disadvantages, a combination is generally most
useful to elucidate the mechanism of inhibition (Table 1). The following biochemical and
biophysical assays have been developed to identify and characterize some of the well-known
Hsp90-ligand interactions.

2.1. Fluorescence polarization assay

Fluorescence polarization (FP) is a homogeneous technique that enables one to quantify
molecular interactions in solution (Lea & Simeonov, 2011). It is a powerful tool for studying
molecular affinity that can be quantified via the ratio of ligand-bound to a target versus
unbound. This approach has been widely used by various researchers to characterize Hsp90
inhibitory ligands. Choisis and coworkers developed a fluorescence polarization assay for
Hsp90 that used a fluorescent geldanamycin ligand, which was very robust and shown

to exhibit good reproducibility, and applicable to a high-throughput setting (Du et al.,

2007; Kim et al., 2004). FP assays have been widely used by members of the proteostasis
community in an effort to identify new inhibitors of Hsp90 (Wang et al., 2019), as well as to
characterize isoform-selective inhibitors against all four Hsp90 paralogs (Khandelwal et al.,
2018). A graphical representation of the assay is shown in Fig. 6A.
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2.2. ATPase assay

Hsp90 is an ATP hydrolyzing enzyme and the energy derived from ATP hydrolysis is

used to fold client proteins and then subsequent release them from the complex (Fig.

7A). Consequently, Hsp90 chaperone function is dependent upon ATP hydrolysis, and

the inhibition of ATPase activity represents a successful method to discover inhibitors
(Bartolini, Wainer, Bertucci, & Andrisano, 2013; Rowlands et al., 2004). High- throughput
screening (HTS) assays have been developed to identify inhibitors of Hsp90 ATPase activity
(Rowlands et al., 2004). One assay is based upon the detection of inorganic phosphate,
which is generated upon enzymatic cleavage of ATP to form a phosphomolybdate complex
with malachite green (MG)-a reagent used for colorimetric determination (Rowlands et al.,
2004). Other methods have also been developed that utilize the phosphate ions to trigger an
enzymatic cascade that results in the formation of resorufin, which is fluorescent and can be
readily measured and quantified (Avila et al., 2006a; Avila, Kornilayev, & Blagg, 2006b).
Assays for ATPase activity have been widely used by various researchers to screen for novel
Hsp90 inhibitors and/or to characterize the effect on ATPase activity (Wang et al., 2019).

2.3. AlphaScreen assay

AlphaScreen technology has been utilized in high-throughput screening assays to identify
small molecule inhibitors for a wide variety of biomolecular interactions (Yasgar, Jadhav,
Simeonov, & Coussens, 2016). The alpha screen represents a homogeneous and robust
method that provides a high signal-to-noise ratio, which makes this technology appropriate
for high-throughput screening and confirmation of inhibitory activity (Yasgar et al., 2016).
Amplified Luminescence Proximity Homogeneous Assay (AlphaScreenTM) has been used
to identify small molecules that disrupt interactions between Hsp90-TRP2A and HOP
(Yietal., 2009). This particular assay is based on the interaction between the 20-mer
C-terminal peptide of Hsp90 and the TPR2A domain of HOP. Using this technique,
researchers screened 76,134 compounds, while producing a Z' of 0.77, and ultimately led
to the discovery of small molecules that disrupt this interaction (Yi et al., 2009). Another
C-terminal assay has also been developed wherein recombinant and truncated Hsp90 C-
terminus and PPID proteins are used to elucidate disruptors of interactions between PPID
and the Hsp90 C-terminus (BPS Biosciences, San Diego, CA) (Rahimi et al., 2018; Rahimi
& McAlpine, 2019).

2.4. Time-resolved fluorescence energy transfer assay

Time-resolved fluorescence energy transfer (TR-FRET), also known as HTRF
(Homogeneous Time-resolved fluorescence) is a homogeneous and robust assay used for
drug targeting studies (Degorce et al., 2009) and is based on the fluorescent energy transfer
between a donor fluorophore and an acceptor fluorophore via time-resolution (Degorce et
al., 2009; Sittampalam, Kahl, & Janzen, 1997). High-throughput screening (HTS) TR-FRET
assays have been developed to screen for inhibitors of Hsp90. T Zhou and coworkers
developed a robust TR-FRET assay for use in a 1536-well plate format that utilized
biotinylated geldanamycin and the His-tagged Hsp90 N-terminal domain (Zhou et al., 2004)
(Fig. 6B). Another HTRF assay has been used to identify disruptors of Hsp90-Cdc37
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interactions using glutathione S-transferase (GST)-tagged Cdc37, His-tagged Hsp90, and
the corresponding anti-GST and anti-His antibodies (Wang et al., 2019; Wang et al., 2020).

