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Abstract

Heat shock protein 90 (Hsp90) is a dynamic protein which serves to ensure proper folding

of nascent client proteins, regulate transcriptional responses to environmental stress and guide
misfolded and damaged proteins to destruction via ubiquitin proteasome pathway. Recent
advances in the field of Hsp90 have been made through development of isoform selective
inhibitors, Hsp90 C-terminal inhibitors and disruption of protein-protein interactions. These
approaches have led to alleviation of adverse off-target effects caused by pan-inhibition of
Hsp90 using N-terminal inhibitors. In this review, we provide an overview of relevant advances
on targeting the Hsp90 C-terminal Domain (CTD) and the development of Hsp90 C-terminal
inhibitors (CTIs) since 2015.
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The proper functioning and folding of proteins is necessary for cell survival.l Cellular
stresses such as acidosis, exposure to toxins, viruses, DNA damage, metabolic and oxidative
stress, and/or hypoxia lead to the disruption of proteostasis, and can result in a lethal
outcome. To maintain proteostasis upon exposure to cellular stresses, cells induce the
expression of molecular chaperones such as the heat shock proteins.2 This protein family

is divided based on molecular weight and includes Hsp27, Hsp40, Hsp60, Hsp70, Hsp90, as
well as other larger members, each of which plays a unique role during the protein folding
cycle.3

The 90kDa Heat Shock Proteins (Hsp90) are ubiquitous and highly-conserved molecular
chaperones that are responsible for the activation, stabilization and maturation of ~400
client protein substrates. Hsp90 comprises ~1-2% of all cellular proteins, however, Hsp90
expression is elevated to ~4-6% of total protein content in cancer cells. Hsp90 is a
homodimer (Figure 1) with each monomer consisting of three components; an ATP-binding
N-terminal domain (NTD), a middle domain (MD) wherein protein-protein interactions
occur, and a C-terminal domain (CTD) that is responsible for dimerization.# The CTD
contains a nucleotide binding site that allosterically modulates ATPase activity within the
NTD.5 The CTD also possesses a conserved Met-Glu-Glu-Val-Asp (MEEVD) sequence

at the terminus to provide interactions with co-chaperones that contain a tetratricopeptide-
containing repeat (TPR).® These interactions with co-chaperones are vital for the regulation
and progression of the Hsp90 protein folding cycle.

Although the Hsp90 protein folding machinery has been extensively studied, the exact
mechanism is not fully understood. Studies suggest that the cycle begins when the Hsp90-
Hsp70 Organizing Protein (HOP) transfers a nascent polypeptide from Hsp70 to Hsp90 via
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binding to the C-terminal domain as displayed in Figure 2.8 The nascent client proteins are
delivered to Hsp90 through formation of a complex with Hsp70 and Hsp40. Upon delivery,
immunophilins and co-chaperones can interact with Hsp90 to form a heteroprotein complex
that assembles to fold nascent client proteins into their three-dimensional conformations.®
ATP binding and hydrolysis at the N-termini along with the association of co-chaperones
(p23) and the activator of Hsp90 ATPase homologue 1 (Ahal) promote client protein
maturation.10 After release of the properly folded client protein, the Hsp90 heteroprotein
complex disassembles and the Hsp90 homodimer is regenerated to repeat the protein folding
cycle.11

Hsp90 in cancer and neuropathy:

In cancer cells, Hsp90 levels are upregulated due to the excessive need to fold overexpressed
and mutated proteins. Hsp90 interacts with more than 400 client proteins, many of which are
associated with the ten hallmarks of cancer.1:13.14 These client proteins are often involved
with the initiation, progression and/or metastasis of cancer cells. Therefore, inhibition of
Hsp90 presents a unique opportunity to selectively target cancer cells and simultaneously
disrupt multiple oncogenic pathways, a therapeutic strategy similar to combination therapy.
In cancer cells, Hsp90 exists as a heteroprotein complex bound to both client proteins and
co-chaperones instead of the inactive homodimer complex that resides within normal tissue.
The heteroprotein complex exhibits significantly higher affinity for ATP and ligands that
bind competitively versus ATP. Hence, Hsp90 has been shown to exhibit a higher affinity
for inhibitors in cancer cells as compared to normal cells.1516.17 However, when an Hsp90
inhibitor binds to the N- or C- terminus, the client protein does not reach maturation and
instead is degraded via the ubiquitin-proteosome pathway.

