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The Right Tool for the Job: 
An Overview of Hsp90 Inhibitors
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Abstract

Molecular chaperones are responsible for 
maintaining intracellular protein quality con-
trol by facilitating the conformational matura-
tion of new proteins as well as the refolding of 
denatured proteins. While there are several 
classes of molecular chaperones in the cell, 
this chapter will focus solely on the small 
molecule modulation of Hsp90, the 90  kDa 
heat shock protein. Hsp90 is not only respon-
sible for folding nascent proteins, but it also 
regulates the triage of numerous client pro-
teins through partnering with the ubiquitin-
proteasome pathway. Consequently, Hsp90 
plays critical role in maintaining the protein 
homeostasis (proteostasis) network within the 
cell and is required for the activation/matura-
tion of more than 300 client protein substrates. 
Many of the clients that depend upon Hsp90 
are overexpressed or mutated during malig-
nant transformation. This often renders the 
clients thermodynamically unstable and 
dependent on Hsp90 for stability. This phe-
nomenon results in an oncogenic ‘addiction’ 

to the Hsp90 protein folding machinery as 
Hsp90 maintains onco-client proteins. 
Furthermore, Hsp90-dependent substrates are 
associated with all ten hallmarks of cancer, 
making Hsp90 an attractive target for the 
development of cancer chemotherapeutics. In 
fact, 17 small molecule inhibitors of Hsp90 
have been developed and clinically evaluated 
for the treatment of cancer. Unfortunately, 
most of these molecules have failed for vari-
ous reasons, necessitating a new approach to 
modulate the Hsp90 protein folding machine.
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9.1	 �Introduction

There are at least three distinct mechanisms to 
modulate Hsp90 with small molecules (Fig. 9.1). 
The N-terminal domain contains an atypical 
nucleotide-binding site that is responsible for the 
hydrolysis of ATP, which serves as the requisite 
source of energy during the protein folding pro-
cess. In fact, all four Hsp90 isoforms exhibit >85% 
identity within this region. Due to the high identity 
among the ATP-binding sites, the Hsp90 inhibitors 
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that have undergone clinical evaluation exhibit 
similar affinity for all four isoforms and manifest 
pan-inhibitory activity. Upon inhibition of the 
N-terminal nucleotide binding site, client proteins 
are unable to achieve their native conformation 
and instead, become ubiquitinylated and then 
degraded via the proteasome. At the same concen-
tration of inhibitor needed to induce the degrada-
tion of Hsp90-dependent client proteins, the heat 
shock response (HSR) also occurs. The HSR is a 
pro-survival response to cellular stress and the 
accumulation of misfolded proteins, which results 
in the transcriptional activation of multiple chaper-
one networks, including Hsp27, Hsp40, Hsp70, 
and also Hsp90. Thus, inhibitors of the N-terminal 
domain of Hsp90 not only induce the degradation 
of oncogenic proteins, but they also induce the lev-
els of Hsp90, which is contraindicated.

Unlike the N-terminal nucleotide binding site, 
which has been highly sought after for therapeu-
tic development, the C-terminal nucleotide bind-
ing site has been less pursued and at present, no 
co-crystal structure of inhibitors bound to this 
domain exist. However, multiple studies have 
now demonstrated that there are several mecha-
nisms to control the Hsp90 protein folding pro-
cess through modulation of the C-terminal 
region. In fact, it has been shown that induction 
of the heat shock response can be segregated 
from client protein degradation through inhibi-
tion of this binding pocket. Thus, compounds tar-
geting this region offer the potential to overcome 
some of the detriments associated with N-terminal 
inhibition for the treatment of cancer, in particu-
lar, induction of Hsp90 levels. In contrast to the 

compounds that induce client protein degradation 
without concomitant induction of the heat shock 
response, small molecules have also been devel-
oped that induce the heat shock response without 
client protein degradation. Thus, two classes of 
Hsp90 C-terminal inhibitors have been devel-
oped that manifest opposing properties, those 
that exhibit anti-cancer activity and those that are 
pro-survival and neuroprotective.