2.5. Intrinsic tryptophan fluorescence quenching assay

Intrinsic tryptophan fluorescence is attributed to the aromatic amino acids—primarily
tryptophan, which can be measured via excitation at 295 nm. The resulting emitted
fluorescence can then be measured and quantified. These assays are based on the
observation that the emission profile of tryptophan residues are altered when the local
hydrophobic environment changes due to denaturation or conformational effects that are
induced by protein-ligand or protein-protein interactions (Akbar, Sreeramulu, & Sharma,
2016). This assay has been used to characterize Hsp90 modulators, and to calculate
dissociation constants based on the observed fluorescence induced in a dose-dependent
manner (Mak, Chand, Reynisson, & Leung, 2019). The drawback associated with this
simple technique is that the compounds under investigation may also exhibit fluorescence
properties, which can interfere with this assay.

2.6. NMR spectroscopic techniques

Nuclear Magnetic Resonance (NMR) is a well-known technique that is used to characterize
protein-ligand interactions or to screen fragment libraries against protein targets (Harner,
Mueller, Robbins, & Reily, 2017). Fragment-based drug discovery approaches are
becoming increasingly popular in drug discovery programs that aim to identify small
molecules that interact with a protein (Kuo, 2011). The most common ligand-observed

1H NMR experiments are the saturation-transfer difference (STD) experiments and the
waterLOGSY NMR protocols—both of which measure protein-ligand binding constants;
however, waterLOGSY is reported to be more sensitive when compared to STD experiments
(Antanasijevic, Ramirez, & Caffrey, 2014). Not surprisingly, these methods have been

used to characterize Hsp90 and its ligand interactions as well as to screen fragment-based
libraries against Hsp90 (Raingeval et al., 2019; Roughley & Hubbard, 2011). The 19F NMR
method is also commonly used to study protein-ligand interactions when the small molecule
contains a fluorine atom. This method has been used by Casale and coworkers to identify

a novel class of Hsp90 inhibitors using fluorine chemical shift anisotropy and exchange for
screening NMR (FAXS-NMR) (Casale et al., 2014). Another popular NMR method is the
2D HSQC NMR method, which is primarily used to study protein-ligand interactions, can be
used to identify specific residues on a protein that are important for the interaction and also
to determine dissociation constant values (Huang et al., 2017). This multidimensional NMR
approach has been used to identify the previously unknown binding site of Hsp90, wherein
small molecules bind and disrupt Hsp90-Cdc37 interactions (Wang et al., 2019). A related
approach was utilized to characterize the interaction between Hsp90 and p53 using NMR
spectroscopy (Hagn et al., 2011).

2.7. Crystallography and structure-based drug design

Crystal structures provide researchers the opportunity to rationally design inhibitors or to
perform virtual screens for Hsp90 modulators. Structure-guided drug design represents an
efficient method to predict active inhibitors in a cost-effective manner, and can also be used
to derive structure-activity relationships studies (Dutta Gupta et al., 2015). High-resolution

Pharmacol Ther. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Banerjee et al.

Page 8

crystal structures of Hsp90 in complex with nucleotides, ligands, and/or co-chaperones have
been solved and provide a foundation to explain ligand binding interactions (Khandelwal
et al., 2018; Stebbins et al., 1997). The structure-based design of new Hsp90 inhibitors