Nineteen Hsp90 N-terminal inhibitors have entered clinical trials, but most have failed

due to toxicities resulting from pan-inhibitory activity and their ability to induce the

heat shock response (HSR).18 The HSR is a pro-survival mechanism that leads to the
upregulation of Hsp90 and other heat shock proteins as a method to overcome cellular stress.
Increased concentrations of inhibitors are necessary to inhibit the increased Hsp90 levels and
unfortunately, results in dose-escalating toxicities. Therefore, C-terminal inhibition offers a
valuable alternative to target cancer cells without induction of the HSR.19

The HSR is regulated by the transcription factor, heat shock factor-1 (HSF-1). Under
normal cellular conditions, HSF-1 remains bound to Hsp90 (Figure 3). However, during
cellular stress or elevated temperatures, HSF-1 dissociates from Hsp90 and trimerizes
before entering the nucleus, which leads to the transcriptional upregulation of antioxidant
genes and molecular chaperones.1220 Studies have shown that the upregulation of Hsp can
lead to the rematuration of denatured and/or damaged proteins.2! An increase in Hsp70
therefore, can result in a significant reduction in Ap-induced cell death as well as a
reduction in hyperphosphorylated Tau proteins.1®22 |n addition, the upregulation of Hsp70
has been shown to reverse diabetic peripheral neuropathy (DPN) and improve mitochondrial
bioenergetics.122223.24 Thys, while induction of the HSR poses detrimental activities for
anticancer agents, it is advantageous for the treatment of neurodegenerative diseases.
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Hsp90 C-terminal binding site:

Given the therapeutic advantages of targeting the Hsp90 CTD, several researchers have
strived to develop small molecule inhibitors. However, one of the key challenges for the
rational development of improved analogs is the lack of a co-crystal structure of inhibitors
bound to the Hsp90 CTD.2% The CTD exhibits four biochemical properties; 1) binds

ligands, 2) forms an Hsp90 homodimer, 3) maintains interactions with co-chaperones, and 4)
provides resistance to proteolysis in the ligand-bound state.26:27.28 The Hsp90 CTD contains
several binding regions; a nucleotide binding site, the MEEVD motif located at the termini,
and the region between the MD and dimerization interface.2® In addition, computational
studies have identified at least four pockets in the CTD as putative binding sites for Hsp90
inhibitors.30

Despite identification of these putative binding pockets, the exact location of the nucleotide
binding site remains unknown. An overview of approaches used to elucidate the ATP
binding site is presented in Figure 4.31 The presence of a nucleotide binding site in

the CTD was first proposed by Matts and co-workers when they found that molybdate
inhibited the binding of geldanamycin (a N-terminal inhibitor) to the N-terminus, and
simultaneously protected the C-terminus from proteolysis.32:33 Subsequent studies by
Neckers and coworkers demonstrated that ATP and novobiocin bound to the same C-
terminal binding site, and within amino acids 657-677.343% Further studies revealed that
the C-terminal ATP binding site is only accessible upon occupancy of the N-terminal ATP
binding site. Moreover, the binding of novobiocin at the CTD produces a conformational
change that allosterically modulates the ATPase activity within the NTD.® The CTD binds
both purine and pyrimidine nucleotides, whereas NTD specifically binds purine nucleotides.
These functional differences highlight the importance of obtaining a co-crystal structure and
exact location of the C-terminal nucleotide binding site.36

Matts and coworkers recently reported the co-crystal structure of a coumarin based
compound, 7-diethylamino-3-[N-(2-maleimidoethyl)carbamoyl]coumarin (MDCC) bound to
the Hsp90a middle and C-terminal (MC) domain interface. In this binding site, there are 3
loops; a catalytic loop that is important for ATP hydrolysis, an Src loop and a CTD loop

for client binding, which reorients upon ligand binding to the Hsp90aMC domain. Hsp90a
adopts a unique conformation upon binding to MDCC, which leads to the inhibition of client
protein binding to the CTD and Src loops. In addition, the Hsp90 dimer is required for client
protein maturation, however, upon MDCC binding to Hsp90, the protein is locked into an
inactive hexamer, which prevents ATP hydrolysis. A florescence competition assay was used
to demonstrate that other coumarin-based compounds such as novobiocin also compete with
the binding of MDCC. In the co-crystal structure presented in this study, the coumarin core
is sequestered into a hydrophobic binding pocket, which is consistent with prior SAR studies
on novobiocin.37