In addition to the N- and C-terminal nucleo-
tide binding sites, natural products have been 
identified that inhibit the Hsp90-mediated protein 
folding machinery through disruption of the 
interactions between co-chaperones and Hsp90, 
which are required for the maturation of most 
Hsp90-dependent substrates. Several natural 
products have been shown to disrupt these 
protein-protein interactions, and ultimately mani-
fest in distinct inhibitory activities. While none of 
these molecules are currently undergoing clinical 
evaluation, they do exhibit properties distinct 
from N- and C-terminal inhibitors that may be 
clinically useful. Studies directed toward the 
development of such inhibitors will be briefly 
described in this chapter.

9.2	 �Hsp90 N-Terminal Inhibitors

The N-terminus of Hsp90 contains an ATP-
binding pocket. This site, where ATP binds and is 
hydrolyzed to ADP during the Hsp90-folding 
process, is the primary location for the binding of 
numerous Hsp90 inhibitory classes. Kamal et al. 
were the first to describe an increase in the affin-
ity of Hsp90 for ATP, as well as for ATP-
competitive inhibitors, in cancer cells (as 
compared to normal non-transformed cells) 
(Kamal et al. 2003). A similar phenomenon has 
also been described by Dickey et  al. following 
the examination of Hsp90 from Alzheimer’s dis-
eased brain (Dickey et  al. 2007). Concurrent 
studies, including the original work by Kamal 
et al., noted that Hsp90 with altered ATP affinity 
interacted with a distinct repertoire of co-
chaperones (Kamal et  al. 2003; Dickey et  al. 
2007; Moulick et al. 2011; Rodina et al. 2016). In 
fact, the Chiosis group has published extensively 

Fig. 9.1  The Hsp90 dimer and points for small molecule 
modulation
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on this topic, and more recently described an 
extensive characterization of these complexes in 
cancer cells, endowing the name ‘epichaperome’ 
for these disease-specific Hsp90 complexes 
(Rodina et al. 2016). These phenomena, although 
still poorly understood, have served as the impe-
tus for the clinical application of multiple 
N-terminal Hsp90 inhibitors for potential treat-
ment of cancer and Alzheimer’s disease. Ongoing 
research with existing and novel N-terminal 
Hsp90 inhibitors has also served to generate 

valuable chemical tools to investigate Hsp90 
function, the disease proteome, as well as probes 
for detecting and monitoring disease pathogene-
sis. Herein, we will describe how N-terminal 
Hsp90 inhibitors have enhanced our understand-
ing of Hsp90 biology in the presence and absence 
of disease stress.

Geldanamycin (Fig. 9.2), a benzoquinone ans-
amycin (DeBoer et al. 1970), was the first identi-
fied Hsp90 inhibitor, and was initially investigated 
for its anti-tumor properties. Initially, it was 

Fig. 9.2  N-terminal Hsp90 inhibitors
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thought to inhibit v-src (Whitesell et  al. 1992), 
but was later found to interact with Hsp90 and 
inhibit formation of the Hsp90/v-src complex 
(Whitesell et  al. 1994). Subsequent studies into 
the mechanism driving this activity determined 
geldanamycin to be an ATP-competitive inhibitor 
(Prodromou et al. 1997). Since then, derivatives 
of geldanamycin, the macbecins (an additional 
ansamycin antibiotic) (Bohen 1998; Martin et al. 
2008) and several related scaffolds were shown 
to compete with ATP, and subsequently, inhibit 
Hsp90 activity. Such selectivity helped propel 
derivatives of geldanamycin, 17-AAG, 
17-DMAG, and IPI-504 (Fig.  9.2) into clinical 
trials as anti-cancer therapies (reviewed in 
(Jhaveri et  al. 2012)). Due to hepatotoxicity 
issues associated with this scaffold, which is 
independent of Hsp90 inhibitory activity, clinical 
trials have ceased with use of the ansamycin scaf-
fold. However, the use of geldanamycin deriva-
tives have been extensively used outside the 
clinic to enhance our understanding of Hsp90 
biology, particularly in disease. Using this class 
of Hsp90 inhibitor, it was demonstrated mutant 
and wild-type proteins have distinct fates follow-
ing the loss of Hsp90 function. A classic example 
is the p53 oncogene. Inhibition of Hsp90 pro-
motes the degradation of mutant p53 
(Blagosklonny et al. 1996), as mutant p53 is ther-
modynamically unstable and is therefore more 
reliant upon the activity of Hsp90 to maintain 
stability. Wild-type p53, however, remains rela-
tively unaffected following inhibition of Hsp90. 
As mentioned previously, 17-AAG and geldana-
mycin were used in seminal studies by Kamal 
et al. to demonstrate that Hsp90  in cancer cells 
exhibits higher affinity and distinct co-chaperone 
complexes as compared to the Hsp90 from non-
transformed cells. Although poorly understood, 
his phenomenon is still a focal point for Hsp90 
research and drug development and will be dis-
cussed later.