has been sought utilizing crystal structures of Hsp90 bound to first-generation ligands,
which ultimately led to the discovery of isoform-selective inhibitors of Hsp90 (Khandelwal
et al., 2018). For example, overlays of the co-crystal structures between Hsp90a. and
Hsp90p bound to radicicol revealed three water molecules that play an important role in
distinguishing these two isoforms and their potential ligands binding modes (Khandelwal
et al., 2018; Lee et al., 2015). Computational modeling studies such as QSAR and
molecular dynamics (MD) simulations were also used to design Hsp90 inhibitors (Abbasi,
Sadeghi-Aliabadi, & Amanlou, 2018; Kung et al., 2011; Yan, Grant, & Richards, 2008).
Structure based design strategies used by Kung and coworkers led to the discovery of
pyrrolopyrimines as Hsp90 inhibitors and determined that water molecules that are present
in the binding site play an important role in determining inhibitor potency (Kung et al.,
2011). By MD simulation studies, Yan and co-workers found that several conserved water
molecules present in the Hsp90a binding site participate in interactions between Hsp90a
and PU3. These water molecules are difficult to replace, and are critical for ligand binding
(YYan et al., 2008). Docking studies have also been used to identify small molecule disruptors
Hsp90-Cdc37 interactions (Wang et al., 2019). While no crystal structure exists for Hsp90
bound with C-terminal inhibitors, the interaction is well characterized and supported by
computational studies. Several Hsp90 crystal structures are available either alone or in
complex with N-terminal inhibitors that bind the ATP binding site of Hsp90.

2.8. Isothermal titration calorimetry (ITC) and surface plasmon resonance (SPR)

Isothermal titration calorimetry (ITC) measures the energy provided or required to facilitate
interactions between a protein and ligand, and detects changes in heat upon ligand binding
and consequently, yields thermodynamic properties that can be used to calculate affinity
(Renaud et al., 2016). ITC has been used to study interactions between Hsp90 and several
ligands as well as their binding affinities and entropic/ enthalpic contributions to binding
(Roe et al., 2018) (Garnier et al., 2002; Murray et al., 2010).

Like ITC, surface plasmon resonance (SPR), is also a label-free method that typically
requires less protein, and can be used to measure protein-ligand dissociation constants

or other kinetic parameters (Renaud et al., 2016). SPR has been used to identify Hsp90
inhibitors, and some authors have discovered structurally unrelated ligands that bind the
Hsp90 C-terminus (Terracciano et al., 2018). Interactions between Hsp90 and N-terminal
inhibitors have also been investigated (Zhou et al., 2004).

2.9. Thioflavin T (ThT) assays

Thioflavin T (ThT) is a benzothiazole dye that has been used historically as a stain for
amyloid beta-sheet fibril formation (Fig. 7B). The fibrillar-bound dye can be selectively
excited at 450 nm, which leads to fluorescence emission at 482 nm (Khurana et al.,

2005). Specifically, ThT has been shown to bind to beta-sheet-dense tau aggregates during
fibrillization (Sui, Liu, & Kuo, 2015; Xue, Lin, Chang, & Guo, 2017). A similar assay has
been developed to monitor changes in sarkosyl-insoluble tau aggregates that occur upon
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incubation of P301L tau with combinations of Hsp90 and various co-chaperones (Shelton
etal., 2017a). The assay has been further modified to identify small molecules that inhibit
Hsp90-stimulated tau aggregation. Furthermore, the seeding of Hsp90-mediated tau fibrils
can be followed via TEM imaging (Shelton, Baker, et al., 2017a).

2.10. Cell-based assays

Cell-based assays are physiologically more relevant than biochemical or biophysical assays,
but are usually more complex in the context of drug discovery. This is further complicated

in the case of the Hsp90 chaperome family, whom participate in these more complex cellular
settings. Despite these challenges, several cell-based assays have been used to identify or
characterize Hsp90 inhibitors, which are summarized below:

2.10.1. Luciferase-based assays—Following heat denaturation, the refolding of
firefly luciferase is an Hsp90-dependent process. Therefore, a panel of cancer cell lines
that transgenically express luciferase have been utilized to develop an in-cell and Hsp90-
dependent rematuration luciferase assay (Sadikot et al., 2013). A similar assay was used
to screen novobiocin analogs against Hsp90, which revealed varying degrees of activity
amongst the compounds (Sadikot et al., 2013). A luciferase refolding assay was also used
to characterize the C-terminal ligand-binding domain of Hsp90, which ultimately led to
the discovery of a molecule that disrupted complex formation and inhibited luciferase
rematuration (as detected by a reduction in luminescence signal) (Rahimi & McAlpine,
2019). A dual-luciferase reporter assay system has also been used in a high-throughput
screen to identify Hsp90 inhibitors from cell culture and via live mice (Chan et al., 2012)
(Fig. 8A). The authors in this study screened compounds that exhibited multimodality
molecular imaging and were able to reveal several Hsp90 inhibitors that inhibit specific
chaperone-protein interactions (Chan et al., 2012).