Challenges associated with the binding of modulators to the CTD in the absence of a co-
crystal structure has been partially circumvented by the use of saturation transfer difference
(STD) NMR spectroscopy.38:39.40 Consistent with prior observations, this study recognized
that the inhibitory activity manifested by CTD modulators is caused by long range allosteric
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structural rearrangements within the NTD, which is facilitated through movement of the MD
or disruption of co-chaperone interactions. Upon the binding of novobiocin (1) or KU32

(2) (a first-generation novobiocin analog) to the CTD, a strong allosteric cross-talk was
observed between the CTD and NTD, which reduced Hsp90’s affinity for geldanamycin

(a N-terminal inhibitor) by >100 fold (Figure 5).38 Given the importance of the allosteric
binding site, several small molecules have emerged as CTD modulators and are briefly
highlighted below.

Novobiocin-based CTls:

Since the discovery of novobiocin as the first CTI, many analogs have been prepared and
some structure-activity relationships (SAR) elucidated, which led to improved modulators
of the CTD. A4 (4) was the first novobiocin analog reported and incorporated an acetamide
side chain in lieu of the prenylated benzamide side chain found in novobiocin. Interestingly,
replacement of the side chain with a smaller acetamide led to induction of the HSR

at a concentration 1000-fold lower than that needed for client protein degradation.#!
Consequently, an SAR study on the amide side chain was pursued and demonstrated that

a five carbon appendage on the amide side chain diverts a C-terminal modulator from a
neuroprotective agent to an antiproliferative agent. In fact, molecules were found to manifest
an increase in antiproliferative activity as the amide side chain got larger.#2 Exploration of
the bulkiness on the amide side chain led to KU174 (5), which includes both a noviose sugar
and a benzamide side chain. In contrast to 4, 5 disrupted the Hsp90a/Ahal complex and
exhibited significant anti-proliferative activity against MCF-7 cells.#243 On the other hand,
optimization of 4 led to KU32 (2) and eventually KU596 (3) as neuroprotective agents.

Both 2 and 3 can induce the HSR without client protein degradation, whereas 5 led to the
degradation of client proteins without an induction of HSR, clearly highlighting mechanistic
activities that differ from N-terminal inhibitors.24 Therefore, C-terminal modulators are
promising agents that can display either antiproliferative or neuroprotective activity.

Following this study, a series of novobiocin analogs were prepared that focused on
optimization and exploration of the coumarin core, the benzamide side chain, and the
noviose sugar present in 1. Replacement of the noviose sugar with noviomimetics 6

(a cyclohexyl derivative containing a 4-benzyl ether) solved many synthetic challenges
associated with the 10-step preparation of noviose, while maintaining the ability to induce
the HSR (Figure 6), which is a key mechanistic feature required for neuroprotective
activity.4 Based on 6, 3’- and 4’-substituted cyclohexyl scaffolds were identified as good
noviomimetics that increased mitochondrial bioenergetics as needed for cytoprotective
activity. 7 exhibited a significant shift in the ATP index towards OxPhos, also indicating
cytoprotection.4®

Previous SAR studies indicated that replacement of the coumarin core with a biphenyl
moiety led enhanced antiproliferative activity. Therefore, a series of biphenylamides (8)
were synthesized and contained a hydrophilic region, which improved potency against both
MCEF-7 and SKBr3 cells as confirmed through western blot analyses and luciferase refolding
assays. Amines attached to a three carbon linker provided enhanced inhibitory activity.46
Furthermore, a saturated ring that allowed the molecule to adopt a three-dimensional
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conformation also appeared to improve binding as an increase in anti-proliferative
activity was observed. Such studies eventually led to the discovery of phenyl cyclohexyl
carboxamides 9, which manifested improved antiproliferative activity against SKBr3 cells.4’