Radicicol (Fig. 9.2), a macrocyclic lactone, is 
an antibiotic that also acts as an ATP-competitive 
inhibitor of Hsp90 (reviewed in (Sharp and 
Workman 2006)). Poor metabolic properties have 
rendered radicicol inactive in animal studies, and 
prompted the development of derivatives to 

improve in vivo activity (Agatsuma et al. 2002; 
Soga et al. 2001). Radicicol, unlike geldanamy-
cin, does not produce hepatotoxicity (Agatsuma 
et al. 2002; Soga et al. 2001). Despite this advance 
over geldanamycin derivatives, no radicicol-
based derivatives have advanced into clinical 
studies. However, the resorcinol ring present in 
radicicol has been the subject of successful 
research and clinical advancement and has led to 
exciting developments in Hsp90-isoform selec-
tivity. Synta Pharmaceuticals compound, STA-
9090 (ganetespib) (Fig. 9.2), is one example of 
this class that is currently under clinical investi-
gation. The use of ganetespib by Taipale in the 
Lindquist Laboratory has demonstrated several 
key findings via an elegant screening array 
(Taipale et al. 2012). These studies demonstrated 
that there are several dependencies that exist with 
Hsp90 client proteins. By inhibiting Hsp90 with 
ganetespib, Taipale identified both ‘strong’ and 
‘weak’ Hsp90 clients, wherein each class con-
tained client proteins that were degraded or 
aggregated following the loss of Hsp90 function. 
These studies concluded that the on-rate of client 
proteins is the main factor in distinguishing 
strong and weak clients and found no direct evo-
lutionary correlation between kinase families and 
Hsp90 client preferences.

Additional modifications to the resorcinol ring 
have allowed for the generation of small mole-
cules capable of selective-inhibition of the cyto-
solic Hsp90 family member, Hsp90ß, (KUNB31, 
Fig. 9.2) (Khandelwal et al. 2018). This advance 
in the generation of small molecule Hsp90 inhib-
itors will likely produce effective therapeutics 
that can avoid some of the problems associated 
with pan-Hsp90 inhibitors. One example is the 
dependence of the hERG potassium channel on 
Hsp90α as well as a lack of induction of the heat 
shock response (Ficker et  al. 2003). Non-
selective, or pan, Hsp90 inhibitors can yield car-
diotoxicity due to this dependence. Another, and 
perhaps the most interesting, finding from selec-
tive inhibitors was the lack of Hsp70 induction 
following Hsp90ß-specific inhibition (Soga et al. 
2001); Hsp70 induction was long considered an 
inevitable outcome of Hsp90 inhibition. These 
findings and continued drug development efforts 
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will allow researchers to distinguish between the 
cellular effects of individual Hsp90 family mem-
bers and produce compounds that may be suit-
able for translation into the clinic.