2.10.2. Live-cell based assays and other cell-based assays—Recently, Udea et
al. reported a novel live-cell based assay to identify Hsp90 inhibitors and were able to
discover a new small molecule and ligand-binding event at the N-terminal ATP binding
domain of Hsp90 within live cells (Ueda, Tamura, & Hamachi, 2020) (Fig. 8B).

Traditional cell-based techniques have also been used to characterize Hsp90 and ligand

or co-chaperone interactions and include western blots, anti-proliferation assays, real-

time PCR, and co-immunoprecipitation assays to understand both the mechanism of

ligand interaction as well as the client protein levels in normal versus transformed cells
(Khandelwal et al., 2018; Shelton, Baker, et al., 2017a; Wang et al., 2019; Zhang, Banerjee,
Davis, & Blagg, 2019). Oxidative stress in neuropathic cells can lead to mitochondrial
dysfunction and contribute to the pathogenesis of several degenerative neuropathies. As

a result, a Seahorse assay was established to observe changes in mitochondrial oxygen
consumption rate and maximal respiratory capacity with an XF96 Extracellular Flux
Analyzer in the presence of Hsp90 inhibitors (Zhang, You, Dobrowsky, & Blagg, 2018b). A
number of assays have also been developed to assess the neuroprotective activity manifested
by small-molecule Hsp90 modulators (Zhang, You, et al., 2018b). Early studies evaluated
the ability of Hsp90 inhibitors to protect cultured neurons from various forms of neurotoxins
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in cell viability assays. Subsequent assays were then employed to assess the effect of Hsp90
inhibitors on JNK inhibition/ activation and prevention of neuronal cell death.

2.11. Mass spectroscopic-based analysis of ligand binding to Hsp90

Mass spectroscopy-based methods have also been used to identify small molecule binding
sites within the C-terminal domain of Hsp90. Matts and coworkers prepared photolabile
derivatives of novobiocin and identified a putative C-terminal Hsp90 binding site using
LSMS/MS spectroscopy (Matts et al., 2011). The stability of proteins from rates of
oxidation (SPROX) mass spectroscopy-based approach was used to measure the affinity that
geldanamycin-manifested towards Hsp90 interactions, which were found to be consistent
with previously published data (Strickland et al., 2013; West, Tang, & Fitzgerald, 2008;

Xu, Wallace, & Fitzgerald, 2016). Likewise, Sirtori and coworkers used an automated flow
injection ESI-MS method to screen a fragment-based library against Hsp90 (Riccardi Sirtori
etal., 2015).

2.12. Conclusions and future directions

Hsp90 is a molecular chaperone that has tremendous potential as a drug target for cancer
and other human diseases. Interestingly, Hsp90 inhibitors are ~200-fold more selective for
the high-affinity Hsp90 species that is present in transformed cells, as compared to normal
cells, which results in a large therapeutic window. However, there is currently no FDA
approved Hsp90 inhibitor available to treat cancer, because most of the N-terminal inhibitors
that have undergone clinical trials produced both off- and on-target toxicities. Therefore,
there remains an opportunity to develop a small molecule that can inhibit Hsp90 without

the side effects associated with classical N-terminal inhibition. Since Hsp90 is inhibited by
compounds with diverse chemical structures and sizes, much opportunity remains. The most
recent advancements in the Hsp90 drug discovery area led to isoform-selective inhibitors
that may overcome the detriments associated with pan inhibition of Hsp90. In fact, some

of the recently discovered isoform-specific Hsp90 inhibitors have exhibited properties that
appear to overcome these concerns and are likely to progress towards clinical investigation.
Similarly, Hsp90 C-terminal inhibitors represent another opportunity to develop Hsp90
inhibitors that do not invoke the heat shock response. The assays mentioned herein are well-
established and can be adapted for the high-throughput screening of individual isoforms. In
summary, initial screening for Hsp90 ligands is largely conducted using in vitro recombinant
assays or in silico virtual screenings. Subsequent studies are then carried out in cell-based
assays and/or animal models. A summary of different assays that have been used to expedite
the discovery and/or characterization of Hsp90 inhibitors is outlined in Table 1 for brevity.