Prior studies on the length of the amide side chain provided additional insights into the
ability to target different diseases. In the presence of an acetamide (eg. KU32, KU598),
Hsp90-Ahal interactions are stabilized and are important for Hsp90-mediated protein
folding activity, whereas the benzamide containing compounds (eg. KU174) destabilized
interactions between Hsp90 and Ahal, which led to the inhibition of Hsp90 protein folding
activity (Figure 6).43 After identification of the optimal sugar surrogates, the amide was
investigated. SAR studies led to identification of thiourea and urea based derivatives, KU711
(10) and KU757 (12), which displayed potent activity against head and neck squamous

cell carcinoma (HNSCC). 10 and 12 significantly decreased the rate migration, invasion,
self-renewal, and epithelial to mesenchymal transition (EMT) of several HNSCC cell lines
at a low pM concentrations (Figure 7).48 Furthermore, 12 displayed potency against two
thyroid cancer cell lines and exhibited 4- to 10-fold differential selectivity over normal
fibroblasts. 12 also suppressed the Warburg effect during the treatment of lenvatinib resistant
thyroid cancers, which led to a decreased dependence on glycolysis.*®

Heat shock proteins (Hsp90 and Hsp70) are known to play a critical role in the folding

and conformational maintenance of a diverse set of client proteins involved in cancer

stem cell (CSC) developmental pathways and include kinases, transcription factors, and
other proteins.>9 Since these inhibitors target CSC’s, KU758’s (11) co-administration with
standard chemotherapy drugs (vemurafenib and cobimetinib) led to synergistic activity
against BRAF-mutant tumors and overcame several resistance pathways in metastatic
melanoma. KU758 also induced apoptosis through poly(ADP-ribose) polymerase (PARP)
cleavage, cell cycle arrest at GO/G1, cell migration, and mitigated drug-resistance pathways.
Therefore, a combination drug strategy with CTls could provide a new method to overcome
metastatic melanoma and other resistant cancers.?!

The combination of appendages from previously identified scaffolds into a single molecule
can provide additional insights into the three-dimensional space within the Hsp90 C-
terminal binding pocket. Therefore, a stilbene- and novobiocin chimera (13) which contains
an N-methyl piperidine and a biaryl amide side chain was synthesized. Compounds that
positioned the sugar and amide moieties between 7.7 to 12.1 A apart at an angle of 180° led
to enhanced anti-proliferative activity and Hsp90 inhibitory activity against multiple cancer
cell lines (Figure 8).52 Optimization of 13 was pursued to minimize the entropic penalty paid
upon binding and to study the local binding environment. Replacement of the biaryl amide
side chain with a triazole-containing moiety (14) improved anti-proliferative activity and led
to an optimal length of ~24 A; which maximized Hsp90 CTD inhibition.53

In addition to Hsp90 CTD inhibition, novobiocin is a clinically approved DNA Gyrase

B inhibitor that is used to treat bacterial infections. Originally, Neckers and co-workers
postulated that novobiocin may also inhibit Hsp90 because both Hsp90 and DNA gyrase
both contain a structurally similar Bergerat fold.1%:35 This hypothesis led to the investigation
of whether other DNA Gyrase B inhibitors can inhibit Hsp90 also. 15 is a DNA gyrase

Bioorg Med Chem Lett. Author manuscript; available in PMC 2024 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Amatya and Blagg

Page 7

B inhibitor that was demonstrated to induce Hsp90-dependent client protein degradation
without induction of the HSR in SKBr3 breast cancer cells.>* Therefore, it is possible that
other DNA Gyrase B inhibitors can be used as a starting point for the development of new
Hsp90 C-terminal inhibitors (Figure 8).5°