The first synthetic Hsp90 inhibitor, PU-3 
(Fig.  9.2), is a purine-derived ATP-competitive 
Hsp90 inhibitor (Chiosis et al. 2002). Following 
the discovery of PU-3, additional purine-based 
Hsp90 inhibitors were developed, and include 
MPC-3100 (Fig. 9.2) by Myriad Pharmaceuticals, 
BIIB021 (Fig. 9.2) by Biogen, as well as PU-H71 
(Fig.  9.2) and PU-AD (structure not disclosed) 
(reviewed in (Jhaveri et  al. 2012); http://www.
samustherapeutics.com/; https://www.cancer.
gov/publications/dictionaries/cancer-drug/def/
iodine-i-124-pu-ad; https://clinicaltrials.gov/ct2/
show/NCT03371420). This purine class of Hsp90 
inhibitors has been successful thus far during 
clinical investigation. This success is likely due 
to their selectivity, pharmacology profiles, and 
the lack of toxicities that are associated with the 
natural-product based scaffolds. The purine class, 
primarily PU-H71 and associated radio-labeled 
derivatives, have provided a new role for 
N-terminal Hsp90 inhibitors as imaging agents 
and diagnostic tools (Rodina et al. 2016). As pre-
viously discussed, Kamal et  al. performed 
detailed studies showing Hsp90 in cancer cells to 
manifest a higher affinity for both ATP and ATP-
competitive inhibitors as compared to Hsp90 
from non-transformed cells. Rodina and Moulick 
demonstrated that some, but not all of the 
Hsp90 in cancer cells present an increased affin-
ity for ATP and ATP-competitive inhibitors 
(Moulick et al. 2011; Rodina et al. 2016). These 
properties were further used to identify a network 
of chaperone complexes with Hsp90, which 
serves as a central hub for formation of these 
complexes in cancer. These chaperone hubs, 
termed the ‘epichaperome,’ could be evaluated 
and used as a diagnostic and imaging tool through 
the use of a radio-labeled purine scaffold Hsp90 
inhibitor (Rodina et  al. 2016). This discovery 
allows for enhanced patient selection in the use 
of Hsp90 inhibitors as anti-cancer agent. In addi-
tion, Samus Therapeutics has initiated the clini-
cal evaluation of an epichaperome-targeting 
agent, named PU-AD, which can serve as an epi-

chaperome biomaker tool for Alzheimer’s dis-
ease (http://www.samustherapeutics.com/; 
https://www.cancer.gov/publications/dictionar-
ies/cancer-drug/def/iodine-i-124-pu-ad; https://
clinicaltrials.gov/ct2/show/NCT03371420).

Despite the advancement of some Hsp90 
N-terminal inhibitors into Phase III clinical trials, 
clinical advancement has been scarce. Though 
Hsp90 has demonstrated promise as an anti-
cancer target, and perhaps for the treatment of 
Alzheimer’s disease, clinical progress has been 
slow due to the off-target activities manifested by 
such compounds.

9.3	 �Hsp90 C-Terminal Inhibitors

Hsp90-mediated hydrolysis of ATP is required 
for the folding of bound substrates as well as the 
release of the folded client. Hsp90 must adopt a 
closed conformation (Ficker et  al. 2003) to 
undergo ATP hydrolysis. Activator of Hsp90 
ATPase activity, Aha1, must first bind Hsp90 
before ATP, in an effort to stimulate closure into 
the closed state. Subsequent structural reorgani-
zation ensues, resulting in closure of the 
N-terminal lid. This reorganization of the confor-
mation represents the rate-limiting step during 
the protein folding cycle (Prodromou 2012).

It has been demonstrated that the binding of 
Aha1 to Hsp90 accelerates the conformational 
change and results in assembly of the closed 
state. Therefore, small molecules that perturb 
interactions between Hsp90 and Aha1 are respon-
sible for eliciting unique inhibitory activities that 
are significantly different than those observed 
with N-terminal inhibitors.

The coumermycin antibiotics, which include 
novobiocin (Fig. 9.3), chlorobiocin, and coumer-
mycin A were proposed to bind the N-terminal 
nucleotide-binding pocket due to structural simi-
larities between the Hsp90 and DNA gyrase ATP-
binding sites, both of which contain a unique 
Bergaret fold. In fact, novobiocin bound com-
petitively versus radicicol and geldanamycin dur-
ing Hsp90 binding studies. However, neither 
geldanamycin nor radicicol could displace novo-
biocin binding to Hsp90 (Marcu et  al. 2000). 
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Truncated forms of Hsp90 were then evaluated 
by Neckers and coworkers, who ultimately dem-
onstrated that geldanamycin bound to the 
N-terminal fragment, but novobiocin bound to a 
previously unrecognized nucleotide-binding 
pocket in the C-terminal domain (Marcu et  al. 
2000). In fact, it was demonstrated that small 
molecule binding to the C-terminus exhibited 
allosteric control over the N-terminal binding 
site.