Each of the assays described in this review have advantages and disadvantages. The FP
assay is homogenous, sensitive, and suitable for high-throughput screening, but requires
a large quantity of protein. It is also fast, easy-to-operate, and cost-effective. However,
because this is a fluorescent based assay, fluorescent compounds may interfere with the
assay. TR-FRET or AlphaScreen assays are also HTS amenable, homogeneous, sensitive,
rapid, reliable, robust, and require small amounts of protein. However, these assays are
costly, as the donor/acceptor beads are expensive. The tryptophan fluorescence quenching
assay is a simple technique for measuring the binding constant between a protein and
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its ligand or partner. However, drawbacks include possible interference by fluorescent
compounds and the intrinsic requirement for several tryptophan residues to be present within
a protein. ITC and SPR are both label-free methods. SPR provides kinetic parameters,
whereas ITC produces thermodynamic parameters. Both techniques measure direct protein-
ligand interactions. However, large quantities of protein are required for ITC and this assay
is generally low throughput. On the other hand, SPR requires small quantities of protein,
but requires the protein to be immobilized. Structure based drug design is not suitable for
high-throughput screening and is very inexpensive, however, this approach can be useful
for isoform-selective inhibitor design. The thioflavin T assay is relatively inexpensive and
can be adapted for high throughput screening, but does require large quantities of protein.
Crystallography also requires large amounts of protein as well as specialized scientists to
obtain crystals and to perform data analysis. This technique also provides high resolution
structural information for both the apo and ligand-bound conformations of the protein.
Cell-based assays can be more physiologically relevant than biochemical assays, and can be
made suitable for high-throughput screening. However, compounds can manifest off-target
effects and the compounds may show variability based on the conditions used.

The discovery of small molecule Hsp90 modulators with good druglike properties remain
a challenging task and through minimization of the side effects, these new drugs could be
clinical useful. N-terminal isoform-selective compounds, inhibitors that target the Hsp90
C-terminus, as well as isoform-selective C-terminal compounds may offer the potential to
overcome some of these detriments observed with the pan Hsp90 inhibitors. The assays
described herein may be suitable for the discovery of new Hsp90 inhibitors and will likely
be useful for the preclinical development of compounds that target individual isoforms.
Ultimately, it is important to understand the specific roles played by each isoform and/or
their co-chaperones in various disease states. The tools and assays summarized in this review
can be used to develop Hsp90-targeting drugs with high specificity, potency, and drug-like
properties.
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TPR tetratricopeptide repeat

c-MET tyrosine protein kinase Met

ThT Thioflavin T

SPR surface plasmon resonance

ITC isothermal titration calorimetry
HSF-1 heat shock factor 1

HSR heat shock response

FP fluorescence polarization

HTS high-throughput screening

MG malachite green

TR-FRET Time-resolved fluorescence energy transfer
GST glutathione S-transferase

NMR nuclear magnetic resonance

MD molecular dynamics

TEM transmission electron microscopy
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Fig. 1.
Approaches to identifying ligand binding to the Hsp90 based on structural information.

(A) Cartoon representation of human Hsp90 homodimer structure with ATP bound NTD
(Red), middle domain (Blue), and C-terminal domain (Green) (PDB:5FWM). (B) Cartoon
representation of human Hsp90 monomer structure with ATP bound NTD (Red), middle
domain (Blue), and C-terminal domain (Green) (PDB:5FWM).
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Schematic representation showing the use of Hsp90 inhibitors and their role in human

diseases. (A) Stepwise (I-VI1I1) protein folding mechanism by Hsp90 as described (Garg et
al., 2016). (B) Hsp90 drug discovery process. Created with BioRender.com
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Representative structures with different scaffolds of (A) N-terminal and (B) C-terminal
inhibitors of Hsp90.
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Principles of the ATPase assay and the ThT assay. (A) A graphical presentation of the Hsp90
based ATPase assay. (B) A graphical presentation of the ThT assay. Created with BioRender.
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Pr?nciples of cell based assays. (A) The split Renila luciferase (RL) complementation system
to discover Hsp90 inhibitors. A schematic illustration showing Hsp90/p23 interactions

using the split RL complementation system. The two interacting proteins, p23 and Hsp90,
are fused to the inactive N-RL and C-RL portions of RL through a peptide linker. In

the presence of ATP and the substrate coelenterazine, the system produces light. Hsp90
inhibitors prevent ATP binding to Hsp90, reduce RL activity and light output (Chan et

al., 2012). (B) Cell-based ligand-screening system by the ligand directed N-acyl-N-alkyl
sulfonamide (LDNASA) chemistry (Ueda et al., 2020). The labeling reagent consists of
PU-H71, fluorescein diacetate, and the NASA reactive group. Created with Biorender.
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