The Hsp90 family of chaperone includes four isoforms (Hsp90a., Hsp90p, GRP94 and
TRAP-1) that exhibit >85% sequence identity within the N-terminal ATP binding pocket.
Simultaneous inhibition of all four isoforms can lead to detrimental side effects such as
cardio and ocular toxicities.>® Therefore, the development of isoform-selective inhibitors
is important to overcome these detriments. KU675 (16) (an analog of novobiocin) binds
directly to the Hsp90 CTD and suppresses the proliferation of androgen-dependent and
-independent prostate cancer cell lines (Figure 8). 16 displayed improved antiproliferative
activity against the LNCap-LN3 and PC3MM2 cells lines as compared to 1. However,
treatment of these prostate cancer cell lines with 16 led to selective degradation of the
Hsp90a-specific client proteins, B-Raf and survivin, whereas the Hsp90 -specific client
protein, CXCR4, was marginally affected. The molecule B was also found to exhibit
differential binding affinities against Hsp90a and Hsp90p, respectively (Kq’s = of 191 pM
(Hsp90a.) and 726 UM (Hsp90p)).5” On the other hand, vibsanin B (ViB) (17) exhibited
higher affinity for Hsp90p when compared to Hsp90a., and also inhibited leukocyte
chemotactic migration and improved experimental autoimmune encephalomyelitis (EAE)
in-vitro and in-vivo.8 18, a ViB based derivative displayed an 1Cso = 1.12 uM against
SKBr3 cells, while retaining selectivity for Hsp90p.% This data suggests there is potential to
develop CTIs that preferentially inhibit a single isoform.

Deguelin based CTls:

Another class of CTls is based on the natural product deguelin (19), which is a biosynthetic
rotenoid that binds the nucleotide-binding site within the Hsp90 CTD and appears to form
key interactions with Ser677 and Lys615.50 The binding of 19 to the CTD results in

the degradation of Hsp90’s client protein, hypoxia-inducible factor (HIF-1a.). Deguelin
destabilizes HIF-1a interactions and leads to inhibition of cell proliferation and metastasis
in several cancer cell lines both in vitroand in vivo.52:63.64 However, at higher doses, 19

is neurotoxic. After extensive SAR studies by the Lee group, a novel deguelin derivative,
L80 (20a) was developed (Figure 9). 20a did not produce neurotoxic activity, but did
manifest potent antiproliferative and apoptotic activity against multiple cancer cell lines.
In vivo, 20a displayed antitumor and antiangiogenic activities against H1299 xenografts.%0
Eventually, studies led to 20b, which induced HIF-1a degradation in a dose-dependent
manner and improved anti-proliferative activity as compared to 20a. 20b also inhibited
hypoxia-mediated angiogenic processes in human retinal microvascular endothelial cells
(HRMEC) in vitro.53

Subsequent studies on 20a, led to the development of 21 and SL-145 (22), which induced
the degradation of Hsp90-dependent client proteins (Akt, ERK, STAT3) and exhibited
cytotoxic activity against triple-negative breast cancer (TNBC) cell lines (MDA-MB-231
and 4T1) in a concentration-dependent manner.5465 Molecular docking with 21 suggested
21 to bind the CTD nucleotide-binding pocket in an open conformation, while maintaining
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a T-shape configuration through hydrogen bonding and r-cation interactions.84 23 was
prepared to exhibit increased solubility as compared to 20a. 23 inhibited the viability

of trastuzumab-sensitive (BT474 and SKBr3) and trastuzumab-resistant (JIMT-1 and
MDA-MB-453) cells in a concentration-dependent manner, while improving the drug-like
properties of the scaffold.66 Another deguelin analog, SH-1242 (24) was developed and
exhibits similar activity as 20a. The binding of 24 to Hsp90 disrupts interactions between
Hsp90 and the co-chaperone, Hsp90-Hsp70 organizing protein (HOP), and manifests good
anti-cancer activity against three different lung cancers (NSCLC, KRAS driven and PDX
tumors) in vivo.5

Given the success of deguelin and novobiocin derived CTIs, the potential to combine
scaffolds into a single chimera was pursued. The deguelin and novobiocin derived series
(NCT) of CTls were designed and synthesized via the hybridization of novobiocin and
deguelin (Figure 10). NCT-50 (25) displayed higher inhibitory activity and lower toxicity
than both novobiocin and deguelin. 25 exhibited inhibitory activity against both chemo-
resistant and chemo-naive NSCLC cells and inhibited the function of Hsp90 by stabilizing
the open conformation of the homodimer.88 The related analog, NCT-80 (26) inhibited
STAT3 activation and disrupted interactions between Hsp90 and STAT3 as determined by
immunoprecipitation and pull-down assays. Since activation of Wnt/p-catenin signaling
plays an important role in CSCs and anticancer drug resistance, treatment of CSCs and
non-CSCs in NSCLC with 26 resulted in antitumor activity both /n vitroand in vivo without
activation of the STAT3 or Wnt/B-catenin signaling pathways.5%70