While novobiocin served as the first Hsp90 
C-terminal inhibitor identified, it manifested 
poor activity in cellular models (Kd ~700 μM in 
SkBr3 breast cancer cells). Therefore, structure-
activity relationship studies were pursued to elu-
cidate the key features of this molecule as well as 
to improve upon its poor efficacy. The benzamide 
side chain of novobiocin was replaced with an 
acetamide, the coumarin ring was modified to 
remove the 4-hydroxyl, and the 3′-carbamate on 
the noviose sugar was omitted (Yu et al. 2005). 
The resulting compound, A4, induced the degra-

dation of Hsp90-dependent client proteins at 
~10  μM concentration in the LNCaP prostate 
cancer cell line (Yu et al. 2005). Remarkably, A4 
induced the HSR at concentrations 1000–10,000 
fold lower than that needed for client protein deg-
radation (Yu et al. 2005). Prior studies with other 
classes of Hsp90 inhibitors had never led to seg-
regation of the HSR and client protein degrada-
tion. Since A4 exhibited heat-shock induction 
without the degradation of client proteins, it was 
evaluated as a neuroprotective agent (Yu et  al. 
2005). In fact, an analog of KU-32, KU-596, was 
developed for the treatment of diabetic peripheral 
neuropathy, and entered clinical trials in 2017. 
KU-596 is currently awaiting Phase II 
evaluation.

In contrast to KU-32, which contains the acet-
amide side chain, 4-deshydroxynovobiocin 
(DHN1) and 3′-descarbamoyl-4-
deshydroxynovobiocin (DHN2) contain the pre-
nylated benzamide side chain, and were prepared 
to investigate the role of the 4-hydroxyl and 

Fig. 9.3  Hsp90 C-terminal inhibitors
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3′-carbamoyl residues (Burlison et  al. 2006). 
Unexpectedly, these compounds did not behave 
similar to KU-32, and instead induced the degra-
dation of Hsp90-dependent client proteins at con-
centrations in which no HSR was observed. The 
most potent compound derived from this series 
was KU-174, which manifested good inhibitory 
activity against a large number of cancers in the 
NCI 60-cell line panel assay (Eskew et al. 2011). 
Subsequent studies on the coumarin core have 
been pursued and have led to compounds that 
exhibit enhanced inhibitory activity and are cur-
rently undergoing optimization with the hope of 
producing an alternative Hsp90 inhibitory class 
for the treatment of cancer (Kusuma et al. 2014; 
Donnelly et al. 2008; Bras et al. 2007; Radanyi 
et al. 2008, 2009).

Based on a number of computational studies, 
KU-174 was proposed to bind both Hsp90 and 
Aha1 (Ghosh et  al. 2014). Subsequent studies 
utilizing biotinylated KU-174 demonstrated this 
molecule indeed binds both Hsp90 and Aha1. 
However, the aglycone of KU-174 only bound 
Aha1 (Ghosh et al. 2014), suggesting the noviose 
sugar is required for binding Hsp90, whereas the 
aryl amide side chain binds Aha1 (Ghosh et al. 
2014). KU-32, which does not contain an aryl 
amide side chain (acetamide) was biotinylated 
and also used in affinity purification assays 
(Eskew et  al. 2011). Biotinylated KU-32 was 
shown to bind both the cytosolic isoform, 
Hsp90α, and the mitochondria-localized paralog, 
TRAP-1. Importantly, biotinylated KU-32 did 
not bind Aha1, supporting the hypothesis that the 
aryl-containing amide side chain is required for 
binding Aha1.

Since KU-32 contains one methyl group on 
the amide side chain and KU-174 contains a 
much larger aryl ring on the amide side chain, 
studies were initiated to identify the point of 
divergence in which the pro-survival neuropro-
tective analog was transformed into a compound 
with anti-cancer activity. Therefore, derivatives 
of KU-32 were investigated that contained 
increasingly larger alkyl and cycloalkyl groups 
on the amide side chain (Table  9.1). The anti-
proliferative activity manifested by the KU-32 
analogs was evaluated against both SkBr3 breast 

and the androgen independent PC3-MM2 pros-
tate cancer cell lines. Upon evaluation of the 
results, it became clear that increasing the alkyl 
chain length resulted in a size-dependent increase 
in antiproliferative activity as shown in Table 9.1, 
which was linearly correlative with chain length 
or bulk.