Higher levels of HSF-1 exist in Her2-positive breast cancers and correlate directly with
tumor volume and reduced survival.”! Treatment of JIMT-1 xenograft tumors with NCT-58
(27) reduced the expression of CD44/ALDH1, a progenitor marker of breast cancer stem
cells (BCSC). In addition, 27 led to the induction of apoptosis via activation of caspase-3/
caspase-7 and the downregulation of HSF-1, Hsp70 and Hsp90 expression.”2 Moreover, 27
exhibited the ability to eradicate trastuzumab-resistant cells and induce the degradation of
Her2, Her3, EGFR, truncated p95Her2 and Akt.”3 As a result, 27 represents a novel scaffold
for the optimization of small molecules to treat trastuzumab-resistant Her2-positive breast
cancers.

Peptide based CTls:

The use of peptides as therapeutic agents can improve target affinity, selectivity and
specificity as peptides can enter a cell by taking advantage of transporters.’4 Peptides that
directly block TPR-containing cochaperones from binding to the Hsp90 C-terminus can
modulate multiple cell growth pathways simultaneously and offer an insight into SAR. An
example of such is peptide LB51 (28), which bound the MEEVD region of the CTD and
disrupted interactions with PPID with an ICsq value of 4uM.”® A structurally similar cyclic
pentapeptide, LB76 (29) (Figure 11) was identified as the first de novo protein—protein
disruptor that used an amino acid sequence complementary to the MEEVD sequence of the
CTD. 29 blocked the interactions between Hsp90 and TPR-containing co-chaperones (eg.
FKBP) as determined by a pull-down assay, but was observed to be a less effective disruptor
of interactions between Hsp90 and its co-chaperone, FKBP.76

Bioorg Med Chem Lett. Author manuscript; available in PMC 2024 January 15.
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A different peptide-based CTI, aminoxyrone (AX) (30), an a-aminoxy hexapeptide, binds
the dimerization interface of Hsp90 CTD with a Ky value of 27.4 uM.3L77 This affinity

led to the disruption of Hsp90’s interaction with its co-chaperone, p53. 30 displayed
antiproliferative activity against BCR-ABL1+ TKI resistant leukemia cells and manifested
activity without induction of the HSR.”’ Further studies suggest that 30 operates via
disruption of Hsp90 dimerization or destabilization of the already formed homodimer.
Based on 30 and molecular dynamics (MD) simulations with the putative binding residues
(1688, Y689, 1692, and L696) located within the a-helix (H5) in the CTD dimerization
interface, compound 31 was designed. 31, which consists of a tripyrimidonamide ring
system demonstrated affinity towards the Hsp90a CTD (Kq = 3.42 = 1.0 uM) and displayed
good antiproliferative activity (IC5p= 1.3 + 0.3 uM) against a BCR-ABL1+ tested leukemia
cell line, K562.29

Discovery of New Inhibitory Scaffolds:

Small molecule Hsp90 CTI’s with novel scaffolds (Figure 12) have been developed and
validated using multiple approaches (Table 1).”8 Dihydropyridine derivative, LA1011(32),
binds the Hsp90 CTD as determined by isothermal titration calorimetry. In Alzheimer’s
disease (AD), there are decreased levels of Hsp27 and Hsp70. Hence, treatment of

the APPxPS1 Alzheimer’s disease mouse model with 32 led to induction of the HSR

and manifested neuroprotective activity as evidenced by protection of dendritic spines,
viable neurons in the hippocampus, and a decrease in tau accumulation.”® 32 bound
human Hsp90a with Kq = 3.8 £ 0.7 uM and human Hsp90p with Kq =9.7 £ 0.7

UM, while simultaneously activating their ATPase activity. Therefore, this new scaffold
exhibits allosteric modulation of the Hsp90 chaperone-mediated process and prevented
the aggregation of citrate synthase and the refolding of luciferase.89 The discovery of
interactions and a sensitive steric environment within the CTD was used to design 3,4-
dihydropyrimidin-2(1H)-one (DHPM). Optimization of the aromatic ring at C-4 of DHPM
led to a second generation lead compound (33). 33 represents one of the few unnatural
compounds that was synthesized to target the Hsp90 CTD, and displayed an ICsg value of
15.2 uM against human T lymphocyte Jurkat cell lines.81

Penisuloxazin A (PEN-A) (34) strongly binds the Hsp90a C-terminus at a site distinct from
the ATP binding domain that was utilized viaan ATP-agarose pulldown assay. The disulfide
bond present in this molecule can oxidize cysteine residues (C572, C597 and C598) within
the CTD and consequently, disrupt Hsp90 dimerization and the interactions between Hsp90
and its co-chaperones (CDC37, p23, FKBP5 and PP5). 34 inhibited the proliferation of
cancer cells, enhanced apoptosis and suppressed tumor growth in an HCT116 colon cancer
xenograft model.30:82

Chaetocin (35) is another novel Hsp90a C-terminal inhibitor that was confirmed through
surface plasmon resonance (SPR) and proteolytic fingerprinting assays. 35 exhibited
antiproliferative activity against K562 and HL-60 cells with an ICgq value of 125 nM

and 62.4 nM, respectively. 35 induced the degradation of various Hsp90-dependent client
proteins (AMI1-ETO and BCL-ABL) and disrupted interactions between Hsp90 and
cochaperones HOP and pp5 in a dose-dependent manner. 35 led to the degradation of
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SUV39H1, an Hsp90 client protein that interacts with Hsp90 via Hsp90-Hsp70 Organizing
protein (HOP). SUV39HL1 is a transcriptional repressor that serves an important role in the
regulation of proliferation and self-renewal of hematopoietic stem cells involved in acute
myeloid leukemia (AML).83

NSC145366 (36) which shares the symmetrical scaffold present in bisphenol A (BPA),
binds to a novel site within the C-terminal dimerization interface, independent of the CTD
nucleotide-binding site. Upon binding the CTD, 36 induces allosteric inhibition of ATPase
activity at the NTD (ICg5p= 119 uM) by increasing Hsp90 oligomerization. NSC145366
displayed antiproliferative activity against prostate tumor cells (Glsg= 0.2-1.9 pM), leading
to the downregulation of Hsp90-dependent client proteins (AR and BRCA1) without
induction of the HSR.84

Silibinin (37), a natural product derived from milk thistle seeds, interacts with Hsp90a.
and B and induces conformational changes that lead to disruption of Hsp90 interactions
with other co-chaperones. 37 circumvented the hepatotoxic side effects observed with N-
terminal inhibitors and led to the downregulation of signal transducers and the activator
of transcription (STAT3) signaling, ultimately displaying efficacious activity in /in vivo
metastasis models of non-small cell lung cancer (NSCLC).85

In silico Design of CTls:

Rapid Overlay of Chemical Structures (ROCS) is an extensively used screening tool for
ligand based drug design. After decades of failed efforts to obtain co-crystal structures

of small molecules bound to the CTD, this method of C-terminal inhibitor development
appears promising. ROCS modeling with novobiocin as a reference generated compound
38 (Figure 13). A homology modeling study performed with yeast Hsp90 (PDB code:
2CG9) predicted 38 to bind the Hsp90 C-terminal ATP binding pocket. SAR studies on
38 led to the development of compound 39, which manifested potent anti-proliferative
activities against various breast cancer cells both /n vitroand in vivo and induced the
degradation of Hsp90 clients.8® Using an orthogonal screening approach, two new C-
terminal inhibitors (compounds 40 and 41) were discovered. These compounds induced
apoptosis and downregulated oncogenic client proteins without induction of the HSR in
Jurkat (human T-lymphocyte) and U937 (human monocyte form histiocytic lymphoma)
cell lines.8” Compound 42 was identified via molecular dynamics (MD) simulations
using novobiocin in a structure-based pharmacophore model. This compound displayed
antiproliferative activity against different cancer cell lines while inhibiting the Hsp90
dependent refolding of luciferase.8¢ Compounds 43 and 44 are the first examples of small
molecules shown to directly disrupt Hsp90 CTD-TPR-domain co-chaperone interactions,
which were discovered by virtual screening and intrinsic protein fluorescence quenching
binding assays. These compounds bind the dimerization pocket within the CTD across both
monomers as predicted by docking studies. Using an ALPHALISA assay, the ICsq values
of 43 and 44 were determined to be 35 uM and 220 uM, respectively.2> 45 represents