Since the rematuration of firefly luciferase is 
dependent upon Hsp90, the refolding of dena-
tured firefly luciferase was used to determine 
whether these analogs affected this process 
(Matts et al. 2011; Galam et al. 2007; Davenport 
et  al. 2014; Avila et  al. 2006). KU-32 did not 
inhibit the ability of Hsp90 to refold luciferase, 
but analogs containing the longer alkyl chains or 
cyclic alkanes did inhibit the re-maturation of 
firefly luciferase (Fig.  9.4). However, analogs 
containing shorter alkyl chains failed to inhibit 
the re-maturation of luciferase, but in contrast to 
the larger substituents, the smaller alkyl groups 
increased the re-maturation of firefly luciferase. 
One explanation that could account for the diver-
gence in activities is that Aha1 remains bound to 
Hsp90 when the amide side chain is small, how-
ever, in the presence of larger side chains, the 
interaction between Hsp90 and Aha1 is disrupted. 
Co-immunoprecipitation experiments were per-
formed in the presence of these analogs and it 
was demonstrated that Hsp90α/Aha1 disruption 
occurred more readily for the amide side chains 
that contained larger alkyl groups, which resulted 
in a linear correlation between activity and chain 
length (Fig. 9.4).

(−)-Epigallocatechin-3-gallate (EGCG) and 
silybin have been shown to bind the Hsp90 
C-terminus and to modulate the Hsp90-mediated 
protein folding machinery. Gasiewicz and 
coworkers showed EGCG to bind the same amino 
acids (538–728) as novobiocin via proteolytic 
footprinting, immunoprecipitation, and an ATP-
argarose pull-down assay (Yin et  al. 2009). 
Inhibition of Hsp90 with EGCG was shown to 
induce the degradation telomerase, kinases, and 
the aryl hydrocarbon receptor, and consequently, 
manifests anti-cancer activity (Palermo et  al. 
2005; Khandelwal et al. 2013).

Silybin is a traditional medicine that has been 
used to treat liver and gallbladder disorders (Lu 
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Entry R SKBr3
(IC50, µM) (IC50, µM)

PC3-MM2

KU32 -Me 902 >500

A 643 ± 50 504

B 313 ± 9 466

C 118 ± 43 317

D 84 ± 38 53.7 ± 0.35

E 58.3 ± 2.1 34.7 ± 1.82

F 517 ± 29 >500

G 220 ± 16 284 ± 99.85

H 67.0 ± 1.4 144.5 ± 10.6

I 46.8 ± 0.7 54.55 ± 4.92
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Table 9.1  Anti-
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Fig. 9.4  KU-32 analogs 
disrupt the Hsp90α/
Aha1 complex. IC50 
values report inhibition 
of refolding of firefly 
luciferase
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et al. 2009). However, silybin was also shown to 
manifest cytotoxic activity against various cancer 
cell lines In addition to enhancing the efficacy of 
chemotherapeutic agents, silybin also manifests 
anti-cancer activity against a number of cancer 
cell lines. Silybin has also been shown to possess 
Hsp90 C-terminal inhibitory activity and cause 
Hsp90-dependent client proteins degradation 
without alteration of Hsp90 levels (Zhao et  al. 
2011). Due to the similar biological properties 
between novobiocin and silybin, chimeric deriva-
tives of these two natural products were devel-
oped, which led to compounds with improved 
Hsp90 inhibitory activity (Zhao et al. 2012).