a unique scaffold that was discovered viaa structure-based virtual screening against the
Hsp90p CTD. 45 displayed antiproliferative activity against two different cancer cells lines
(IC50= 1.4 £ 0.4 uM against MCF-7 and ICsq= 2.8 = 0.4 uM against SK-N-MC), wherein

Bioorg Med Chem Lett. Author manuscript; available in PMC 2024 January 15.
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the hydrophobic interactions between the biphenyl group and Ala608A were found essential
for activity.89

In conclusion, targeting the Hsp90 CTD offers an exciting opportunity to disrupt the
maturation of ~400 client proteins associated with numerous pathologies, including cancer.
Moreover, C-terminal modulators have demonstrated and displayed the ability to segregate
neuroprotective activity from anticancer activity by segregating induction of the HSR from
inhibition of the protein folding machinery. Therefore, the development of CTI’s provide

an alternative strategy to overcome the dose-limiting toxicities that were observed with
inhibition of the Hsp90 NTD. Despite progress made thus far, the mechanism of action for
CT1I’s remain underinvestigated and requires significant biochemical interrogation. Hsp90
C-terminal compounds that exhibit greater inhibitory activity are needed along with solution
of the co-crystal structures in order to further advance this field. Such studies would allow
for a more thorough SAR analysis between inhibitors and the C-terminal binding site that
could lead to the advancement of additional clinical candidates. Despite these concerns, a
number of CTI have been developed and this review provides an update on the current status
of C-terminal modulators used to explore Hsp90 biology and their clinical applications.
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Hsp90 homodimer (N: NTD, M: MD, C: CTD).
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Figure 2.
Hsp90 protein folding mechanism.312
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Figure 3.
Mechanism of the heat shock response (HSR).
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Potential CTD binding sites.3!
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Figure 6.
Differentiation of side chain moiety for neuroprotection vs anticancer.42
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Novobiocin based CTls.
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Deguelin based CTIs.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2024 January 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Amatya and Blagg

Page 24
0. 0. 0.
| H | H | H
0. N ¥z (o} N Pz 0. N Z
JI YL JOT L JI T

| 25 (NCT-50) N 26 (NCT-80) 27 (NCT-58)
H1299 (ICs0): 0.23 UM H1299 (ECso): 0.23 uM SKBI3 (IC50): 2-10 yM

Figure 10.
Deguelin and novobiocin based CTIs.
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New Scaffolds for CTls.
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Computational based CTls.
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Table 1.

Methods employed to discover and validate newly discovered CTIs.

Approaches for drug
discovery

medicinal chemistry-based
approaches used to
develop Hsp90 C-terminal
modulators

Methods used to validate
target engagement

Experimental methods employed

« homology modeling

» molecular docking

« virtual screening

« pharmacophore development

* molecular dynamics (MD) simulation

« computational modelling and the application of computer-aided drug design (CADD)%°
* quantitative structure-activity relationship (QSAR)

« nuclear magnetic resonance (NMR)

« photo-cross linking and mass spectrometry to identify proximal residues®192

« alpha (amplified luminescence proximity homogeneous assay)-based assay that employs biotin-labelled Hsp90
CTD and glutathione S-transferase (GST)-tagged PPID to disrupt interactions between the Hsp90 CTD and
TPR-containing peptidylprolyl isomerase D (PPID)

« surface plasmon resonance (SPR) studies8”-93

« proteolytic fingerprinting®?

« isothermal titration calorimetry (ITC)8

« luciferase-refolding assay’6

« molecular dynamics receptor exploration®®

« fluorescence resonance energy transfer (TR-FRET) assay®®

« fluorescence polarization (FP) assay with FITC labeled Hsp90 N-terminal inhibitors to confirm a lack of
binding to the NTD%
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