9.4	 �Disruption of Hsp90-co-
chaperone Interactions

Hsp90 and its co-chaperones are required for the 
conformational maturation of the majority of 
Hsp90-dependent substrates. Below are exam-
ples of natural products that have been discov-
ered to disrupt these interactions and 
consequently, produce activities that are different 
than those observed with both N- and C-terminal 
inhibitors (Fig. 9.5). For example, celastrol dis-
rupts interactions between Hsp90 and Cdc37, 
which is a co-chaperone required for the proper 
folding of Hsp90-dependent kinases (Zhang et al. 
2009). Thus, celastrol manifests its Hsp90 

Fig. 9.5  Small molecules that disrupt formation of the Hsp90 heteroprotein complex
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inhibitory activity through preventing the matu-
ration of kinases, with little effect on other 
Hsp90-dependent substrates. The natural product 
gedunin disrupts Hsp90/p23 interactions, which 
is a co-chaperone required for the stabilization of 
Hsp90’s closed state, and is required for the mat-
uration of various client proteins (Patwardhan 
et  al. 2013). Interestingly, administration of 
gedunin to cells does not induce Hsp27 levels, 
suggesting this approach may not induce the pro-
survival HSR.

Since Hsp90 requires ATP for its protein fold-
ing activity, the inhibition of ATP synthase with 
ATP synthase inhibitors including oligomycin A, 
2-deoxy-D-glucose, antimycin A and efrapeptins, 
prevent the Hsp90-dependent maturation of sub-
strates via destabilization of the client-Hsp90 
complex, leading to client degradation via the 
proteosome (Papathanassiu et al. 2011; Hall et al. 
2014; Peng et  al. 2005). In addition, ATP syn-
thase inhibitors do not induce the HSR, and both 
oligomycin A and the efrapeptins manifest little 
to no increase in Hsp90, Hsp70 nor Hsp27 levels. 
More recently, inhibition of F1F0 ATP synthase 
with the only known selective inhibitor, cruen-
taren A, was shown to induce client protein deg-
radation through destabilization of the F1F0 ATP 
synthase-Hsp90α interaction (Papathanassiu 
et al. 2011; Kunze et al. 2007; Jundt et al. 2006). 
Hsp90 and p23 also form a complex with hTERT, 
the catalytic subunit of telomerase, a protein 
whose function contributes to unlimited replica-
tive potential of cancer cells. Curcumin, the 
active component of Indian curry, was shown to 
induce the degradation of hTERT through disrup-
tion of p23-hTERT interactions as one of its 
many mechanisms of action (Lee and Chung 
2010). Interestingly, curcumin disrupted interac-
tions between p23 and hTERT, but did not alter 
hTERT’s affinity for Hsp90. For comparison, the 
N-terminal Hsp90 inhibitor, geldanamycin, dis-
rupts both the Hsp90-hTERT and p23-hTERT 
complexes, leading to the degradation of hTERT.

A derivative of the natural product, sansal-
vamide A, san A-amide, was demonstrated to 
induce apoptosis in pancreatic, colon, breast and 
prostate cancer cell lines (Ardi et  al. 2011; 
Mcconnell et al. 2014). Upon further evaluation, 

it was shown that San A-amide induced apoptosis 
in HCT-116 colon cancer cells through displace-
ment of inositol hexakisphosphate kinase-2 
(IP6K2) and FKBP52 from the Hsp90 C-terminus 
(Vasko et  al. 2010). It appears as though san 
A-amide disrupts the structure of the Hsp90 
N-terminus, which then alters the substrate bind-
ing site. The observed activities appear distinct 
from other Hsp90 inhibitory classes, as san 
A-amide exhibits no effect on Her2. In contrast, 
the Hsp90 N-terminal inhibitor, 
17-allylaminogeldanamycin (17-AAG), does not 
affect IP6K2 and FKBP52 binding, but does 
inhibit the maturation/activation of Her2.

9.5	 �Conclusion

While Hsp90 has been seriously sought after as a 
chemotherapeutic target for the treatment of can-
cer, all of the inhibitors evaluated for this disease 
manifested a similar mechanism of action – inhi-
bition of the N-terminal ATPase. Perhaps, alter-
native approaches toward Hsp90 inhibition that 
includes disruption of co-chaperone interactions, 
inhibition of the Hsp90 C-terminus, or isoform-
selective inhibition will overcome some of the 
detriments associated with pan inhibition of the 
N-terminal ATP-binding site of Hsp90. 
Alternatively, through modulation of these other 
domains and partner proteins, modulation of the 
Hsp90 chaperone machine may be useful for the 
treatment of other diseases, much like KU-596, 
which is undergoing clinical evaluation for 
neuropathy.
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